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Nucleostemin in Injury-Induced Liver Regeneration
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The high regenerative capacity of liver contributes to the maintenance of its size and function when injury
occurs. Partial hepatectomy induces division of mature hepatocytes to maintain liver function, whereas severe
injury stimulates expansion of undifferentiated hepatic precursor cells, which supply mature cells. Although
several factors reportedly function in liver regeneration, the precise mechanisms underlying regeneration remain
unclear. In this study, we analyzed expression of nucleostemin (NS) during development and in injured liver by
using transgenic green fluorescent protein reporter (NS-GFP Tg) mice. In neonatal liver, the hepatic precursor
cells that give rise to mature hepatocytes were enriched in a cell population expressing high levels of NS. In adult
liver, NS was abundantly expressed in mature hepatocytes and rapidly upregulated by partial hepatectomy.
Severe liver injury promoted by a diet containing 3,5-diethoxycarbonyl-1,4-dihydrocollidine induced the
emergence of NS-expressing ductal epithelial cells as hepatic precursor cells. NS knockdown inhibited both
hepatic colony formation in vitro and proliferation of hepatocytes in vivo. These data strongly suggest that NS
plays a critical role in regeneration of both hepatic precursor cells and hepatocytes in response to liver injury.

Introduction

HE LIVER IS AN ORGAN WITH high regenerative capacity,

enabling it to maintain a constant size and function fol-
lowing injury [1,2]. In resting liver, hepatocytes are quiescent
and rarely undergo cell division. Therefore, hepatocyte re-
placement occurs slowly in static conditions. However, when
the liver is injured, cells replicate to restore loss of tissue mass
and function. Proliferation of hepatocytes and bile duct epi-
thelial cells contributes to liver maintenance. After partial
hepatectomy, the remaining lobes regenerate the entire liver
mass within 5-7 days, a process accomplished primarily by
division of mature cells rather than of stem /precursor cells. In
mice, division of hepatocytes starts after partial hepatectomy
and is maximal 24-48h later. Several molecules, including
hepatocyte growth factor (HGF), interleukin-6, tumor necro-
sis factor o, transforming growth factor, and epidermal
growth factor (EGF), reportedly govern this process [1,2].
Termination of regeneration is also important for the main-
tenance of homeostasis. In severe injury associated with de-
fects in hepatocyte proliferation, it is believed that bipotential
precursors of hepatocytes and cholangiocytes contribute to
liver regeneration [3,4]. Currently, it is thought that potential
hepatic precursor cells emerge from smaller branches of the
biliary tree. In rats, a population of small cells exhibiting large

nuclei, called oval cells, emerges around portal veins follow-
ing liver injury [5]. In mice, a diet supplemented with 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) induces ductal
proliferation and morphological changes similar to those seen
in the rat oval cell response [6]. Precursor cells appear to re-
generate hepatocytes and cholangiocytes through prolifera-
tion, migration, and differentiation processes. Thus, proper
control of both mature cells and hepatic stem/precursor cells
is critical for liver regeneration.

Nucleostemin (NS) is a GTPase that binds to p53 and was
originally reported to be highly expressed in stem cells from
several tissues, including embryonic stem (ES) cells, imma-
ture hematopoietic cells, and neural stem/progenitor cells
[7]. NS loss results in reduced cell proliferation and increased
apoptosis in both ES cells and ES cell-derived neural stem/
progenitor cells [8]. Structural comparisons have been used
to isolate NS homologues in Caenorhabditis elegans [9], newt
[10], Xenopus [11], mouse [7], and human [12]. In the re-
generating newt lens, NS protein rapidly accumulates in
nucleoli of dedifferentiating pigmented epithelial cells and
multinucleate muscle fibers [10], suggesting that its expres-
sion correlates with undifferentiated status in newt cells. In
contrast, the NS homologue in Caenorhiabditis elegans (nst-1) is
expressed in both proliferating and differentiated cells. Nst-1
mutants exhibit defects in larval growth and cell cycle
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rabbit anti-cytokeratin 19 (1:1,000, a gift from Dr. Atsushi
Miyajima), chicken anti-GFP (1:500; AVES, Tigard, OR),
and/or mouse anti-Ki-67 (1:200; BD Pharmingen) at 4°C
overnight and then stained with Alexa 546—conjugated and/
or Alexa 488-conjugated secondary antibodies.

Western blotting analyses

Liver samples were lysed with sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) sample
buffer, sonicated, boiled, and used as total liver cell lysates.
Protein concentrations were measured by the bicinchoninic
acid (BCA) protein assay (Pierce, Rockford, IL), and equal
amounts of protein were separated by SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. Membranes were blocked with 5% skim milk in PBS
containing Tween 20 for 1h at room temperature. Mem-
branes were then incubated with a goat anti-NS antibody
(1:1,000; Neuromics, Edina, MN) for 16 h at 4°C and a mouse
anti-B-actin antibody (1:1,000; Sigma-Aldrich) for 1h at room
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temperature. Immune complexes were detected using
peroxidase-conjugated secondary antibodies (1:1,000; GE
Healthcare and DAKO, Glostrup, Denmark) for 30min at
room temperature and the ECL Prime western blotting de-
tection system (GE Healthcare).

Reverse transcription—polymerase chain reaction

An RNeasy Mini Kit (Qiagen GmbH, Germany) was used
in accordance with the manufacturer’s instructions to extract
total RNA from nonparenchymal cells sorted by fluores-
cence-activated cell sorting from adult mice treated with
DDC. The primers used were as follows: GAPDH (5-ACCA
CAGTCCATGCCATCAC-3" and 5-TCCACCACCCTGTTG
CTGTA-3), NS (5-TCGGAGTCCAGCAAGCATTG-3" and
5-GCAGCACTTTCCACATTTGGG-3"), CK19 (5-GTCCTAC
AGATTGACATTGC-3" and 5-CACGCTCTGGATCTGTGA
CAG-3"), EpCAM (5-AGGGGCGATCCAGAACAACG-3’
and 5-ATGGTCGTAGGGGCTTTCTC-3"), Prominin1 (5-GTA
CCTCAGATCCAGCCAGCAA-3" and 5-ATTCTTCCAGCT
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FIG. 1. Correlation of nucleostemin (NS) expression with colony-forming capacity of hepatic precursor cells in developing
liver. (A) Flow cytometry analysis of green fluorescent protein (GFP) expression in NS-GFP Tg fetal liver. Nonhematopoietic
cells from fetal liver cells at E14.5 were isolated by depletion of CD45*Ter119™ cells. Left panel: flow cytometry analysis of Dlk
and GFP in CD45 Ter119 cells. Right panel: histogram of GFP expression. GFP expression in DIk " cells (gray line) was slightly
higher than that seen in DIk~ cells (black line). Gray region: wild-type control mouse. The data shown are representative of 3
independent experiments. (B) Flow cytometry analysis of GFP expression in NS-GFP Tg neonatal liver. Flow cytometry
analysis with CD45/Ter119 and GFP, and histogram with GFP in CD45 ™ Ter119~ (nonhematopoietic cells) from neonatal
liver (P5) are shown in the left and r_:g‘hr panels, respectively. Nonhematopoietic cells (CD45™ Ter119 ™) were fractionated into
GFP™8, GFP'°", GFP™, and GFP"8" subpopulations. Values in panels are the percentage of the specified subpopulation
among CD45™ Ter119™ cells. The data shown are representative of 5 independent experiments. (C) Hepatic colony formation
of subpopulations in (B). Fractionated cells in (B) were cultured for 5 days. Data shown are the mean number * standard
deviation (SD) of colonies (1n=3). *P<0.01 (D) Characterization of hepatic colonies. Colonies (brightfield, upper left panel) were
fixed and stained with anti-albumin (red) and anti-CK19 (green) antibodies. Most colonies in the culture express albumin or
CK19. Representative data are shown. Scale bars, 100 um.
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TGGGCAGC-3"), and CD44 (5-GGCTTTCAACAGTACC
TTAC-3" and 5-TGAAGCAATATGTGTCATAG-3').

Lentiviral transduction of short hairpin RNA

To downregulate NS in hepatic precursor cells or mouse
hepatic cell lines (Hepal-6, a mouse hepatocellular carci-
noma cell line and BNL C1. 2, a mouse embryonic liver cell
line), lentiviruses carrying short hairpin RNA (shRNA)
against NS was prepared as previously described [14]. Oli-
gonucleotides encoding shRNA directed against mouse NS
mRNA were synthesized as follows: NS #1: sense, AGTAGA
AATTTGATGGGCA; antisense, AGCAGAAACTTGATAG
GCA; NS #2: sense, GAGGAAAGTTGTTICGTTA; anti-
sense, GAAGAAAGTTGTTCCATTA. Hepatic colonies de-
rived from DIk* fetal liver cells or cell lines were infected
with lentivirus for 12h, followed by washes with PBS, and
incubation with culture medium. Cell lines were cultured
with 10% FCS/DMEM (Invitrogen Life Technologies).

NS knockdown by hydrodynamic shRNA injection

In vivo transfection of sShRNA plasmids into hepatocytes
was performed by hydrodynamic injection using 6-week-old
mice 3 days prior to partial hepatectomy, in accordance with
a previous report [20]. A 27-gauge needle was used to inject
40pg of plasmid in 2mL PBS through the tail vein within
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10s. Three days later, the animals were sacrificed and the
livers were fixed with 4% paraformaldehyde in PBS and
embedded in paraffin for sectioning.

Statistical analyses

Statistical differences were determined using the unpaired
Student’s f-test for P values.

Results

NS expression correlates with the colony-forming
capacity of hepatic precursor cells
in developing liver

To investigate NS expression in developing liver, we
evaluated GFP intensity in liver cells of NS-GFP Tg fetuses
(E14.5) and neonates (P5). Flow cytometry analysis of
fetal liver cells showed that most CD45 Terll9™ (non-
hematopoietic) cells expressed high GFP levels (Fig. 1A). Al-
though GFP levels were very high in DIk* cells, in which
hepatic stem/precursor cells are enriched [21], those levels
were only slightly higher than those in DIk~ cells (Fig. 1A).
Thus, GFP expression was not indicative of a particular sub-
population in fetal liver. Interestingly, however, NS-GFP
neonatal liver cells fell into distinct populations based on GFP

FIG. 2. Expression of NS-GFP in hepatocytes and bile duct epithelial cells of adult liver. (A-E) Immunohistochemical
anal’ of GFP in livers of adult mice (8 weeks old). Sections were stained with an anti-GFP antibody (brown), followed by a
3, 3’-diaminobenzidine (DAB) peroxidase reaction. (A) Wild-type control (C57BL/6) mice. (B-E) NS-GFP Tg mice. (B), (C),
and (D) are lower-power views of areas shown at higher power in (C), (D), and (E), respectively. Scale bars, 500 um (A, B),
100 pm (C, D), 50 um (E), *central vein, **portal vein.
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fluorescence intensity (Fig. 1B). While most non-hematopoietic
cells were GFP™9, we found a distinct GFPM8" population.
The proportions of GFP**" and GFP"8 cells were very small.
To determine the potential functional significance of these
subpopulations, we evaluated hepatic colony forming ability.
GFP"8" cells generated colonies at higher frequency than did
any other cell population (Fig. 1C). Most colonies derived
from GFP™&" cells were CK19* or albumin™ hepatocytes (Fig.
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1D), suggesting that NS is an indicator of hepatic precursor
cells in neonatal liver.

Partial hepatectomy upregulates NS expression
in hepatocytes

We next examined NS-GFP expression in adult liver. We
found that NS-GFP is highly expressed in hepatocytes. In
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FIG. 3. Upregulation of NS-GFP in adult hepatocytes in response to partial hepatectomy. (A) Immunohistochemical ana-
lyses of GFP in liver of adult NS-GFP Tg mice after partial hepatectomy. Sections were stained with anti-GFP (i-iv, brown) or
anti-Ki-67 antibodies (v-viii, brown), followed by DAB peroxidase reactions. (i, v) control, (ii, vi) day 1, (iii, vii) day 3, (iv,
viii) day 7. Scale bars, 500 pm (i-iv), 100 pm (v—viii). (B) Immunohistochemical analyses of endogenous NS in liver of adult
NS-GFP Tg mice after partial hepatectomy. Liver sections were stained with an anti-NS antibody, followed by a secondary
antibody conjugated to Alexa 488 (green, i-viii) plus DAPI (nuclear staining, blue, i-iv). (i, v) control, (ii, vi) day 1, (iii, vii)
day 3, (iv, viii) day 7. Scale bars, 50 pm. Insefs are magnified views of the indicated areas. (C) Western blotting analyses of
endogenous NS in liver of adult wild-type mice after partial hepatectomy. Lysates were prepared from liver (3 independent
samples for each group) and immunoblotted to detect NS and B-actin as a loading control. Short and long exposures are
shown for NS in the upper and middle panels, respectively.
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particular, hepatocytes near central veins showed higher lev-
els of NS-GFP expression than did those in the portal area
(Fig. 2A-C). In addition, we found that NS-GFP is also highly
expressed in bile duct epithelial cells (Fig. 2D, E). Next, we
asked whether expression levels of NS-GFP are altered by
liver injury. After partial hepatectomy, NS-GFP was upregu-
lated within 24 h (Fig. 3A i-iv). Immunohistochemical analy-
ses showed that NS protein expression was remarkably
increased in nucleoli 24 h after hepatectomy. Although there
were variations among samples, NS protein levels appeared
to remain elevated at day 3 (Fig. 3B) and reverted to base-
line levels at day 7, whereas NS-GFP expression was al-
ready downregulated at day 3. Western blotting analysis
using an anti-NS antibody consistently showed an increase
in endogenous NS protein on day 1 and day 3 after partial
hepatectomy (Fig. 3C). The discrepancy between NS-GFP
and endogenous NS is possibly due to differences in protein
stability stemming from different post-translational modi-
fication of these molecules. Interestingly, partial hepatec-
tomy induced a variant form of NS that is reported to be
expressed in particular tissues [22,23]. Hepatocytes that had
begun to proliferate showed a small increase in the ex-
pression of Ki-67, a marker of cell proliferation, at day 1,
and further increases in Ki-67 expression were observed at
day 3 (Fig. 3A v-viii). These data indicate that NS gene
expression is rapidly upregulated before the start of cell
division in response to partial hepatectomy.

A DDC diet induces emergence of ductal epithelial
cells expressing NS-GFP

DDC treatment inhibits the capacity for hepatocytes to
regenerate, while inducing ductal proliferation in mice in
what is known as the oval cell response [6]. We found that
DDC treatment reduced expression of NS-GFP in hepato-
cytes (Fig. 4A i, ii) compared to the expression in untreated
hepatocytes. We also found that bile duct-like NS-GFP-
positive cells emerged in the portal zone following DDC
treatment (Fig. 4A iii, iv). Interstitial cells surrounding ductal
cells did not express NS-GFP. We confirmed by immuno-
fluorescence that NS-GFP was expressed in CK19* ductal
epithelial cells (Fig. 4B). To investigate the regenerative ca-
pacity of NS-GFP-expressing cells in DDC-treated liver, we

(Continued).

evaluated NS-GFP intensity in nonparenchymal cells, since
oval cells reportedly reside in that population [6]. Flow cy-
tometry analysis showed that most CD45  Ter119™ non-
parenchymal cells were GFP-positive (Fig. 5A), although the
intensity of NS-GFP expression in non-parenchymal cells in
adult mice appeared lower than that seen in developing liver
cells. These NS-GFP-positive cells fell into GFP"&” and GFP'*
populations. GFP™8" cells were relatively rare, but only
GFP"'8" cells showed hepatic colony forming ability (Fig. 5C).
In contrast, no colonies were generated from GFP'" or GFP"s
cells. Severe liver inju;hy Eromoted by a DDC diet increased
the proportion of GFP™&" cells relative to the proportion in
untreated mice (Fig. 5B). Because we found that ductal cells
express NS-GFP (Figs. 2 and 4), we assumed that the DDC
diet increased the number of ductal cells, resulting in an in-
crease in the proportion of GFP"8" cells. Hepatic colonies
were generated only from GFP"®" cells (Fig. 5D). GFP"8" cells
expressed higher levels of NS mRNA, indicating that GFP
expression corresponded with that of endogenous NS, and
also expressed several genes reportedly expressed in oval cells
[19] (Fig. 5E). These data indicate that hepatic precursor cells
induced by severe liver injury express NS.

NS downregulation inhibits proliferation of hepatic
precursor cells

Next, to address whether NS is required for regeneration
of hepatic precursor cells, we downregulated NS expression
in hepatic cell line and primary fetal liver cells in vitro.
Previously, we successfully suppressed NS in a germ cell line
by infection with a lentivirus carrying NS shRNA [14]. In this
system, infected cells were identified by GFP expression
driven by the lentivirus vector (GEP™ cells). For the current
study, we infected the mouse hepatocellular carcinoma cell
line Hepal-6 and the mouse embryonic liver cell line BNL
C1.2 with lentiviruses carrying NS shRNA (#1 or #2) or a
scrambled control shRNA and then stained the cells with an
anti-NS antibody. Both shRNAs, but not the scrambled
control, efficiently reduced expression of NS protein in the
hepatic cell lines (Fig. 6A, data not shown). NS knockdown
(GFP") cells in the cell lines had dramatically reduced col-
ony-forming capacity (Fig. 6B, data not shown). We also
found that NS downregulation significantly decreased the
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FIG.4. Duct-like cells express NS-GFP in liver of adult mice fed a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet. (A,
B) GFP in hepatocytes of adult NS5-GFP Tg mice fed a DDC diet. (A) Sections were stained with an anti-GFP antibody. a and b
are lower power views of the areas shown at higher power in (ii) and (iv), respectively. *Deposition of iron hemes, visible as
brown clots. (B) Sections were stained with anti-GFP (greein) and anti-CK19 (red) antibodies and DAPI (nuclear staining, blue).
(i) DAPI, (i) GFP, (iii) CK19, (iv) merged. Scale bars, 100 pm.
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FIG. 5. Increased ratios of NS-GFP"sh hepatic precursor cells are seen following a DDC diet. (A, B) Flow cytometric
analyses of GFP expression in nonparenchymal cells of adult NS-GFP Tg mice without (A) and with (B) a DDC diet. Flow
cytometry with CD45/Ter119 and GFP, and a histogram of GFP in CD45™ Ter119~ cells are shown in the l¢ft and right panels,
respectively. Nonhematopoietic nonparenchymal cells (CD45™ Ter1197) were fractionated into 3 distinct subpopulations
(GFP"*8, GFP'™", and GFP"™&" cells). Values in panels are the percentage of the specified subpopulation among CD45~
Ter119™ cells. The data shown are representative of 3 independent experiments. (C, D) Hepatic colony formation of sub-
populations. Fractionated cells were cultured for 7 days. Data shown are the mean ratio+SD of colonies derived from mice
fed a control (C) and DDC (D) diet (12=3 each). (E) Gene expression in NS-GFP subpopulations. Total RNA was purified from
the subpopulations indicated in (B), and mRNA levels of the indicated molecules were evaluated by reverse transcription—
polymerase chain reaction. DW, distilled water.
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FIG. 6. Inhibition of proliferation of hepatic precursor cells following NS downregulation in vitro. (A) NS knockdown in a
hepatic cell line. A scrambled shRNA (control, left panels) or NS shRNA#1 (right panels) was introduced into Hepal-6 cells (a
murine hepatocellular carcinoma cell line) by lentiviral infection, followed by staining with anti-GFP (green) and anti-NS (red)
antibodies and DAPI (blue). (i) DAPI, (ii) GFP, (iii) NS, (iv) merged. NS protein expression (red) was reduced in GFP™ cells
treated with shRNA#1 but not the control shRNA. (B) Colony formation of Hepal-6 cells following NS knockdown. GFP™
Hepal-6 cells, indicating those transduced with shRNA, were isolated and cultured for 10 days. Data shown are the mean
number +5D of colonies (11=3). (C, D) Proliferation of Hepal-6 cells (C) and Dlk™ hepatic precursors from fetal liver (D)
following NS knockdown. Hepal-6 cells and DIk fetal liver cells were infected with the sShRNA lentivirus, and then cultured
for 3 (C) or 10 (D) days. Cells were stained with an anti-Ki-67 antibody (red), anti-GFP antibody (green), and DAPI (blue).
Representative data are shown in (i), (ii), and (iii) for the scrambled control, NS shRNA#1, and NS shRNA#2, respectively.
Data shown in (iv) are the mean ratio£SD of Ki-67 positivity among cells transfected with the indicated shRNA plasmids
(GFP* cells) (n=3).*P<0.01, **P <0.05. Scale bars, 100 pm.

ing that NS is essential for hepatocyte proliferation in re-

proportion of Ki-67-positive cells among transfected (GFP™)
sponse to liver injury in vivo.

cells in the hepatic cell line (Fig. 6C) and in the hepatic col-
onies derived from freshly isolated fetal liver precursor cells
(Fig. 6D). Thus, NS downregulation inhibits proliferation of
hepatic precursor cells.

Discussion

In this study, we examined the expression and function of
NS in developing and injured liver, and we evaluated the

NS plays an essential role in hepatocyte
capacity of hepatic NS-expressing cells to form colonies by

proliferation in response to liver injury in vivo

The observation that NS is upregulated in hepatocytes
after partial hepatectomy suggested that NS is essential for
hepatocyte proliferation. To examine the effect of loss NS
function in hepatocytes in vivo, we introduced the shRNA
plasmids into liver cells by hydrodynamic injection of plas-
mid DNA via the tail vein [20]. Partial hepatectomy was
performed 3 days later and we found that hepatocytes were
successfully transfected with shRNA plasmids by detection
of GFP expression. Three days after partial hepatectomy, we
found that NS knockdown in the hepatocytes significantly
suppressed expression of the Ki-67 antigen (Fig. 7), indicat-

using an NS-GFP system. As previously reported [19], DDC
treatment induced the emergence of ductal cells that express
both cholangiocellular and hepatocytic markers, called “oval
cells,” in periportal regions. Several studies have identified
markers of oval cells, including Ep-CAM and CD133
[19,24,25]. NS-GFP was not specific for oval cells, since most
hepatocytes and nonparenchymal cells also expressed GFP.
Therefore, NS-GFP expression alone cannot be used to purify
hepatic stem/precursor cells. However, since a distinct
subpopulation of cells expressing high GEP levels (GFP"&")
showed higher clonogenic potential, combining this system
with evaluation of other stem cell markers could enable
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FIG. 7. Inhibition of hepatocyte proliferation following NS downregulation in vivo. NS shRNA plasmids were introduced
into liver cells by hydrodynamic injection of the plasmid DNA via the tail vein, followed by partial hepatectomy 3 days after
injection. Liver tissue specimens were prepared 3 days later, and sections were stained with an anti-GFP antibody (green),
anti-Ki-67 antibody (red), and DAPI (blue). Ki-67 expression was evaluated in more than 60 GFP* cells for each sample. (A)
Representative data for the scrambled control (i, ii), NS shRNA#1 (iii), and NS shRNA#2 (iv). Arrows; GFP*Ki-67" cells,
arrowheads; GFP " Ki-67 cells. Insets are magnified views of the indicated areas. (B) Mean percentage + SD of Ki-67 positivity in
hepatocytes transfected with the indicated shRNA plasmids (GFP* cells) (1=3). Scale bars, 100 um.

efficient enrichment of a stem/precursor cell population. In
addition, NS may be particularly important for the devel-
opment of liver, since the expression level of NS-GFP in
developing liver cells appeared to be higher than that in
adult non-parenchymal cells. NS may therefore play a critical
role in expansion of the hepatic stem/precursor cells during
liver development.

A previous study demonstrated that NS is required for
rRNA processing [9,26], suggesting that NS expression regu-
lates protein synthesis. Enhanced protein synthesis requires
activation of ribosomal biogenesis. NS belongs to the class of
nucleolar GTPases that includes yeast Nugl, which exports
pre-60S ribosomal subunits out of the nucleolus [27]. In Cae-
norhabditis elegans, nst-1 mutants exhibit reduced rRNA levels,
suggesting a critical role of NS in ribosome biogenesis [9]. NS
knockdown apparently delays processing of 325 pre-rRNA
into 28S rRNA and is accompanied by a substantial decrease in
protein synthesis and in the levels of rRNAs and some mRNAs
[26]. Because protein synthesis is required for cell growth and
proliferation, NS expression in both hepatic precursor cells and
hepatocytes may be important for tissue regeneration. On the
other hand, protein synthesis appears to be enhanced in resting
hepatocytes for reasons unrelated to regeneration. Mature he-
patocytes exhibit high levels of protein synthesis to maintain
serum protein levels, and protein translation actively occurs
even in non-dividing hepatocytes. Thus, NS expression may be
controlled by several different signals.

One possible regulator of NS is Myc, which is upregulated
by partial hepatectomy [28]. When Myc is overexpressed in

mouse hepatocytes in vivo using recombinant adenovirus,
hepatocytes enlarge in the absence of significant cell prolif-
eration, an event associated with upregulation of large- and
small-subunit ribosomal and nucleolar genes [29]. In addi-
tion, a recent study identified the NS gene as a direct tran-
scriptional target of the Myc oncoprotein [22]. Therefore,
NS may function to increase cell mass in response to Myc
activation following partial hepatectomy. It has also been
reported that, constitutive activation of Myc generates he-
patocellular carcinoma, whereas Myc inactivation promotes
differentiation of tumor cells into hepatocytes and biliary
cells, which form bile duct structures [30], suggesting that
Myc maintains cells in an undifferentiated status. NS may
have a similar function in the case of hepatic malignancy. In
addition, Myc may control post-translational regulation of
NS protein. A recent study revealed that NS is a target of
reactive oxygen species (ROS) [31]. In transformed hemato-
poietic cells, Myc activation leads to high ROS levels, re-
sulting in impaired NS protein degradation. Therefore, Myc
activation may stabilize NS protein in regenerating liver.
Because GFP would not be stabilized in the same way as the
NS protein, these findings suggest that NS protein levels may
not be precisely correlated with NS-GFP levels. Nonetheless,
both NS protein levels and NS-GFP expression are consis-
tently upregulated by partial hepatectomy. These findings
suggest that overall NS expression is likely regulated by both
transcriptional and protein stability.

In conclusion, we have demonstrated that NS is essential
for proliferation of both hepatic precursor cells and
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hepatocytes. Understanding the mechanisms regulating NS
expression and function may contribute to development of
methodologies useful for enhancing liver regeneration in
pathological states.
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Abstract

Hepatocellular carcinoma (HCC) often develops in association with liver cirrhosis, and its high recurrence rate
leads to poor patient prognosis. Although recent evidence suggests that peretinoin, a member of the acyclic
retinoid family, may be an effective chemopreventive drug for HCC, published data about its effects on hepatic
mesenchymal cells, such as stellate cells and endothelial cells, remain limited. Using a mouse model in which
platelet-derived growth factor (PDGF)-C is overexpressed (Pdgf-c Tg), resulting in hepatic fibrosis, steatosis, and
eventually, HCC development, we show that peretinoin significantly represses the development of hepatic fibrosis
and tumors. Peretinoin inhibited the signaling pathways of fibrogenesis, angiogenesis, and Wnt/p-catenin in Pdgf*
¢ transgenic mice. In vitro, peretinoin repressed the expression of PDGF receptors ¢/ in primary mouse hepatic
stellate cells (HSC), hepatoma cells, fibroblasts, and endothelial cells. Peretinoin also inhibited PDGF-C-activated
transformation of HSCs into myofibroblasts. Together, our findings show that PDGF signaling is a target of
peretinoin in preventing the development of hepatic fibrosis and HCC. Cancer Res; 72(17); 4459-71. ©2012 AACR.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide with a particularly poor patient out-
come (1). It often develops as a result of chronic liver disease
associated with hepatitis B or hepatitis C virus infection or
with other etiologies such as long-term alcohol abuse, auto-
immunity, and hemochromatosis (2-5). Despite the recent
advances in antiviral therapy for hepatitis B or hepatitis C
virus, these are insufficient to completely prevent the occur-
rence of HCC. Moreover, the recent increase in nonalcoholic
fatty liver disease (NAFLD) associated with metabolic syn-
drome is a potential high-risk factor for the development of
HCC (6).

HCC often develops during the advanced stages of liver
fibrosis and is associated with deposits of extracellular
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matrix synthesized by activated stellate cells. During the
course of chronic hepatitis, nonparenchymal cells, including
Kupffer, endothelial, and activated stellate cells, release a
variety of cytokines and growth factors. One of these growth
factors is platelet-derived growth factor (PDGF), which is
involved in fibrogenesis, angiogenesis, and tumorigenesis
(7. 8). PDGF expression has been shown to be upregulated
from the early stages of chronic hepatitis, suggesting its
association with the development of fibrosis in chronic
hepatitis C (CH-C; refs. 9 and 10). Overexpression of
PDGF-C in mouse liver resulted in the progression of
hepatic fibrosis. steatosis, and the development of HCC;
this mouse model closely resembles the human HCC, which
is frequently associated with hepatic fbrosis (7).

Peretinoin (generic name; code, NIK-333), developed by the
Kowa Company, is an oral acyclic retinoid with a vitamin A-
like structure, which targets the retinoid nuclear receptor. Oral
administration of peretinoin was shown to significantly reduce
the incidence of posttherapeutic HCC recurrence and improve
the survival rates of patients in a clinical trial (11, 12). A large-
scale clinical study including various countries is now planned
to confirm its clinical efficacy.

Although peretinoin treatment can suppress HCC-derived
cell line growth and inhibit experimental mouse or rat liver
carcinogenesis (13, 14), the detailed mechanism of its effect has
not been fully elucidated. Peretinoin has a high binding affinity
to cellular retinoic acid-binding protein (15) and may interact
with retinoic acid receptor-p and retinoid X receptor-c. (16);
however, the precise molecular targets for preventing HCC
recurrence have not yet been elucidated.
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In this study, we used PDGF-C transgenic (Pdgf-c Tg) mice to
show that PDGF-C signaling is a possible target of peretinoin in
the prevention of hepatic fibrosis, angiogenesis, and the devel-
opment of HCC.

Materials and Methods

Chemicals

The acyclic retinoid peretinoin (generic name: code, NIK-
333) [(2E4E,6E,10E)-3,7,11,15-tetramethyl-2,4,6.10,14-hexade-
capentaenoic acid, C20H3002, molecular weight 302.46 g/mol]
was supplied by Kowa Company.

Animal studies

The generation and characterization of Pdgf-c Tg have been
described previously (7). Wild-type and Pdgfc Tg mice on a
C57BL/6] background were maintained in a pathogen-free
animal facility under a standard 12-hour/12-hour light/dark
cycle. After weaning at week 4, male mice were randomly
divided into the following 3 groups: (1) Pdgf-c Tg or wild-type
(WT) mice given a basal diet (CRF-1, Charles River Laborato-
ries Japan), (2) Pdgfc Tg or WT mice given a 0.03% peretinoin-
containing diet, (3) Pdgfc Tg or WT mice given a 0.06%
peretinoin-containing diet. Control mice were normal male
homozygotes. At week 20, mice were sacrificed to analyze the
progression of hepatic fibrosis (12 = 15 for each of the 3 groups).
At week 48, mice were sacrificed to analyze the development of
hepatic tumors (nz = 31 for the basal diet group, n = 37 for the
0.03% peretinoin group, and n = 17 for the 0.06% peretinoin
group). The incidence of hepatic tumors, maximum tumor size,
and liver weight were evaluated. None of the treated WT mice
given a diet of 0.03% peretinoin died, but death occurred in 5%
of WT mice around after 36 weeks of age receiving a 0.06%
peretinoin diet, probably because of its toxicity. In Pdgf-c Tg
mice, death was observed at similar frequency as WT mice that
received 0.06% peretinoin diet.

All animal experiments were carried out in accordance with
Guidelines for the Care and Use of Laboratory Animals at the
Takara-Machi Campus of Kanazawa University, Japan.

Cell culture

Human HCC cell lines Huh-7, HepG2, and HLE, the mouse
fibroblast cell line NIH3T3, human umbilical vein endothelial
cells (HUVEC), and human stellate cells Lx-2 (kindly provided
by Dr. Scott Friedman, Mount Sinai School of Medicine. New
York, NY) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco) supplemented with 10% FBS (Gibco),
1% v-glutamine (Gibco), and 1% penicillin/streptomycin
(Gibco) in a humidified atmosphere of 5% CO; at 37°C. 1 to
5 x 10" cells were seeded in each well of a 12-well plate the day
belore serum starvation in serum-free DMEM for 8 hours. The
culture medium was then replaced with serum-free medium
containing peretinoin. After 24-hour incubation, cells were
harvested for analysis.

Isolation and culture of mouse hepalic stellate cells
Hepatic stellate cells (HSC) were isolated from C57BL/6]
mice and the effect of recombinant human PDGF-C and

peretinoin on HSCs was evaluated in vitro. Pronase-collagenase
liver digestion was used to isolate HSC from wild-type mice. All
experiments were replicated at least twice. Freshly isolated
HSCs suspended in culture medium were seeded in uncoated
24-well plates and incubated at 37°C in a humidified atmo-
sphere of 5% CO. for 72 hours. Nonadherent cells were
removed with a pipette and the culture medium was replaced
with medium containing 80 ng/mL recombinant human
PDGF-C (Abnova) with or without peretinoin or 9-cis-retinoic
acid (9cRA; 5 or 10 tmol/L). Cells were harvested for analysis
after 24-hour incubation.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells were harvested and
labeled with FITC-conjugate CD34 (Cell Lab) and R-Phycoer-
ythrin (PE)-conjugated CD31 antibodies (Cell Lab) for 30
minutes at 4°C. After washing with 1 mL PBS, CD31 and CD34
surface expression was measured with a FACSCalibur flow
cytometer (BD Biosciences). All flow cytometric data were
analyzed using FlowJo software (Tree Star).

Gene expression profiling

Gene expression profiling in mouse liver was evaluated
using the GeneChip Mouse Genome 430 2.0 Array (Affyme-
trix). Liver tissue [rom WT, Pdgf-c Tg, and Pdgf-c Tg with
0.06% peretinoin mice all at weeks 20 and 48 was obtained
and a total of 34 chip assays were conducted as described
previously (17). Expression data have been deposited in
the Gene Expression Omnibus (GEOQ; NCBI Accession;
GSE31431).

Pathway analysis was conducted using MetaCore (GeneGo).
Functional ontology enrichment analysis was conducted to
compare the Gene Ontology (GO) process distribution of
differentially expressed genes (P < 0.01; refs. 10 and 17). Direct
interactions among differentially expressed genes between
Pdgf-c Tg mice with or without peretinoin administration were
examined as reported previously (10). Each connection repre-
sents a direct, experimentally confirmed, physical interaction
(MetaCore).

Hislupathology and immunohistoch 1 sl,aining

Mouse liver tissues were fixed in 10% formalin and stained
with hematoxylin and eosin. The liver neoplasms (HCC and
liver cell adenoma) were diagnosed according to previously
described criteria (18, 19). Hepatic fibrosis was evaluated by
Azan staining, Percentages of fibrous areas were calculated
microscopically using an image analysis system (BIOREVO BZ-
9000: KEYENCE Japan). Immunchistochemical (IHC) staining
was conducted by an immunoperoxidase technique with an
Envision kit (DAKO). Primary antibodies used were: rabbit
polyclonal PDGFR-¢t (1:100 dilution), PDGFR-B (1:100 dilu-
tion), VEGFR1 (1:100 dilution), desmin (1:100 dilution), B-cate-
nin (1:200 dilution), and mouse monoclonal cyclin D1 (1:400
dilution; all from Cell Signaling Technology); collagen 1 (1:100
dilution), collagen 4 (1:100 dilution), CD31 (1:100 dilution), and
CD34 (1:100 dilution: all from Abcam, Cambridge, MA); and
Tie-2 (1:80 dilution) and Myc (1:100 dilution; both from Santa
Cruz Biotechnology).
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Quantitative real-time detection PCR

Total RNA was isolated from frozen liver tissue samples
using a GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) according to the manufacturer's protocol.
cDNA was synthesized from 100 ng total RNA using a high-
capacity cDNA reverse transcription kit (Applied Bio-
systems) then mixed with the TagMan Universal Master
Mix (Applied Biosystems) and each TagMan probe. Tag-
Man probes used were PDGFR-ot/B, VEGFR1/2, 0-SMA,
collagen 1/4, P-catenin, CyclinD1, and Myc (Applied Bio-
systems). Relative expression levels were calculated after
normalization to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

Western blotting

Western blotting was conducted as described previous-
ly (20). Whole-cell lysates from mouse liver were prepared
and lysed by CelLytic MT cell lysis reagent (Sigma-Aldrich)
containing Complete Mini EDTA-free Protease Inhibitor cock-
tail tablets (Roche). Cytoplasmic and nuclear protein extracts
were prepared using the NE-PER nuclear extraction reagent kit
(Pierce Biotechnology). Primary antibodies used were PDGFR-
o. (1:1,000 dilution), PDGFR-B (1:1,000 dilution), VEGFR2
(1:1,000 dilution), p44/42 MAPK (1:1,000 dilution), total AKT
(1:1,000 dilution), p-p44/42 MAPK (1:1,000 dilution), p-AKT
(Ser473: 1:1,000 dilution), p-AKT (Thr308: 1:1,000 dilution),
B-catenin (1:2,000 dilution), eyclin D1 (1:400 dilution), and
lamin A/C (1:1.000 dilution: all Cell Signaling Technology):
@-SMA (1:200 dilution; DAKO); 4-HNE (1:200 dilution; NOF);
and GAPDH (1:1,000 dilution) and Myec (1:1,000 dilution; both
Santa Cruz).

Statistical analysis

Results are expressed as mean = SD. Significance was
tested by l-way analysis of variance with Bonferroni's
method, and differences were considered statistically signi-
ficant at P < 0.05.

Results

Peretinoin prevented the development of hepatic
fibrosis in Pdgf-c Tg

To evaluate the HCC chemopreventive effects of pereti-
noin, we used a mouse model of Pdgf-c Tg in which PDGF-C
is expressed under the control of the albumin promoter (7).
Experimental mice were male mice expressing the PDGF-C
transgene (Pdgf-c Tg): whereas male mice not expressing
the transgene were considered WT. After weaning at week 4,
Pdgf-c Tg or nontransgenic WT mice were fed a basal diet
or a diet containing 0.03% or 0.06% peretinoin. At week 20,
mice were sacrificed to analyze the progression of hepatic
fibrosis. At week 48, mice were sacrificed to analyze the
development of hepatic tumors (Fig. 1A). At week 20, Azan
staining showed that predominant pericellular fibrosis had
developed in Pdgf-c Tg mice (Fig. 1B). Densitometric analysis
showed a significant dose-dependent reduction in the size
of the fibrotic area in mice that received a diet containing
peretinoin at both weeks 20 and 48 (Fig. 1C). Peretinoin

therefore efficiently repressed the development of hepatic
fibrosis in Pdgf-c Tg mice.

The expression of fibrosis-related genes in Pdgfc Tg
mice was evaluated by IHC staining, quantitative real-time
detection PCR (RTD-PCR), and Western blotting. The ex-
pression of PDGFR-tt and PDGFR-, essential receptors for
intracellular PDGF-C signaling, was upregulated mainly in
the intracellular or portal area in Pdgf-c Tg mice livers
(Fig. 2), but was significantly repressed by peretinoin after
weaning at week 4. Similarly, the expression of collagen 1,
collagen 4, and desmin was significantly upregulated in Pdgf*
¢ Tg mice, but repressed by peretinoin (Fig. 2 and Supple-
mentary Fig. S1A).

RTD-PCR results confirmed that these genes were sub-
stantially upregulated in Pdgf-c Tg mice and significantly
repressed by both 0.03% and 0.06% peretinoin (Fig. 3A).
Western blotting showed that the expression of phosphor-
ylated extracellular signal-regulated kinase (p-ERK) 1/2 and
cyclin D1, representative markers of the cell proliferation
signaling pathway, was upregulated in Pdgfc Tg mice, and
repressed by peretinoin (Fig. 3B). Thus, peretinoin could
partially but significantly prevent the development of hepat-
ic fibrosis in Pdgf-c Tg mice during the study observation
period of 48 weeks.

Peretinoin prevented the development of HCC
in Pdgf-c Tg mice

At week 48, Pdgf-c Tg mice developed hepatic tumors with an
incidence of 90% (Fig. 4A). Histologic assessment of these
tumors verified that 54% (15/28) were adenomas and 46%
(13/28) were HCC (Fig. 4A and C and Supplementary Fig, $2;
ref. 21). Peretinoin (0.03%) dose-dependently repressed the
incidence of hepatic tumors to 53% (19/36) and to 29% (5/17) at
0.06%. Correlating with tumor incidence, maximum tumor size
and liver weight were also significantly repressed by peretinoin
(Fig, 4B). Thus, peretinoin repressed the development of
hepatic tumors in Pdgf-c Tg mice.

Serial gene expression profiling in the liver of Pdgf-c Tg
mice that developed hepatic fibrosis and tumors

To examine which signaling pathways were altered during
the progression of hepatic fibrosis and tumor development, we
analyzed gene expression profiling in the liver of Pdgf-c Tg mice
using Affymetrix gene chips. By filtering criteria for P < 0.001
and more than 2-fold differences, 538 genes were selected as
differentially expressed. One-way hierarchical clustering anal-
ysis of differentially expressed genes is shown in Supplemen-
tary Fig, S3.

Of the 3 main clusters, 2 were upregulated (clusters A and B)
and 1 was downregulated (cluster C). Cluster A consisted of
immune-related [chemokine (C-C motif) receptor (CCR)4,
CCR2, toll-like receptor (TLR)3 and TLR4], apoptosis-related
[caspase (CASP)1 and CASP9), angiogenesis- and/or growth
factor-related (PDGF-C, VEGF-C, osteopontin, HGF), onco-
gene-related [v-ets erythroblastosis virus E26 oncogene homo-
logue (Ets)l. Ets2, CD44, N-myc downstream-regulated
(NDRG)1], and fibrosis-related (tubulin) genes. The expression
of cluster A genes was further upregulated in tumors at week
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Figure 1. A, feeding schedule of Pdgf-c Tg and WT mice. After weaning, male mice were randomly divided into 3 groups: (i) Pdgf-c Tg or WT mice receiving basal
diet, (i) Pdgf-c Tg or WT mice receiving 0.03% peretinoin-containing diet, and (iii) Pdgf-¢ Tg or WT mice receiving 0.06% peretinoin-containing diet. B, Azan
staining of WT or Pdgf-c Tg mouse livers fed with different diets at 20 weeks and 48 weeks. C, densitometric analysis of Pdgf-c Tg mouse liver fibrotic areas at

20 weeks (0 = 15) and 48 weeks (n = 15).

48. Cluster B consisted mainly of connective tissue- and/or
fibrosis-related [vascular cell adhesion molecule (VCAM)I,
collagen I, III, IV, V, VI, integrin, decorin, TGF-BRII PDGFR-
0. and PDGFR-P] genes, the expression of which declined
slightly at week 48. In contrast, cluster C, containing differen-
tiation and liver function related genes [cytochrome P450,
family 2, subfamily ¢ (CYP2C)], were downregulated during
the course of hepatic fibrosis and tumor development (Sup-

plementary Fig. S4). Cluster C included xenobiotic- and met-
abolic process-related genes, which are potential targets of
peretinoin. Peretinoin treatment prevented hepatic fibrosis
and it preserved liver function. In addition, peretinoin might
induce its target genes. Thus, peretinoin reduced the expres-
sion of upregulated genes (clusters A and B) and restored the
expression of downregulated genes (cluster C) at both weeks 20
and 48 (Supplementary Figs. S3 and S4).
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20 wk WT
+ basal diet

Figure 2. IHC staining of PDGFR-«,
PDGFR-P, collagen 1, CD34, and
VEGFR1 expression in Pdgf-c Tg or
WT mouse livers fed a basal diet or
0.06% peretinoin.

20wk Pdgfc Tg 20wk Pdgfc Tg
+ basal diet

48 wk Pdgf-c Tg
+0.068% peretinoin

48 wk Pdgfc Tg

+0.05% peretinoin  + basal diet

To examine the molecular network consisting of differen-
tially expressed genes in Pdgfc Tg mice with or without
peretinoin administration, the direct interactions of 513 genes
were analyzed by MetaCore (i.e., 413 genes were downregu-
lated and 100 genes were upregulated in Pdgf-c Tg mice treated
with peretinoin compared with untreated mice: P < 0.002). A
core gene network consisting of 41 genes was obtained (Sup-
plementary Fig, S5) including interactions between represen-
tative growth factors, receptors (PDGFR and TGFPR), and
transcriptional factors. Of these genes, the transcriptional
factors Spl and Apl seem to be key regulators in the network
(Supplementary Fig. S5).

Peretinoin inhibits PDGFR in vitro

Gene expression profiling landscaped the dynamic changes
of signaling pathways in Pdgfc Tg mice. To determine the
effects of peretinoin in vitro, primary HSCs from normal
C57BL/6] mice were stimulated by PDGF-C (Fig. 5) to induce
the expression of PDGFR-¢,, PDGFR-B, alpha smooth muscle
actin (0-SMA), and collagen 1a2; activated HSCs thus trans-
formed into myofibroblasts (Fig. 5A and B). Peretinoin signif-
icantly reduced the expression of these genes and inhibited
HSC activation.

We next evaluated the effects of peretinoin on human
hepatoma cell lines (Huh-7, HepG2, and HLE), mouse embry-
onic fibroblast cells (NIH3T3), HUVECs, and Lx-2 (ref. 22;
Supplementary Fig. S6A). Experimental conditions were
optimized so that more than 90% of cells were variable at
20 umol/L peretinoin, as determined by an MTS cell prolifer-

ation assay (data not shown). Peretinoin dose-dependently
inhibited the expression of PDGFR-0. and PDGFR-B in Huh-7,
HepG2, HLE, NIH3T3, HUVEC, and Lx-2 cells, whereas no
obvious expression of PDGFR-o. was observed in HepG2 cells
and HUVECs (Supplementary Fig, S6A). Peretinoin also inhib-
ited VEGFR2 expression in HUVEC. These results were con-
firmed by RTD-PCR (data not shown). Correlating with these
results, the expression of phosphorylated serine/threonine
kinase AKT (p-AKT) and p-ERK1/2, downstream signaling
molecules of PDGFR-0., PDGFR-B, and VEGFR2, was also
dose-dependently repressed. The expression of collagen 1a2
was significantly repressed by peretinoin in Lx-2, HLE, and
Huh-7 cells (Supplementary Fig. S6B). These results suggest
that peretinoin may inhibit hepatic fibrosis, angiogenesis, and
tumor growth through reduction of the PDGF and VEGF
signaling pathway. .

We examined the expression of 2 key regulators in
peretinoin signaling, Spl and Apl, in Huh-7 cells. Inter-
estingly, the expression of Spl was decreased, which
correlates with that of PDGFR-o, whereas expression of
phosphorylated c-Jun (p-c-Jun) was increased in Huh-7
cells (Supplementary Fig. $6C). Therefore, peretinoin seems
to repress the expression of PDGFR, partially through the
inhibition of Spl.

Peretinoin inhibits hepatic angiogenesis in
Pdgf-c Tg mice

The effect of peretinoin on liver angiogenesis in Pdgfc Tg
mice was further analyzed. IHC staining of Pdgf-c Tg mouse
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Figure 3. A, RTD-PCR analysis of PDGFR-«, PDGFR-, collagen (COL) 1a2, collagen 4 a2, and TIMP2 expression in Pdgf-c Tg (0 = 5) or WT mouse livers

(n =15). B, Western blotting of PDGFR-a, PDGFR-B, a-SMA, p-ERK, ERK, cyclin D1
or 0.06% peretinoin at 20 or 48 weeks (n = 3).

livers at weeks 20 and 48 revealed overexpression of the
endothelial markers CD31 and CD34 and the endothelial
growth factors VEGFR1 and endothelium-specific receptor
tyrosine kinase 2 (Tie2) in the mesenchymal region (Fig. 6
and Supplementary Fig, S1A). This expression was significantly
repressed by peretinoin as determined by the densitometric
area (Supplemental Fig. S1B). RTD-PCR results revealed sig-
nificant upregulation of VEGFR1 (Flt-1) in Pdgfc Tg mice
compared with WT mice at both weeks 20 and 48, whereas
the expression of VEGFR2 (Flk-1) and Tie2 was only upregu-
lated at week 48. The expression of these genes was signifi-

and GAPDH expression in PDGF-C Tg or WT mouse livers fed a basal diet

cantly repressed by peretinoin (Fig. 6A). Western blotting
confirmed the upregulation of CD31 and VEGFRI (Flk-1) at
week 48 (Fig. 6B). In addition, p-AKT (Thr 308 and Ser 473) and
4-hydroxy-2-nonenal (4-HNE), an oxidative stress marker,
were upregulated in Pdgf-c Tg mice and repressed by peretinoin
(Fig. 6B).

We also assessed circulating endothelial cells (CEC), a
useful biomarker for angiogenesis in the blood, and found
that the CD31"/CD34" CEC population was significantly
upregulated in Pdgf~c Tg mice at week 48 but significantly
repressed by peretinoin (Fig. 6C and D). Thus, peretinoin
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Figure 4. A, incidence of hepatic tumors (adenoma = 69 g 29
or HCC) in Pdgf-c Tg mouse livers fed with different E 44 o
diets. B, tumor sizes and liver weights of Pdgf-c Tg = 5'd 211
and WT mice fed with basal diet (n = 31 for Pdgf-c Tg,
n = 15 for WT mice) or 0.08% (n = 36 for Pdgf-c Tg, 0- 0-
n = 15 for WT mice) and 0.06% (n = 17 for Pdgf-c Tg,
n = 15 for WT mice) peretinoin at 48 weeks. C, Pdgf-c Tg 48 wk WT 48wk  Pdgf-c Tg 48 wk

macroscopic findings of Pdgf-¢ Tg or WT mouse livers.
No obvious change was observed in the liver of WT
mice fed with 0.06% peretinoin for 48 weeks (top left).
Fibrosis and steatosis were observed in the liver of c
Pdgf-c Tg mice fed a basal diet for 20 weeks (top right).
Multiple tumors developed {white arrows) in the liver of
Pdgf-c Tg mice fed a basal diet for 48 weeks (bottom
left). Suppression of tumor development in the liver of
Pdgf-c Tg mice fed a 0.06% peretinoin dist for

48 weeks (bottom right).

|l Basaldiet [ Peretinoin 0.03% [Ji] Peretinoin 0.06%
*, P<0.05; ", P<0.01;and ***, P < 0.001

WT 48 wk Pdgf.c Tg 20 wk
+0.06% peretinoin

Pdgf-c Tg 48 wk Pdgf-c Tg 48 wk
+ 0.06% peretinoin

seems to inhibit angiogenesis in the liver of Pdgfc Tg
mice, which might prevent the development of hepatic
tumors.

Peretinoin inhibits canonical Wnt/[3-catenin signaling
in Pdgf-c¢ Tg mice

The activation of the Wnt/B-catenin signaling pathway is
seen in 17% to 40% of patients with primary HCC (23, 24).
Moreover, recent reports suggested an interaction between
PDGF signaling and Wnt/B-catenin signaling (25-27).
We evaluated Wnt/B-catenin signaling in Pdgf-c Tg mice

and showed by IHC staining that B-catenin was overex-
pressed in the submembrane at week 48 (Fig. 7A). Peretinoin
significantly reduced this expression (Fig. 7A and B), and
Western blotting revealed that accumulation of j-catenin
in the nuclear fraction of liver tumor tissues was more
preferentially repressed by peretinoin than in the cyto-
plasmic fraction, although expression was repressed in both
fractions (Fig. 7C). Wnt ligand (Wnt5a) and frizzled receptor
(Fzd1) expression was significantly upregulated in hepatic
tumors compared with normal liver (Fig. 7D). These
results together suggest that canonical Wnt/B-catenin
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Figure 5. A, microscopic view of
freshly isolated primary mouse
HSCs after PDGF-C
transformation into mycfibroblasts
(left). Peretinoin inhibited the
transformation of HSCs by PDGF-
C. B, RTD-PCR analysis of
PDGFR-u, PDGFR-B, o-SMA, and
collagen 1a2 expression in HSCs
treated with or without PDGF-C,
peretinoin, and 9cRA (7 = 4).
PDGF-C (+), 80 ng/mL; peretinoin
(+), 5 umol/L; (++), 10 pmol/L;
9cRA (+), 5 pmol/L; (++4),

10 pmol/L. NC, no control.
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signaling is activated in hepatic tumors and repressed by
peretinoin.

Growth factors such as PDGF or HGF potentially activate
Wnt/B-catenin signaling (26, 28), which promotes cancer
progression and metastasis. We evaluated whether such
growth factor signaling could be repressed by peretinoin in
hepatic tumors. The expression of c-mye, B-catenin, Tie2,
Fit-1, and Flk-1 were significantly upregulated from 1.5- to
4-fold in hepatic tumors compared with normal liver, and
this expression was significantly repressed by peretinoin.
Similarly, the expression of PDGFR-c. PDGFR-f, collagen
la2, collagen 4a2, tissue inhibitor of metalloproteinase 2
(TIMP2), and cyclin D1 was substantially upregulated from
5- to 15-fold in hepatic tumors, and significantly repressed
by peretinoin (Fig. 7D). Thus, growth factor signaling as well
as canonical Wnt/B-catenin signaling in hepatic tumors
seems to be repressed by peretinoin. These results explain

the inhibitory effect of peretinoin in the development of HCC
in Pdgf-c Tg mice.

Discussion

HCC often develops in association with liver cirrhosis and its
high recurrence rate leads to poor patient prognosis. Indeed,
the 10-year recurrence-free survival rate after liver resection for
HCC with curative intent was shown to be only 20% (29).
Therefore, there is a pressing need to develop effective pre-
ventive therapy for HCC recurrence to improve its prognosis.

Peretinoin, a member of the acyclic retinoid family, is
expected to be an effective chemopreventive drug for HCC
(11, 12, 30) as shown by a previous phase II/III trial in which
600 mg peretinoin per day in the Child-Pugh A subgroup
reduced the risk of HCC recurrence or death by 40% [HR =
0.60 (95% CI, 0.40-0.89); ref. 31]. However, further clinical
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Figure 6. A, RTD-PCR analysis of Tie2, Flk-1, and Fit-1 expression in the liver of Pdgf-c Tg and WT mice fed with different diets {n = 15). B, Western blotting
of Flk-1, CD31, p-AKT (Thr 308, Ser473), AKT, 4-HNE, and GAPDH expression in the liver of Pdgf-c Tg or WT mice fed a basal diet or 0.06% peretinoin
at 48 weeks (n = 3). C, fluorescence-activated cell-sorting analysis of CD31- and CD34-positive CEC in blood of Pdgf-c Tg or WT mice fed a basal

diet or 0.06% peretinoin at 48 weeks. D, frequency of CD31- and CD34-positive CEC in blood of Pdgf-c Tg or WT mice fed a basal diet or 0.06% peretinoin

at 48 weeks (n = 10).

studies are needed to confirm the clinical efficacy of per-
etinoin, and a large scale study involving several countries is
currently being planned.

During the course of chronic hepatitis, nonparenchymal
cells including Kupffer, endothelial and activated stellate cells
release a variety of cytokines and growth factors that might
accelerate hepatocarcinogenesis. Although peretinoin has

been shown to suppress the growth of HCC-derived cells by
inducing apoptosis and differentiation (32-35), increasing p21
and reducing cyclin D1 (13), limited data have been published
about its effects on hepatic mesenchymal cells such as stellate
cells and endothelial cells (14).

In parallel with a phase II/III trial, we conducted a
pharmacokinetics study of peretinoin focusing on 12
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