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The liver is a unique organ with the potential to regenerate from injury. Hepatic stem
cells contribute to liver regeneration when surviving hepatocytes in injured liver are
unable to proliferate. To investigate the mechanism of liver regeneration in vitro,
we established hepatic stem cell lines named HY1, HY2 and HY3, derived from a
healthy liver of adult rat. HY cells showed an expression pattern similar to oval cells,
and efficiently induced hepatic differentiation following sequential treatment with
type I collagen, transforming growth factor-pl (TGF-f1), and hepatocyte growth
factor (HGF) or oncostatin M (OSM). These results suggested that HY cells are liver
stem cells representing an excellent tool for in vitro studies on liver regeneration.
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Abbreviations: TGF-B1, transforming growth factor-f1; HGF, hepatocyte growth factor; OSM, oncostatin M;

ECM, extracellular matrix.

The liver has an extremely strong ability to regenerate
from injury; even if two-thirds of the liver is surgically lost,
the survived cells rapidly proliferate to restore the liver
mass. In addition, some kinds of stem cells are also known
to contribute to liver regeneration when the proliferation
of mature hepatocytes is inhibited in injured liver (I-3).
Among these stem cells, oval cells are shown to participate
in the regeneration (2, 3), and to differentiate into hepa-
tocytic or biliary lineages both in vivo and in vitro (3-9).
It has been suggested that oval cells are derived from the
canals of Hering (I-3). However, a recent report has
indicated that bone marrow is a potential source of
oval cells (10, 11) that can differentiate into hepatocytes
(12-15). Other several candidate hepatic stem cells have
been reported (16-26). Small hepatocytes (SHs) derived
from the healthy livers of adult and foetal rats can
differentiate into hepatocytes and ductal cells, and are
thought to be progenitor cells with hepatic characteristics
(22). However, it remains unclear what cells are involved
in such regeneration in injured liver. The potential of
these stem cells to differentiate into hepatocytes has
been shown by in vitro and in vivo studies; however, their
induction into hepatocytes has been performed by
various growth factors and an extracellular matrix
(ECM) proteins cocktail (22-26). As it is not known
which factors are involved in hepatic differentiation, it is
essential for an understanding of liver regeneration to
examine the roles of these differentiation factors.

To activate the oval cells in adult rat liver, all experi-
mental models to date have used such as toxins or
carcinogens. Isolation and culture of hepatic stem cells,
including oval cells, were performed by use of the Percoll
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density gradient technique, several growth factors and
a feeder layer. To investigate the mechanism of liver
regeneration in vitro, we attempted to develop a novel
method for the isolation of liver stem cells that would
meet the following requirements: a simple isolation
method, maintenance of proliferative activity without
any growth factors and maintenance of differentiated
traits over the long-term. We established oval-like stem
cell lines derived from the healthy livers of adult rats,
named HY1, HY2 and HY3. These cells retain their
morphology, gene expression patterns and proliferative
capacity over a long period of time. In this study, we
analysed the differentiation of HY cells into hepatocytes
following treatment with various growth factors, demon-
strating the importance of hepatic regeneration.

MATERIALS AND METHODS

Establishment of Stem-like Cell Lines: HY1, HY2 and
HY3—Liver cells were purified from an 8-week-old male
Wistar rat (Crea Japan, Tokyo, Japan) weighing 160 g by
the two-step liver perfusion method of Seglen with slight
modification (27). Briefly, a collagenase-digested liver cell
suspension was centrifuged at 50g for 1 min. The pellet
was resuspended in minimum essential medium and
centrifuged at 50g for 1min. After this procedure was
repeated four times, the supernatant was centrifuged at
150g for 5min. The pellet was resuspended in MEM and
centrifuged at 150g for 5min. After this procedure was
repeated, the pellet was resuspended in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
foetal calf serum (FCS), 150 U/ml penicillin, and 100 mg/ml
streptomycin. Then, 2 x 10°cells/ml were incubated on
culture dishes (10-cm diameter) and cultured at 37°C in a
5% CO9/95% air incubator. Three days after seeding, three
propagating colonies were isolated and named HY1, HY2
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and HY3 cells. These cells were constantly grown and
subcultured at 80% confluence. Cells were passaged every
3—4 days at a splitting ratio of 1:4 in DMEM with 10% FCS.

Cell Lines—The rat myofibroblast cell line MFBY2 was
isolated in our previous study (28). The rat hepatoma
cell line Reuber cells were given by Dr M. Nanba,
Okayama University. The rat hepatoma cell line C2 was
obtained from Dr Mary C. Weiss, Institute Pasteur,
France (29-31). These cell lines were maintained in
DMEM with 10% FCS at 37°C in a 5% COy/95% air
incubator.

RNA Extraction and Reverse Transcription-polymerase
Chain Reaction (RT-PCR)—Total RNA was extracted
from cell lines and foetal rat liver as described previ-
ously (32). One microgram of total RNA was converted to
complementary DNA and amplified using a GeneAmp
RNA PCR kit (Applied Biosystems Inc. Foster City, CA).
The number of cycles and annealing temperature were
optimized for each primer pair. The following forward
and reverse primers were used for specific amplification;
a-fetoprotein (AFP): GATGGAGTGCCTACAGGATG and
TTAAACCCCCAAAGCCTCAC, albumin (ALB): GACCC
CAGTGAGCGAGAAGG and CAGTGGCGAAGCAGTT
ATCC, Tyrosine amino transferase (TAT): ATGATGCTG
GAGGCTTGTAG and AGGGGTGGGGAGTGGTGACG,
Sca-1: TCTGTGCACCCCTTCTCTGA, and GGTCTCC
AGGAGGACTGAGC, c-kit: CATCATGGAAGATGACG
AGC and CAAATGTGTACACGCAGCTG, Cytokeratin19
(CK19): GTCCTACAGATCGACAATGC and CACACCCT
GGATGTGTGACAG, al-antitrypsin (a1-AT): CTGGGGA
GCAAGGGTGACAC and GGGCTCTGAGTTTCTGATTC,
neural cell adhesion molecule (NCAM): AGAACATCCCT
CCCAGCC and GCGTTGTAGATGGTCAGGGT, proli-
ferating cell nuclear antigen (PCNA): GTTGATAAAGA
AGAGGAAGC and CAGTATTTGTAAGGCAGAGA,
Glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
an internal control: AGGCTGTGGGCAAGGTCAT and
CACCACCCTGTTGCTGTAGC. PCR products were sepa-
rated by electrophoresis through 5% polyacrylamide gels
and stained with ethidium bromide. Reuber and C2 cells
were used as controls for differentiated and undiffer-
entiated hepatocytes, respectively. Foetal liver was used
as immature liver.

Immunofluorescence Analysis—Cell cultures were
fixed with methanol at —20°C for 15 min, and washed in
0.05% Tween 20-PBS (0.05% T-PBS) three times, followed
by blocking with normal goat serum for 1h at room
temperature (RT). The cells were incubated with mouse
anti-rat CK19 monoclonal antibody (Chemicon Inter-
national, Temecula, CA, USA) for 1h at RT, washed in
0.05% T-PBS at three times, incubated with Alexa
Fluor-488-conjugated goat anti-mouse for 30 min at RT,
washed in 0.05% T-PBS three times, and mounted.
All antibodies were diluted in 0.05% T-PBS. Labelled
cells were observed with a fluorescence microscope.

Treatment of HY1 Cells with Various Growth Factor—
HY1 cells (1x10° were cultured in a 60-mm dishes
coated with type I collagen (IWAKI Glass Co, Tokyo,
Japan) or noncoated dishes for 24 h; subsequently these
cells were treated with various growth factors, including
human hepatocyte growth factor (HGF; R&D Systems
Inc, Minneapolis, MN, USA), human basic fibroblast

M. Hirata et al.

growth factor (b-FGF; PeproTech Inc. Rocky Hill, NJ,
USA), mouse epidermal growth factor (EGF; Takara,
Kyoto, Japan), heparin-binding EGF-like growth factor
(HB-EGF; R&D Systems Inc), human transforming
growth factor 1 (TGF-B1; R&D Systems Inc), mouse
oncostatin M (OSM; R&D Systems Inc).

RESULTS

Establishment of the Stem-likes Cell Lines: HY1, HY2
and HY3—To investigate the mechanism of liver regen-
eration in vitro, we attempted to isolate and establish
stem cells derived from the healthy liver of an adult rat
by collagenase perfusion and differential centrifugation.
Three days after seeding of isolated cells, several colonies
composed of small-sized cells appeared. Ten days later,
these colonies consisted of small and uniformly shaped
cells composed of more than 1,000 cells. Most of the cells
in the colony showed a small cobblestone appearance and
had ovoid nuclei and a high nucleus/cytoplasm ratio
following long-term culture (Fig. 1A). Isolated clones of
HY1, HY2 and HY3 cells have a high capacity to prolif-
erate for a long time. The population doubling times of
these cells in culture medium containing 10% FCS were
about 48h (Fig. 1B). This doubling time was similar to
those of WB-344 cells and RLE cells, well-documented
liver epithelial cell lines (16-21). Proliferation was halted
by confluence of cultures, and confluent cultures were
maintained for 1 week without piling up of cells, indi-
cating contact inhibition.

To identify the characteristics of these cells, we next
examined the expression of various differentiation mark-
ers for liver cell by RT-PCR analysis (Fig. 1C). HY1, HY2
and HY3 cells expressed the hematopoietic stem cell
marker c-kit, but not CD34. Furthermore, these cells
expressed the cholangiocytic marker CK19, but not the
hepatocyte makers ALB, TAT, «1-AT and AFP. The liver
epithelial cell lines, WB-344 cells and RLE cells, showed a
cobblestone appearance and had the potential to prolifer-
ate and differentiate into hepatocytes. However, these cell
lines were positive for AFP and ALB and negative for
CK19, while HY1, HY2 and HY3 cells were negative for
AFP and ALB and positive for CK19, implying that HY1,
HY2 and HY3 cells differ from liver epithelial cell lines.
Moreover, the small hepatocytes isolated from nonpar-
enchymal cells of normal adult liver had potential to
differentiate into hepatocytes (22); however, the prolifera-
tion of small hepatocytes is low (22). The small hepato-
cytes expressed ALB but not CK19, indicating that the
small hepatocytes are precursors of mature hepatocytes
rather than hepatic stem cells; therefore, HY1, HY2 and
HY3 cells also differ from small hepatocytes.

Oval cells are known to participate in the regeneration
process after the administration of several chemical
agents. The cells were characterized by ovoid nuclei and
a high/cytoplasm ratio, and had the potential to differ-
entiate into hepatocytic or biliary lineage cells (3-9). Oval
cells characteristically co-expressed AFP and CK19, as
well as c-kit. NCAM (33-35) and Sca-1 (36) have been
reported as a specific maker for ductular cells and oval
cells, although stellate cells also express NCAM. Inter-
estingly, HY1, HY2 and HY3 cells expressed c-kit and
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Fig. 1. Isolation and characterization of hepatic stem cell
lines. (A) Phase-contrast microphotographs of HY1 cell colony
cultured for 10 days. Scale bar shows 0.1 mm. (B) Growth curve
of HY cells. (C) Expression of hepatic and stem cell markers

NCAM, but not Sca-1. To further evaluate the phenotypic
properties of these cells, we also carried out immuno-
fluorescent staining for CK19, demonstrated to be an oval
cell marker. HY cells were positive for CK19 (Fig. 1D).
These results indicated that HY1, HY2 and HY3 cells
possess similar phenotypic properties to oval cells,
although the expression profiles of HY cells were not
completely consistent with those of oval cells (Table 1).
Since the expression of various markers for hepatic stem
cells was identical in three lines of HY cells, we used HY1
as a representative of HY cell lines hereafter.
Differentiation of HY Cells into Hepatocytes—To
examine the ability of HY cells to differentiate into
hepatocytes in vitro, representative HY1 cells were
treated with HGF, EGF, HB-EGF, b-FGF and TGF-B1,
which have been demonstrated to be important growth
factors for hepatic regeneration (37-39). As a result, HY1
cells treated with these growth factors on normal dishes
did not express differentiation markers, such as ALB,
TAT and AFP, but maintained the expression of CK19
(premature hepatocyte marker) and c-kit (stem cell
marker) (Fig. 2). Interestingly, HY1 cells cultured on
type I collagen-coated dishes showed AFP, CK19 and
c-kit expression, but not ALB and TAT expression.
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in HY cells were determined by RT-PCR. Reuber, C2, MFBY2
and fetal cells were used as controls. (D) Immunofluorescence
staining of CK19 of HY1 (a) and Reuber cells (b). Scale bar
shows 0.5 mm.

Moreover, HY1 cells treated with TGF-f1 on type I
collagen-coated dishes showed expression of ALB, and
showed decreased CK19 expression, whereas HY1 cells
treated with other growth factors could not induce ALB
and TAT expression (Fig. 2).

We next examined the time course of the effects
of TGF-B1 treatment of HY1 cells (Fig. 3). Induction of
the differentiation markers AFP, ALB and TAT was
not observed in TGF-Bl-treated HY1 cells cultured on
normal dishes. However, when HY1 cells were treated
with TGF-B1 on type I collagen-coated dishes, the expres-
sion of ALB was increased by 48h, and TAT was induced
at low levels at 72h. On the other hand, CK19 levels
were decreased within 24h, and disappeared at 48h.
These results indicated that HY1 cells have the potential
to differentiate into a hepatic lineage and that the coop-
eration of TGF-B1 and type I collagen is important to
induce the differentiation of HY1 cells in vitro.

To examine the growth activity of HY1 cells treated
with these factors, expression of proliferating cell nuclear
antigen (PCNA), related to the cell cycle, and DNA
replication, were examined. PCNA was strongly expres-
sed in all cells treated with or without these factors and
type I collagen. These results suggest that these growth
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Table 1. Phenotypic characteristics of liver cell, liver epithelial cell lines and oval cell lines.

Marker HY1, 2,3 Hepatocyte (37) Cholangiocyte (37) Oval cell (37) SH (22) WB-F344 (19,21) RLE (43) MFBY2 (28)
ALB - + — + + + + —
TAT — + — — + + —
CK19 + - + + - - - -
AFP — — — + + + + +
c-Kit + - - + - + -
CD34 - - - + -
NCAM + — - + +

SH, small hepatocyte, WB-F344; RLE, Normal rat liver stem cell line; MFBY2, MFB-like cells;

detectable or expression.

Cultured on nomal dish

—, not detectable; +, expression; &, not

Cultured on collagen-coated dish

5, 2 3
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Fig. 2. Effect of growth factors on expression of hepatic
differentiation markers. HY1 cells were grown on normal and
type I collagen-coated dishes, and treated with various growth
factors for 3 days. Expressions of hepatic differentiation markers

Cultured on nomal dish

were determined by RT-PCR. Controls: Reuber cells were used as
positive controls for ALB, TAT, PCNA, GAPDH expression and C2
cells were used for CK19, and fetal liver was used for AFP and c-kit.
DW (distilled water) was used as negative control of PCR.

Cultured on collagen-coated dish

TGF-B1
treatment (hr)

0 24 48 72

TGF-B1 -+ - + - 4+

ALB

TAT
CK19
AFP
c-kit
PCNA
GAPDH

Fig. 3. Time-course of expression of hepatic differentiation
maker in HY1 cells treated with TGF-p1 on normal or type
I collagen-coated dishes. HY1 cells were grown on normal and

factors and type I collagen did not affect the cell cycle
progression of HY1 cells.

Effects of HGF or OSM on the Hepatic Differen-
tiation of HY1 Cells Pretreated with TGF-B1—Hepatic
differentiation is known to proceed stepwise during
hepatogenesis in embryos responded to programmed

Control

e b e e e e

48 72

type I collagen-coated dishes, and treated with TGF-B1 for indi-
cating time. Expressions of hepatic differentiation markers were
determined by RT-PCR. Controls were used same as Fig. 2.

gene expression and various cytokines from environ-
mental tissues. To confirm this stepwise differentiation
of hepatoblast cells in vitro, we examined the effects
of HGF or OSM to further promote the maturation of
HY1 cells pretreated with TGF-B1 (Fig. 4). HGF and
OSM have been well documented to be essential for
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Fig. 4. Effects of HGF or OSM on the expression of hepatic
differentiation makers in HY1 cells pretreated with TGF-f1
on normal and collagen-coated dishes. HY1 cells were grown
on normal and type I collagen-coated dishes, and treated with

development and regeneration (8, 37-39). HY1 cells
treated with TGF-B1 for 72h were subjected to HGF
and OSM for various periods. As a result, HGF strongly
induced expression of ALB 24h after treatment. By
contrast OSM showed a small effect on the expression of
ALB. Both HGF and OSM induced TAT- and «l-AT
expression at high levels. Interestingly, OSM strongly
suppressed expression of AFP by treatment for 72h.
These results indicated that HGF and OSM are involved
in the hepatic maturation of HY1 cells pretreated with
TGF-B1 on collagen-coated dishes, while HGF or OSM
did not induce these hepatic differentiation markers
without pretreatment with TGF-B1.

Further, to elucidate the importance of type I collagen
on the hepatic differentiation of HY1 cells by sequential
treatment with TGF-f1 and HGF or OSM, HY1 cells
were sequentially treated with these cytokines on normal

Vol. 145, No. 1, 2009

TGF-B1 for 72h, followed by treatment with HGF (A) or OSM (B).
Expressions of hepatic differentiation markers were determined by
RT-PCR. Controls were used same as Fig. 2, and Reuber cell was
used as positive control for a1-AT expression.

dishes (Fig. 4). Expression of hepatocyte markers
including ALB, TAT and «1-AT was not observed to be
induced by stepwise treatment with these cytokines.
These results indicated that type I collagen is essential
for differentiation of HY1 cells into hepatocytes.

DISCUSSION

In this study, to establish a liver regeneration model
in vitro, we isolated hepatic stem cell lines designated
HY1, HY2 and HYS3 cells derived from the healthy liver
of an adult rat. Consequently, the gene expression
profiles of HY cells are highly similar to that of oval
cells with minute differences. However, oval cells were
activated by treatment with toxins and carcinogens, or in
fetuses, whereas HY cells were resident in the healthy
liver of an adult rat. Thus, HY cells are presumed to be
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precursor cells or undifferentiated oval cells that differ-
entiate into oval cells following stimulation induced
during regeneration.

Several reports have demonstrated that bone marrow
cells have trans-differentiating potential into hepatocytes
in in vitro and in vivo studies (10-15). These results have
suggested that bone marrow cells are candidate hepatic
stem cells, including oval cells and small hepatocytes. In
terms of the origin of HY cells, circulating cells, including
blood cells, were almost excluded by liver perfusion and
several centrifugation steps during cell isolation; there-
fore, HY cells originally inhabit the healthy livers of
adult rats, and express the ductular marker CK19,
suggesting that HY cells are not derivatives from bone
marrow. Based on the observations that oval cells are
derived from the canals of Hering (I-3), the HY cells
were assumed to originate from the Hering canal.

To examine the possibility of HY cells differentiating
into hepatocytes, HY1 cells were exposed to several
growth factors, including HGF, EGF, HB-EGF, b-FGF
and TGF-B1, all of which could be involved in liver
hepatic regeneration. In this culture system, type I
collagen was able to induce AFP expression in HY1
cells. In addition to collagen, TGF-p1 effectively induced
ALB, a marker of hepatocytes, at an earlier differentia-
tion stage, and decreased levels of the ductular marker
CK19, suggesting progression of differentiation into
hepatocytes. Moreover, administration of HGF or OSM
to TGF-Bl-treated HY1 cells on collagen effectively
induced TAT and «1-AT, markers of hepatocytes at a
terminal differentiation stage.

Regarding the factor promoting the differentiation of
liver cells, type I collagen has been reported to be con-
stitutively expressed during the course of oval cell-aided
liver regeneration (40). TGF-B1 has been documented to
be involved in termination of liver regeneration, acting
as a growth inhibitor and pro-apoptotic factor. Also,
it has been shown that TGF-p1 produced by smooth
muscle actin (SMA)-positive hepatic stellate cells (HSCs)
increased the proliferation of oval cells (40, 41). Nagy
et al. (42) showed that treatment of RLE cells (oval cell
line) in monolayer cultures with TGF-B1 induced the
expression of ALB mRNA. Together with the increase in
oval cell number observed after in vivo HGF infusion,
this suggests that HGF is involved in the expansion of
oval cells following liver injury (43-45). It has been
reported that HSC proliferation is closely associated with
oval cell proliferation and observed around the oval cells
(44). HSC is well documented to produce various
extracellular matrix proteins and growth factors includ-
ing type I collagen, TGF-B1 and HGF during liver injury
and regeneration; while Kupffer cells has been reported
to secrete OSM that involved in hepatocyte maturation
for liver regeneration (46-49). Thus, these results
suggested that HSCs and Kupffer cells may assist the
differentiation of HY1 cells into hepatocytes and mimic
the hepatic regeneration environment in vitro. However,
the molecular mechanism by which type I collagen, TGF-
B1 and HGF or OSM cooperate sequentially, or by which
the differentiation of HY1 cells into hepatocytes is
induced, remains unclear and needs to be further inves-
tigated. Moreover, although the experimental data are
not shown, HY cells that expressed CK19 and NCAM
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seem to have a potential to differentiate into biliary
cell (50). Therefore, HY cells are likely to be bipotent
stem cell with differentiation into hepatocyte and bile
ductular cell.

In this study, a new stem cell line, HY cells, was
established and induced to differentiate into hepatocytes
by the sequential cooperation of type I collagen, TGF-p1
and HGF or OSM. Therefore, if the HY cells are pre-oval
cell lines, HY1, HY2 and HY3 cells may be useful as a
model system with which to explore the cellular and
molecular events in liver regeneration; furthermore, these
cells may be useful in cell therapies for liver diseases.
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