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Oval cells of the liver participate in liver regeneration
when hepatocytes are prevented from proliferating in
response to liver damage. To clarify the role of on-
costatin M (OSM) in the liver regeneration involving
oval cells, we examined the expression of OSM and
OSM-specific receptor (OSM-R) in the liver undergo-
ing regeneration in the 2-acetylaminofluorene/partial
hepatectomy model. Expression levels of OSM-R
changed in correlation to the number of oval cells,
and its expression was exclusively observed in oval
cells. On the other hand, OSM was expressed in both
oval cells and Kupffer cells. To examine the effect of
OSM on the growth and differentiation of oval cells,
rat oval cells (OC15-5) were incubated in conditioned
medium of 293T cells expressing rat OSM cDNA. This
resulted in suppression of growth, changes in mor-
phology (microvilli and large cytoplasm with devel-
oped organelles), and expression of hepatocyte
markers (albumin, tyrosine amino transferase, and
tryptophan oxygenase). The effects of the condi-
tioned medium with rat OSM were abrogated by in-
troducing a small interfering RNA specifically target-
ing rat OSM-R into OC15-5 cells. These results indicate
that OSM is a key mediator for inducing differentia-
tion of OC15-5 cells into hepatocytes and suggest that
the OSM/OSM-R system is pivotal in the differentia-
tion of oval cells into hepatocytes, thereby promoting
liver regeneration. (AmJ Pathol 2005, 166:709—-719)

In acute liver injury, hepatocytes rapidly proliferate to
repair the damage.’ Hepatic stem/progenitor cells usu-

ally do not take part in such acute liver regeneration.
However, when hepatocytes are prevented from prolifer-
ating in response to liver damage, oval cells, character-
ized by ovoid nucleus, small in cellular size, and a high
nuclear-to-cytoplasmic ratio, emerge from the canal of
Hering and proliferate in the periportal areas.? ® For ex-
ample, in the rat 2-acetylaminofluorene/partial hepatec-
tomy (AAF/PH) model, in which hepatocyte proliferation is
inhibited by AAF administration, PH initiates the genera-
tion of numerous oval cells.® Oval cells express albumin
and, in addition, exhibit features of fetal hepatocytes and
bile epithelial cells, expressing a-fetoprotein (AFP) and
cytokeratin (CK)-19, respectively.® They also share char-
acteristics with hematopoietic stem cells, expressing c-kit
receptor tyrosine kinase, CD34, and Thy-1.7°""3 Qval
cells are presumed to be hepatic progenitors in the adult
liver and participate in the liver regeneration when the
replicative and functional capacity of hepatocytes is im-
paired.?35°8 However, the molecular mechanism under-
lying the differentiation of oval cells into hepatocytes
remains to be established.

Oncostatin M (OSM) is a member of the interleukin-6
cytokine family that includes interleukin-6, interleukin-11,
leukemia inhibitory factor, ciliary neurotrophic factor, car-
diotrophin-1, and novel neutrophin-1/B-cell-stimulating
factor-3.7*7'® Mouse OSM receptor is composed of the
gp130 subunit, common to all of the interleukin-6 family
cytokines, ' and the OSM-specific subunit’” (hereafter
this subunit is called OSM-specific receptor: OSM-R).
Ligand binding to the receptor complex activates the
Janus tyrosine kinases (Jak1, Jak2, and Tyk2) and the
activated Jaks in turn activate downstream pathways,
such as SHP-2 tyrosine phosphatase and signal trans-
ducer and activator of transcription protein 3.'° Recently,
OSM has been shown to induce maturation of mouse fetal
hepatocytes derived from the embryonic day 14.5 liver as
characterized by the expression of tyrosine amino trans-
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Table 1. Oligonucleotide Primers Used for Determination of Rat OSM-R and OSM cDNA Sequences
Oligonucleotide Sequence Position
rFWA 5'-CCCCTGTGAGGCCGAGGACCGGC-3' 34-56*
rFW2 5'-TGGAAGAAGGCTCCAATGTCACCAT-3' 565-589~
rFW3 5'-TGCCAACCACTTCTGGAAATGGAG-3' 1310-1333~
rFW4 5-TTCCTGGGAGCCGGTATCTGGAGAC-3'" 1721-1745*
rFW5 5'-GTGCCAACAGAAAAGGATTCCTC-3' 2595-2617*
rFW6 5'-CCCTGGTCGAAAGTCCAACTGAAGA-3’ 2788-2812"
rRV1 5 -TGGCTTTACAATTGATGTTTGTCCCTG-3'" 718-744*
rRv2 5-CTCCACACATCAAGAGCTTCTGAG-3'" 1376-1399*
rRV3 5'-CACACCAGTCCACAACATAGCC-3’ 1752-1773~
rRv4 5'-CCATTTGCCTTTTATACTCTGAAC-3’ 2902-2925"
slical 5'-CAATTAACCCTCACTAAAGA-3’
slica2 5'-CTAAAGAATTCAGTCAGTCA-3'
Fw1 5'-GGCACGGGCCAGAGTACCAGGACCCAG-3’ 14-40*
Fw2 5'-GTGGCCTTCCCCAGTGAGGA-3' 267-286"
FW3 5'-CCTGAGCCCACACAGGCAGACTCTGGG-3'* 492-518*
Fw4 5-TCTTTCAGATCAAGATAGACAGCTG-3'* 547-571*
RV1 5-GTGGCGTGCACAGTGCTCAGGAAGT-3'* 313-337*
Rv2 5'-CCCCACTGAGCCCATGAAGCGATGGTA-3' 588-614*

*Number of the mouse OSM-R cDNA (GenBank accession number AF058805).

TBased on rat OSM-R cDNA sequence described in this study.

*Number of the mouse OSM cDNA (GenBank accession number D31942).

*Based on rat OSM cDNA sequence described in this studly.

ferase (TAT) and glucose-6-phosphatase, which are ex-
pressed in the perinatal liver, and the accumulation of
glycogen.'® OSM in combination with extracellular matri-
ces derived from Engelbreth-Holm-Swarm sarcoma has
also been shown to induce tryptophan oxygenase (TO), a
liver-specific enzyme expressed by fully matured hepa-
tocytes, in mouse fetal hepatocytes.'® In addition, human
fetal hepatocytes, like mouse fetal hepatocytes, have
been reported to be induced to differentiate by OSM.°
These results indicate that OSM is a crucial factor for liver
development involving maturation of fetal hepatocytes.
Because oval cells, like fetal hepatocytes, are believed to
represent hepatic progenitors, there is a possibility that
OSM may play an important role in liver regeneration
involving differentiation of oval cells. To investigate this
possibility, we isolated rat OSM-R and OSM cDNA and
examined whether OSM induces the differentiation of rat
oval cells, OC15-5, into hepatocytes.

Materials and Methods

Rats and Treatments

Oval cells were induced in male Fischer 344 rats of 6
weeks of age (SLC, Hamamatsu, Japan) by the method
of the AAF/PH model."" Briefly, AAF (Wako Pure Chemi-
cal Industries, Ltd., Osaka, Japan) was daily adminis-
tered to rats by gavage at 10 mg/kg body weight for 4
days. On day 5, a standard two-thirds PH was performed,
and then the daily administration of AAF at the same
dosage continued for 5 days. All animal studies were
performed in accordance with the criteria outlined in the
Guide for the Care and Use of Laboratory Animals pre-
pared by the National Academy of Science.

Preparation of Parenchymal and
Nonparenchymal Cells

Parenchymal and nonparenchymal cells of the liver were
isolated by the two-step collagenase digestion method
with some modifications, as previously described.?’

Isolation of Rat OSM-R and OSM cDNA

To obtain rat OSM-R cDNA, RNA was prepared from the
liver on day 7 after PH in the AAF/PH model using TRIzol
reagent (Life Technologies, Inc., Grand Island, NY), re-
verse-transcribed by Superscript Il reverse transcriptase
(RT) (Life Technologies, Inc.) and an anchor primer (5'-
GCAATTAACCCTCACTAAAGAATTCAGTCAGTCA(T)45-
3'), and amplified by polymerase chain reaction (PCR)
using Taq Ex (Takara Shuzou, Kyoto, Japan) and four
sets of primers (rFW1 and rRV1, rFW2 and rRV2, rFW3
and rRV3, and rFW4 and rRV4) (Table 1) with 25 cycles of
94°C for 30 seconds, 58°C for 30 seconds, and 72°C for
1 minute. Nested PCR was performed using rFW5 and
slical as the first set of primers and rFW6 and slica2 as
the second set of primers (Table 1) to obtain the 3’-end of
rat OSM-R cDNA. To obtain rat OSM cDNA, RNA was
similarly prepared from the fetal liver on embryonic day
14.5, reverse-transcribed, and amplified by PCR using
Taq Ex and two sets of primers (FW1 and RV1 and FW2
and RV2) (Table 1). Nested PCR was performed using
FW3 and slical as the first set of primers and FW4 and
slica2 as the second set of primers (Table 1) to obtain the
3’-end of rat OSM cDNA. The products were subcloned
into the EcoRYV site of Bluescript | KS(—) (Stratagene, La
Jolla, CA), and analyzed for nucleotide sequences.



Northern Blot Analysis

Northern blot analysis was performed as previously de-
scribed.?" *2P-labeled rat OSM-R and glyceraldehyde-3-
phosphate dehydrogenase cDNA were used as probes.
Analysis of OSM-R and OSM mRNA in various tissues
was conducted using a membrane of rat poly A™ RNA
(2 ng) Northern blot-12 major tissues (OriGene Tech-
nologies, Inc., Rockville, MD) and the OSM-R and OSM
probes.

Number of Oval Cells

Liver tissues were fixed with methacarn, embedded in
paraffin, and cut into 5-um-thick sections. The sections
were immunostained with mouse anti-human CK-19 anti-
body (Novocastra Laboratories, Ltd., Newcastle, UK) di-
luted 1:40. The number of CK-19-positive oval cells was
counted in 10 periportal fields selected randomly in each
CK-19-immunostained specimen and expressed as the
number per periportal field.

In Situ Hybridization

Liver tissues were fixed with 4% paraformaldehyde, em-
bedded in paraffin, and cut into 5-um-thick sections. One
section was used for in situ hybridization and the adjacent
section was stained with hematoxylin and eosin. Comple-
mentary RNA probes of OSM-R were prepared by using
a DIG RNA labeling kit (Roche Diagnostics GmbH, Mann-
heim, Germany). Signals were visualized with a DAKO
Gen Point kit (DAKO, Glostrup, Denmark) using the
horseradish peroxidase-conjugated anti-digoxigenin an-
tibody (DAKO).

Confocal Laser-Scanning Microscope

For double staining for OSM-R and CK-19, nonparenchy-
mal cells were prepared from the liver on day 7 after PH
in the AAF/PH model, cytocentrifuged, and fixed with
methacarn. For double staining for OSM and CK-19 and
that for OSM and ED2, liver tissues on day 7 after PH in
the AAF/PH model were fixed with methacarn, embedded
in paraffin, and cut into 5-um-thick sections. The cyto-
centrifuged specimens and liver sections were incubated
with goat anti-mouse OSM-R antibody (R&D Systems,
Minneapolis, MN) diluted 1:50 or goat anti-mouse OSM
antibody (R&D Systems) diluted 1:50 at 4°C overnight.
Then, they were sequentially incubated with biotin-con-
jugated donkey anti-goat 1gG antibody (Santa Cruz Bio-
technology, Santa Cruz, CA) diluted 1:200 for 60 minutes,
horseradish peroxidase-conjugated streptavidin diluted
1:100 for 30 minutes, biotinyl tyramine diluted 1:50 for 10
minutes, and fluorescein isothiocyanate-conjugated
streptavidin (DAKO) diluted 1:40 for 30 minutes. After
washing, the cytocentrifuged specimens were incubated
with mouse anti-human CK-19 antibody diluted 1:40, and
the liver sections were incubated with mouse anti-human
CK-19 antibody diluted 1:40 or mouse anti-rat ED2 anti-
body (Serotec Ltd., Oxford, UK) diluted 1:500 for 60
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minutes. They were then incubated with R-phycoerythrin-
conjugated goat anti-mouse IgG (DAKO) diluted 1:100
for 60 minutes. Co-localization of fluorescein isothiocya-
nate and R-phycoerythrin was analyzed with a confocal
laser-scanning microscope (LSM510; Carl Zeiss Jena
GmbH, Jena, Germany).

Flow Cytometry

Cells were incubated with rabbit anti-c-kit antibody
(Santa Cruz), rabbit anti-CD34 antibody (Santa Cruz),
rabbit anti-Thy-1 antibody (Santa Cruz), or goat anti-
OSM-R antibody at 4°C for 30 minutes. After washing,
cells were incubated with biotin-conjugated anti-rabbit
IgG antibody (Santa Cruz) or biotin-conjugated anti-goat
IgG antibody (Santa Cruz). Cells were then stained with
R-phycoerythrin-streptavidin (BD PharMingen, San Di-
ego, CA) and analyzed on a FACSCalibur (Becton Dick-
inson, Los Angeles, CA). All antibodies used were diluted
1:100.

Preparation of Full-Length Rat OSM cDNA and
Conditioned Media

The entire coding region of rat OSM cDNA was gener-
ated by RT-PCR with a set of 5'-ATGCGGGCTCAGC-
CTCCACCGAGAA-3" and 5'-TTACCGGGGCACCAGG-
GACCTGAGCATG-3' primers and was subcloned into
the expression vector pEF-BOS. The pEF-BOS DNA with
or without rat OSM cDNA (10 wg) was transfected into
293T cells by the calcium phosphate method.?? Trans-
fectants with the pEF-BOS DNA with or without rat OSM
cDNA were cultured in Dulbecco’s modification of Ea-
gle’s medium (ICN Biomedicals Inc., Aurora, OH) sup-
plemented with 10% fetal bovine serum (HyClone, Logan,
UT) for 2 days, and the media were used as the condi-
tioned medium with OSM or without OSM, respectively.
The medium, in which 293T cells treated with calcium
phosphate without pEF-BOS DNA were grown for 2 days,
was used as the control conditioned medium.

Treatment of OC15-5 Cells with Conditioned
Media

0OC15-5 cells were plated at a density of 1 X 10° per
100-mm dish and incubated in Dulbecco’s modification
of Eagle’s medium supplemented with 10% fetal bovine
serum at 37°C for 24 hours. An equal amount of condi-
tioned medium was added to the culture, and incubation
continued for 4 days. Viable OC15-5 cells were deter-
mined by the trypan blue exclusion method.

Electron Microscopy

Cells were fixed in 2.5% glutaraldehyde and 1% osmium
tetroxide, dehydrated in a graded series of ethanol, and
embedded in epoxy resin. Ultrathin sections were stained
with uranyl acetate and lead citrate, and examined with a
JEM-1220 electron microscope (JEOL, Tokyo, Japan).



712 Okaya et al
AJP March 2005, Vol. 166, No. 3

Table 2. Oligonucleotide Primers Used for RT-PCR of Liver-Specific Genes
Gene name Sequence Product size GenBank accession no.
CK-19 5'-CGACTGGTACCAGAAGCAGG-3’ 619bp X81449
5'-GCAGCTTTCATGCTGAGCTG-3'
AFP 5"-AACAGCAGACTGCTGCAAAC-3’ 644bp X02361
5'-TGATGCAGAGCCTCCTGTTG-3'
Albumin 5'-ATACACCCAGAAAGCACCTC-3’ 305bp V01222
5'-CAGAGTGGAAGGTGAAGGTC-3’
TAT 5'-GGGAGGAGGTCGCTTCTTAC-3’ 457bp M18340
5'-GGAACATTGGTGCTGAGGTT-3’
TO 5"-AACGCACACCTGGCTTAGAG-3’ 389bp M55167
5'-CTTGCTGCCTAGCATCCTGT-3’
GAPDH 5'-ATCACTGCCACTCAGAAGAC-3' 578bp X02231
5'-TGAGGGAGATGCTCAGTGTT-3’
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
RT-PCR Statistical Analysis

Total RNA was reverse-transcribed by Superscript Il RT
in the presence of random hexamers, and the resultant
cDNA was amplified using Tag Ex and a set of sense and
anti-sense primers (Table 2) by 30 cycles of 94°C for 30
seconds, 60°C for 30 seconds, and 72°C for 1 minute.
PCR products were analyzed by electrophoresis in 1.0%
agarose gel containing ethidium bromide.

Western Blot Analysis

Cells were lysed in RIPA buffer (10 mmol/L Tris-HCI, pH
7.2, 150 mmol/L NaCl, 1 mmol/L O,0’-bis(2-aminoethyl)
ethylene glycol-N,N,N',N'-tetraacetic acid, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% sodium dodecylsul-
fate, 1 mmol/L phenylmethyl sulfonyl fluoride, 10 mg/ml
leupeptin, and 10 mg/ml aprotinin) on ice for 30 minutes and
centrifuged at 15,000 X g for 30 minutes. The supernatant
was subjected to sodium dodecylsulfate-10% polyacryl-
amide gel electrophoresis. After electrophoresis, proteins
were electrophoretically transferred onto a nitrocellulose
transfer membrane (Nitrobind; Micron Separations, Inc.,
Westborough, MA). Immunoblotting was then performed
with mouse monoclonal antibody against CK-19 (Progen
Biotechnik GmbH, Heidelberg, Germany) or rabbit poly-
clonal antibody against rat albumin (ICN Pharmaceuticals,
Inc., Aurora, OH).

Small Interfering RNA (siRNA) and Transfection

To construct a vector expressing siRNA for rat OSM-R,
annealed oligonucleotides (5'-ggatcccgTTATGAGTGAT-
AGGATGCTGCttgatatccgGCAGCATCCTATCACTCAT-
AAttttttccaaaagctt-3") (OSM-R target sequence in capital
letters) were subcloned into pRNAT-U6.1/Neo, an siRNA
expression vector (GenScript Corp., Piscataway, NJ).
The resultant plasmid was designated pRNAT-U6.1/Neo-
OSM-R. pRNAT-U6.1/Neo or pRNAT-U6.1/Neo-OSM-R
(10 ug) was transferred into OC15-5 cells (1 X 107) by
electroporation (975 mF, 350 V) using Gene Pulser Il
(Bio-Rad Laboratories, Hercules, CA). Two days after the
electroporation, 400 ug/ml of G418 sulfate (geneticin;
Life Technologies, Inc.) was added to the culture medium
to obtain neomycin-resistant cells.

Statistical analysis was performed by unpaired, two-
tailed Student’s t-test. A P value less than 0.05 was
considered significant.

Results
Isolation of Rat OSM-R cDNA

Human and mouse OSM-R cDNA were previously isolat-
ed,’2 put rat OSM-R cDNA was not. To examine the
expression of OSM-R mRNA in rat oval cells, we at-
tempted to isolate rat OSM-R cDNA. Four overlapping
fragments covering most of the OSM-R cDNA were ob-
tained by RT-PCR using the liver RNA on day 7 after PH
in the AAF/PH model. The 3'-portion of OSM-R cDNA was
obtained by nested PCR using two sets of primers, rFW5-
slical and rFWe6-slica2 (Figure 1A). The coding region of
rat OSM-R gene showed 89% and 71% homologies to the
mouse and human counterparts, respectively.’”?® Anal-
ysis of OSM-R mRNA in various tissues revealed that
OSM-R mRNA was expressed in all tissues examined,
with the liver, skin, and spleen showing strong signals
(Figure 2).

Expression of OSM-R

We examined whether the level of OSM-R mRNA was
correlated with the number of oval cells developed in the
AAF/PH model. As shown in Figure 3A, the number of
CK-19-positive oval cells increased rapidly for 7 days
after PH and then gradually decreased. Northern blot
analysis showed that OSM-R mRNA was hardly detect-
able on day O, but was expressed from day 4 to day 13
after PH. (Figure 3B). These results indicate that the level
of OSM-R mRNA changed with the number of oval cells.

It has been shown that oval cells are present in the
nonparenchymal cell fraction, but not in the parenchymal
cell faction.?™ Northern blot analysis showed that a strong
signal of OSM-R mRNA was observed in nonparenchy-
mal cells isolated from the livers on day 7, whereas it was
hardly detectable in parenchymal cells isolated from the
same livers (Figure 3B). We performed in situ hybridiza-
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Figure 1.Rat OSM-R and OSM cDNA. A: Schematic representation of rat
OSM-R cDNA. An open reading frame of rat OSM-R cDNA is indicated by
shaded box. Six overlapping partial clones are shown below with primers.
The sequence of the entire coding region of rat OSM-R cDNA encoding a
962-amino acid protein was registered in GenBank under accession no.
AB167522. B: Schematic representation of rat OSM cDNA. An open reading
frame of rat OSM cDNA is indicated by shaded box. Four overlapping partial
clones are shown below with primers. The sequence of the entire coding
region of rat OSM cDNA encoding a 239-amino acid protein was registered in
GenBank under accession no. AB1667521. C: Sequence alignment of rat,
mouse, and human OSM. Identical amino acids between rat and mouse OSM
or between mouse and human OSM were indicated by a :. The predicted
helices, signal peptides, and AB loops are also shown. Four repeats present
in the C-terminal of mouse OSM, but not rat and human OSM, are indicated
by underlines.

tion analysis to identify the type of cells expressing
OSM-R mRNA in the liver on day 7 after PH. Signals of
OSM-R mRNA were observed in oval cells that were
present at the periportal field and the surrounding paren-
chyma (Figure 3, C and D). Furthermore, immunohisto-
chemical double-staining analysis of CK-19 and OSM-R
in nonparenchymal cells isolated from the livers on day 7
after PH showed that CK-19-positive oval cells were also
positive for OSM-R protein (Figure 3; E to G).

Expression of OSM

RT-PCR analysis showed the expression of OSM in the
livers on days 7, 9, 11, and 13 after PH, when numerous
oval cells were generated (data not shown). Because
these results suggested that oval cells express OSM as
well as OSM-R, we performed immunohistochemical dou-
ble-staining analysis of CK-19 and OSM in the liver on
day 7 after PH. Oval cells positive for CK-19 were found
to be positive for OSM (Figure 4; A to C). Recently,
Kupffer cells were shown to be a major source of OSM in
the mouse liver injured by the administration of carbon
tetrachloride.?* So, we performed immunohistochemical
double-staining analysis of ED2, a marker of Kupffer
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cells, and OSM in the liver on day 7. Kupffer cells iden-
tified by ED2 expression were positive for OSM protein
(Figure 4; D to F).

Isolation of Rat OSM cDNA

Human and mouse OSM cDNA were previously isolat-
ed,?>2® but rat OSM cDNA was not. To clarify the effect of
OSM on rat oval cells, we isolated rat OSM cDNA. Two
overlapping fragments covering approximately two thirds
of OSM cDNA from the 5'-end were obtained by RT-PCR
using the liver RNA from 14.5-day rat embryos. The 3'-
portion of OSM cDNA was obtained by nested PCR using
two sets of primers, FW3-slical and FW4-slica2 (Figure
1B). The coding region of rat OSM gene showed 81%
and 53% homologies to the mouse and human counter-
parts, respectively.?>?® OSM mRNA was found to be
expressed in the spleen, thymus, and lung, but not other
tissues (Figure 2).

Establishment of the Rat Oval Cell Line OC 15-5

Long-Evans Cinnamon rats carry a defect in the Wilson
disease gene, resulting in the accumulation of copper in
the liver. Long-Evans Cinnamon rats suffer from acute
hepatitis at ~4 months of age, and survivors develop
chronic hepatitis with the generation of numerous oval
cells.?” We isolated these oval cells and cultured for a
long time to establish a cell line, designated as OC15-5.
OC15-5 cells grew with a cobblestone appearance (Fig-
ure 5A) and expressed CK-19, AFP, and albumin mRNA
as detected by RT-PCR analysis (Figure 5B). These cells
were also positive for c-kit receptor tyrosine kinase,
CD34, and Thy-1, which were new surface markers of
oval cells,"~'3 and OSM-R (Figure 5C).

Effect of OSM on OC15-5 Cells

The effect of OSM on OC15-5 cells was examined using
the conditioned medium of 293T cells transfected with
the pEF-BOS with or without rat OSM cDNA. Medium, in
which 293T cells treated with calcium phosphate without
pEF-BOS DNA were grown, was used as the control

Figure 2. Expression of OSM-R and OSM mRNA in various adult rat tissues.
A membrane of rat poly A* RNA (2 ug) Northern blot-12 major tissues was
used for Northern blot analysis. Glyceraldebyde-3-phosphate debydrogenase
(GAPDH) mRNA was analyzed as an internal standard.
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Figure 3. Expression of OSM-R in oval cells. A: Time-course analysis of CK-19-positive oval cells in rat livers after PH in the AAF/PH model. Rats were sacrificed
on the indicated days after PH, and liver sections were immunostained with anti-CK-19 antibody. The number of CK-19-positive oval cells was counted in 10
periportal fields, and its value was expressed as the number per periportal field (0.25 mm X 0.25 mm). Each point represents the mean of three rats. Bars are
standard errors. B: Time-course analysis of OSM-R mRNA in rat livers after PH in the AAF/PH model. Total liver RNA (20 pg) from rats sacrificed on the indicated
days after PH was analyzed by Northern blotting. RNA from rats that did not undergo AAF/PH treatment was used as the control (C). Parenchymal cell fraction
(P) and nonparenchymal cell fraction (NP) were isolated from livers on day 7 after PH, and total RNA (20 pg) was analyzed by Northern blotting.
Glyceraldebyde-3-phosphate debydrogenase (GAPDH) mRNA was analyzed as an internal standard. C: A section of the liver obtained on day 7 after PH stained
with H&E. The representative clusters of oval cells are shown by arrows. D: In situ hybridization analysis of OSM-R mRNA using an adjacent section of C. Inset
in D is high magnification and shows oval cells expressing OSM-R mRNA. E: Fluorescein for CK-19, which is a marker of oval cells (red). F: Fluorescein for OSM-R
(green). G: Merged confocal image of E and F. E to G are the photographs, demonstrated by confocal laser-scanning microscopy, of the same cytocentrifuged
specimen. Original magnifications: X90 (C, D); X800 (inset in D).

conditioned medium. We first examined the effect of OSM dium. In contrast, OC15-5 cells cultured with the condi-
on the growth of OC15-5 cells. OC15-5 cells cultured with tioned medium with OSM grew poorly (Figure 6).
the conditioned medium without OSM markedly prolifer- We next examined the effect of OSM on the differenti-

ated as cells cultured with the control conditioned me- ation of OC15-5 cells. OC15-5 cells cultured with the
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Figure 4. Expression of OSM in the livers in the AAF/PH model. A: Fluorescein for CK-19, which is a marker of oval cells (red). B: Fluorescein for OSM (green).
C: Merged confocal image of A and B. Co-expression of CK-19 and OSM is shown as yellow. Arrows indicate representative co-expression of CK-19 and OSM.
D: Fluorescein for ED2, which is a marker of Kupffer cells (red). E: Fluorescein for OSM (green). F: Merged confocal image of D and E. Co-expression of ED2
and OSM is shown as yellow. Arrows indicate representative co-expression of ED2 and OSM. A to C and D to F are the photographs, demonstrated by confocal

laser scanning, of the same section. P, portal vein; CV, central vein.

control conditioned medium were ~10 um in size with a
high nuclear to cytoplasmic ratio and ovoid nuclei (Figure
7, A and D). OC15-5 cells cultured with the conditioned
medium without OSM were similar in morphology to those
cultured with the control conditioned medium (Figure 7, B
and E). In contrast, OC15-5 cells cultured with the con-
ditioned medium with OSM were bigger with a decreased
nuclear-to-cytoplasmic ratio (Figure 7, C and F). In addi-
tion, these OSM-treated OC15-5 cells possessed mi-
crovilli on the surface, large cytoplasm with developed
organelles including mitochondria, lysosome, and rough
endoplasmic reticulum, and clear nucleoli in the nuclei,
that were characteristics of hepatocytes (Figure 7; G to 1).

Finally, we evaluated the effect of OSM on the expres-
sion of markers of oval cells (CK19 and AFP) and hepa-
tocytes (albumin, TAT, and TO) in OC15-5 cells. OC15-5
cells cultured with the control conditioned medium or the
conditioned medium without OSM expressed CK19, AFP,
and albumin mRNA, but not TAT and TO mRNA. In con-
trast, OC15-5 cells cultured with the conditioned medium
with OSM expressed TAT and TO mRNA, higher levels of
albumin mRNA, and decreased levels of CK-19 and AFP
mRNA (Figure 5D). Western blot analysis showed similar
changes in CK-19 and albumin expression (Figure 5E).
These results indicated that OSM induced the differenti-
ation of OC15-5 cells into hepatocytes.

Abrogation of the Effect by Rat OSM on OC15-
5 Cells by siRNA-Mediated Silencing of OSM-R

We introduced an siRNA construct specifically targeting
rat OSM-R into OC15-5 cells and examined whether the
siRNA-mediated silencing of OSM-R abrogates the effect of
the conditioned medium with OSM. Flow cytometry showed
that OSM-R expression in OC15-5 cells was abrogated by

the introduction of pRNAT-U6.1/Neo-OSM-R (siRNA), but
not pRNAT-U6.1/Neo (vector) (Figure 8A). These results
indicated that the introduced construct was active and able
to suppress the expression of OSM-R in OC15-5 cells. We
then examined the effect of the conditioned medium with
OSM on the growth of OC15-5 cells introduced with pRNAT-
UB.1/Neo or pRNAT-UB.1/Neo-OSM-R. OC15-5 cells carry-
ing pRNAT-UB.1/Neo-OSM-R (siRNA) markedly proliferated
in the presence of the conditioned medium with OSM,
whereas OC15-5 cells carrying pRNAT-U6.1/Neo (vector)
grew poorly (Figure 8B). Morphologically, OC15-5 cells car-
rying pRNAT-UB.1/Neo (vector) became bigger with a de-
creased nuclear to cytoplasmic ratio in the presence of the
conditioned medium with OSM. In contrast, OC15-5 cells
carrying pRNAT-U6.1/Neo-OSM-R (siRNA) grew with a
cobblestone appearance in the presence of the condi-
tioned medium with OSM (Figure 8C).

Finally, we evaluated the effect of the conditioned me-
dium with OSM on the expression of CK-19 and albumin
in OC15-5 cells. Western blot analysis showed that
0OC15-5 cells carrying pRNAT-U6.1/Neo (vector) ex-
pressed higher levels of albumin and decreased levels of
CK-19 in the presence of the conditioned medium OSM.
In contrast, no significant changes of CK-19 and albumin
expression were observed in OC15-5 cells carrying
pRNAT-U6.1/Neo-OSM-R (siRNA) in the presence of the
conditioned medium with OSM (Figure 8D). These results
indicated that the effect of the conditioned medium with
OSM on OC15-5 cells was abrogated by siRNA-mediated
silencing of OSM-R.

Discussion

In this study, we examined whether the OSM/OSM-R
system is involved in the differentiation of oval cells into
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Figure 5. Characterization of OC15-5 cells and effect of OSM on OC15-5
cells. A: Phase-contrast microscope. B: RT-PCR analysis of CK-19, AFP, and
albumin mRNA in OC15-5 cells. Total RNA extracted from OC15-5 cells was
reverse-transcribed and PCR-amplified with CK-19, AFP, or albumin primers
for 30 cycles. The amplified PCR products were stained with ethidium
bromide. M, a size marker. C: Flow cytometric analysis of c-kit receptor
tyrosine kinase (KIT), CD34, Thy-1, and OSM-R expression on the surface of
OC15-5 cells. Shaded and open histograms represent staining with anti-
c-kit, CD34, Thy-1, or OSM-R antibody and rabbit or goat IgG, respectively.
D: RT-PCR analysis of expression of liver-specific genes in OC15-5 cells.
AAF/PH, total RNA isolated from the liver of a rat sacrificed on day 7 after PH
in the AAF/PH model, when numerous oval cells were present; Hepatocyte,
total RNA from adult liver parenchymal cells; and OC15-5, total RNA from
OC15-5 cells, cultured with the control conditioned medium (control), the
conditioned medium without OSM [OSM(—)], or the conditioned medium
with OSM [OSM(+)] for 4 days. Glyceraldebyde-3-phosphate debydrogenase
(GAPDH) mRNA was reverse-transcribed and amplified as an internal stan-
dard. E: Western blot analysis of CK-19 and albumin in OC15-5 cells. Cell
lysates from OC15-5 cells, cultured with the control conditioned medium
(control), the conditioned medium without OSM [OSM(—)], or the condi-
tioned medium with OSM [OSM(+)] for 4 days, were analyzed. Original
magnification, X110 (A).

hepatocytes, thereby promoting the liver regeneration.
First, we isolated the rat OSM-R cDNA and, using it as a
probe, we conducted time-course analysis of OSM-R
mRNA in the liver after PH in the AAF/PH model. We
found that OSM-R mRNA was expressed in a nonparen-
chymal cell preparation with oval cells and the expres-
sion level increased in a good correlation with the in-
crease in the number of oval cells. We then confirmed
that oval cells were the sites of expression of OSM-R
mRNA and OSM-R protein. These results indicate that
OSM-R serves as a useful marker for oval cells. Further-
more, in the rat AAF/PH model, we showed that OSM was
expressed in the livers on days 7, 9, 11, and 13 after PH
and that not only OSM-R but also OSM was expressed in
oval cells. Therefore, it is likely that an autocrine signaling
of the OSM/OSM-R system participates in the develop-
ment and differentiation of oval cells. OSM was also
found to be expressed in Kupffer cells, consistent with
the report of Nakamura and colleagues®* that Kupffer
cells are a major source of OSM in the mouse liver injured

8 —

QO Control
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Figure 6. Inhibition of growth of OC15-5 cells by OSM. OC15-5 cells were
cultured with the control conditioned medium (control), the conditioned
medium without OSM [OSM(—)], or the conditioned medium with OSM
[OSM(+)]. After 4 days, the number of viable OC15-5 cells was determined
based on the exclusion of trypan blue. The cell number was expressed as
fold increases greater than that on day 1. Three independent assays were
performed with comparable results, and the values of a representative ex-
periment are shown. Bars are standard errors. Statistically significant differ-
ences are indicated by asterisks (P < 0.05), when compared with the value
of control.

by carbon tetrachloride. There is a possibility that OSM
produced by Kupffer cells plays an important role in the
liver regeneration.

Next, we isolated the rat OSM cDNA and established a
rat oval cell line, OC15-5, to study the role of OSM in the
differentiation of oval cells. Rat OSM, like mouse and hu-
man OSM,?>¢ contains a predicted signal peptide, four
a-helices, and an AB loop. However, it does not contain four
positively charged repeats that are present in the C-terminal
region of mouse OSM. Previously, Yoshimura and col-
leagues®® reported that the conditioned medium of COS
cells transfected with C-terminally truncated mouse OSM
cDNA lacking four positively charged repeats exhibited bi-
ological activity, but that the conditioned medium of cells
transfected with the full-length mouse OSM cDNA did not.
In this study, we found that the conditioned medium of 293T
cells transfected with the full-length rat OSM cDNA, in which
four positively charged repeats are not present, possessed
biological activity. These results indicate that four positively
charged repeats interfere with the activity of OSM and that
the truncation of C-terminal region carrying four positively
charged repeats is essential for the activation of OSM.

OC15-5 cells express not only the traditional oval cell
markers (CK-19 and AFP), but also the new oval cell
markers (c-kit receptor tyrosine kinase, CD34, and Thy-
1).19-13 OC15-5 cells may be useful to identify the factors
that induce the differentiation of oval cells into hepato-
cytes and study the biological role of oval cells in the liver
regeneration. When OC15-5 cells were cultured with the
conditioned medium of 293T cells transfected with rat
OSM cDNA, their growth was suppressed. The morphol-
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Figure 7. Morphological changes of OC15-5 cells induced by OSM. OC15-5 cells were cultured with the control conditioned medium (A and D), the conditioned
medium without OSM (B and E), or the conditioned medium with OSM (C, F, G, H, and D) for 4 days. A to C: Phase-contrast microscopic analysis. OC15-5 cells,
cultured with the control conditioned medium (A) and the conditioned medium without OSM (B), proliferated with a cobblestone appearance, but OC15-5 cells
cultured with the conditioned medium with OSM did not show the cobblestone appearance (C). D to I: Electron microscopic analysis. OC15-5 cells, cultured with
the control conditioned medium (D) and the conditioned medium without OSM (E), exhibited an ovoid nucleus and a high nuclear to cytoplasmic ratio. On the
other hand, OC15-5 cells, cultured with the conditioned medium with OSM, became bigger in size (F) and showed protruding microvilli on the surface (G), large
cytoplasm with mitochondria, lysosome, and rough endoplasmic reticulum (H), and clear nucleolus in the nucleus (I). Scale bars, 2 um. Original magnifications,

X110 (A-C).

ogy was also changed to become similar to that of hepa-
tocytes. In addition, OC15-5 cells cultured with the con-
ditioned medium with OSM showed decreases in CK-19
and AFP expression, but increases in albumin expres-
sion, and were also positive for hepatocyte markers, TAT
and TO. These effects of the conditioned medium with
OSM were not observed in OC15-5 cells carrying pRNAT-
U6B.1/Neo-OSM-R, in which OSM-R expression was
down-regulated by the introduction of an siRNA construct
specifically targeting the rat OSM-R. These results indi-
cate that OSM is important for induction of the differenti-
ation of OC15-5 cells into hepatocytes, and suggest that
the OSM/OSM-R system plays a pivotal role in oval cell-
mediated liver regeneration. We performed similar exper-
iments using primary oval cells isolated from the livers on
day 8 after PH in the AAF/PH model. On incubation with

the conditioned medium with OSM, primary oval cells
ceased to grow and underwent morphological changes
similar to those observed with OC15-5 cells (data not
shown). However, analysis of expression of liver-specific
proteins by Western blotting could not be performed
because of difficulties of obtaining primary oval cells in
sufficient quantities. These results, although limited, sup-
ported the conclusion derived from OC15-5 cells.
Previously, Kamiya and colleagues'® demonstrated
that OSM in combination with glucocorticoid induces dif-
ferentiation of fetal hepatocytes to express TAT and glu-
cose-6-phosphatase, which are expressed in the perina-
tal liver. However, no adult liver-specific enzymes, such
as TO, were expressed in these cells. These results sug-
gest that OSM renders the characteristics of the neonatal
liver, but not of adult hepatocytes, to fetal hepatocytes. In
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Figure 8. Suppression of OSM-induced growth inhibition and differentiation
of OC15-5 cells by siRNA for OSM-R. A: Flow cytometric analysis of OSM-R
expression on the surface of OC15-5 cells introduced with pRNAT-U6.1/Neo
(vector) or pRNAT-UG.1/Neo-OSM-R (siRNA). Shaded and open histo-
grams represent staining with anti-OSM-R antibody and goat IgG, respec-
tively. B: Cell growth. OC15-5 cells introduced with pRNAT-UG.1/Neo (vec-
tor) or pRNAT-U6.1/Neo-OSM-R (siRNA) were cultured with the conditioned
medium without OSM [OSM(—)] or the conditioned medium with OSM
[OSM(+)]. After 4 days, the number of viable cells was determined based on
the exclusion of trypan blue. The cell number was expressed as fold in-
creases greater than that on day 1. Three independent assays were performed
with comparable results, and the values of a representative experiment are
shown. Bars are standard errors. Statistically significant differences are indi-
cated by asterisks (P < 0.05), when compared with the value of OSM(—).
C: Phase-contrast microscopic analysis of OC15-5 cells introduced with
PRNAT-UG.1/Neo (vector) or pRNAT-U6.1/Neo-OSM-R (siRNA) cultured
with the conditioned medium with OSM for 4 days. D: Western blot analysis
of cell lysates from OC15-5 cells introduced with pRNAT-U6.1/Neo (vector)
or pRNAT-UG.1/Neo-OSM-R (siRNA) cultured with the conditioned medium
with or without OSM for 4 days. Original magnification, X60 (C).

this study, TO mRNA expression was induced in OC15-5
cells by culturing with the conditioned medium of 293T
cells transfected with rat OSM cDNA. Several possibilities
may be raised to explain the difference between the
results of Kamiya and colleagues® and ours. First, OSM-
R-mediated signal transduction is sufficient for the differ-
entiation of oval cells into adult hepatocytes, but not for
the maturation of fetal hepatocytes. Second, OSM may
induce the maturation of OC15-5, an oval cell line, but not
primary oval cells, into adult hepatocytes. Third, 293T
cells produce soluble factors required for full maturation
of oval cells. This idea is supported by the findings that
fetal hepatocytes on embryonic day 14.5 are induced to
express TO mRNA by culturing with OSM and extra-
cellular matrices derived from Engelbreth-Holm-Swarm
sarcoma.'®

Both OSM and hepatocyte growth factor (HGF) are
involved in the maturation of fetal hepatocytes.?®2° The
OSM-induced hepatic maturation is inhibited by the ex-
pression of a dominant-negative form of signal trans-
ducer and activator of transcription protein 3, whereas
HGF-induced hepatic maturation is not, indicating that
OSM and HGF induce the maturation of fetal hepatocytes
through different signaling pathways.?® As for the effect
on the oval cells, Okano and colleagues®° reported that
HGF induces the proliferation of oval cells through the
phosphatidylinositol-3 kinase/Akt signaling pathway, and
Shiota and colleagues®' reported that HGF accelerates
the proliferation of oval cells in the AAF/PH model. On the
other hand, the present study showed that OSM induces
the differentiation of oval cells into hepatocytes. These
results suggest that a combined use of HGF and OSM,
that support the proliferation and differentiation of oval
cells, respectively, may be of value for the treatment of
patients with liver damages.
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