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1. ABSTRACT

Stem cells responsible for maintenance and repair
of tissues are found in a number of organs.  The liver’s
remarkable capacity to regenerate after hepatectomy or
chemical-induced injury does not involve proliferation of
stem cells.  However, recent studies suggest that liver stem
cells exist in both embryonic and adult livers.  Using
fluorescence-activated cell sorting and a culture system in
which primitive hepatic progenitor cells form colonies, a
novel class of cells with the marker profile c-
Met+CD49f+/lowc-Kit-CD45-TER119- was found in the
developing liver.  This class apparently represents the
population of cells that form colonies containing distinct
hepatocytes and cholangiocytes.  When cells in this class
are transplanted into the spleen or liver of mice subjected to
liver injury, the cells migrate and differentiate into liver
parenchymal cells and cholangiocytes that are
morphologically and functionally indistinguishable from
their native counterparts.  During mid-gestation,
hematopoietic cells migrate into the liver from a region
bounded by aorta, gonad, and mesonephros and produce
oncostatin M (OSM).  In combination with glucocorticoid
hormones, OSM induces maturation of liver stem and
progenitor cells, including those of the c-Met+CD49f+/lowc-
Kit-CD45-TER119- class. The ability to manipulate the
proliferation and differentiation of liver stem cells in vitro
will greatly aid in analyzing mechanisms of liver
development and offers promise in stem cell therapy of
liver diseases.

2. INTRODUCTION

While in adulthood liver is the central organ for
intermediary metabolism, fetal liver has few metabolic
functions associated with adult liver (1-3).  Instead, fetal
liver functions as the major hematopoietic organ during

mid- to late gestation (4, 5).  Hepatocytes, the primary cells
of the liver, have many functions such as synthesis and
degradation of amino acids, lipids, and cholesterol;
gluconeogenesis and glycogen storage; and detoxifying
countless xenobiotic chemicals.  In addition, hepatocytes
also have an endocrine function, secreting large quantities
of protein into blood plasma, including apolipoproteins,
coagulation factors, and serum albumin.  In contrast, fetal
hepatocytes express several cytokines that support growth
of hematopoietic cells expanding in the mid-gestation liver.
That hepatocytes dramatically change during liver
development is evident.

Stem cells are generally defined as clonogenic
cells exhibiting the characteristic properties of self-renewal
or maintenance (do not proliferate rapidly and are slow-
cycling), multipotency (producing progeny in two lineages
or more), and long-term tissue repopulation after
transplantation (6) .  During tissue development, stem cells
give rise to non-self-renewing progenitors with restricted
differentiation potential and, while maintaining a
subpopulation of primitive stem cells, to functionally
mature cells.  After birth, in response to homeostatic or
regenerative signals, such cells are believed to play a
central role in the maintenance, repair, and reconstitution of
tissues to which their progeny contribute (7).  In contrast,
fully differentiated, organ- or tissue-specific cells in adult
mammalian tissues are generally considered to have little or
no proliferative potential.  Interestingly, recent studies
found that self-renewing and multipotent stem cells exist in
the nervous system, a tissue that had never been considered
capable of regenerating (8, 9).  To use stem cells in therapy,
it is essential to understand the mechanisms regulating their
proliferation and differentiation potential in vivo.  The
hematopoietic system is one of the most well-studied
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organs involving stem cells.  Purification of hematopoietic
stem cells with flow cytometric cell sorting has enabled
examination of their full potential for regeneration of the
hematopoietic system.  A single CD34-/cKit+/Sca-
1+/lineage- hematopoietic cell derived from bone marrow
can reconstitute bone marrow of irradiated mice (10).
Several specific lineage cell surface markers have been
proven very useful for analyses of each step of
differentiation from stem cells to totally differentiated
blood cells (11, 12).  In order to advance stem cell biology
in other organs, prospective identification and clonal
expansion of stem cells is very important.

Adult liver has a unique capacity to regulate cell growth
(13, 14).  Although under normal conditions hepatocytes
rarely divide, their proliferative capacity and the ability of
the liver to adapt to various metabolic functions are not in
question.  Several growth factors and cytokines are
important for the proliferation of mature hepatocytes during
liver regeneration in vivo.  Mature hepatocytes can even
undergo serial transplantation under very selected
circumstances (15).  These data are not equivalent with the
observation of telomere shortening during high cellular
turnover, as in chronic liver diseases; it thus remains
unknown how the liver is regenerated and what cells are
responsible for such regeneration (16).  Under normal
conditions, undifferentiated liver progenitors do not take
part in acute liver regeneration.  However, hepatocyte
progenitors are still required in some chronic injury
responses, especially when the ability of differentiated
hepatocytes to divide is impaired.  In this review, we
describe recent findings in embryonic liver development
and the fetal and adult liver stem cell system.  Fetal liver
stem cells can be isolated and induced to mature as adult
hepatocytes in vitro.  In addition, hepatic stem cells may
exist in the adult livers and participate in liver regeneration
under severe conditions in which mature hepatocytes
cannot proliferate.

3. GROWTH OF HEPATIC ENDODERM INTO A
LIVER BUD

An important question in gut organogenesis is
how individual tissues are specified at different domains
along the anteroposterior axis of the endoderm.  Studies in
model organisms have shown that endodermal domains are
usually patterned by interactions with contiguous
mesodermal tissue.  The cardiac mesoderm, which adjoins
the prospective hepatic endoderm, provides a signal that is
important for inducing liver specification in the endoderm
(17, 18).  This process begins on embryonic day 8.5 (E8.5)
in the mouse with proliferation of undifferentiated
endodermal cells of the ventral foregut and their migration
into the septum transversum.  The ventral foregut
endoderm gains the competence to develop into various
tissues as a result of the expression of transcription factors.
During the course of tissue specification, several soluble
factors initiate the liver gene expression program in the
proximal endoderm (reviewed by Zaret) (19).  Using an
embryonic tissue explant system, fibroblast growth factor
(FGF) signalling from the cardiac mesoderm was shown to
be necessary and sufficient to induce hepatic gene

expression in the endoderm (20).  Septum transversum
mesenchyme cells surround the developing cardiac region
near the ventral foregut endoderm.  Inclusion of these cells
in embryonic tissue explant cultures led to production of
significant levels of bone morphogenetic proteins (BMPs)
that are also important for early hepatogenesis (21).
Deletion of Bmp4 also perturbs the development of various
ventral structures in the embryo (22).  Interestingly, ventral
endoderm tissue culture was found to start expressing
pancreatic genes without FGF and BMP signals (23).
These results indicated that FGF signals from the cardiac
mesoderm, in conjunction with BMP produced by septum
transversum mesenchyme, determine the fate of the ventral
endoderm as a precursor of hepatic cells.

After the commitment of endoderm to the
liver bud, the liver bud starts to expand and to express the
functions of a hematopoietic organ.  Several mouse mutants
are known in which the growth of fetal liver at this stage is
affected.  Earlier studies revealed that c-jun and SEK1
signals are important for maintenance of cell survival of
fetal hepatocytes (24, 25).  Defects in genes encoding these
proteins caused significant apoptosis during the mid-
gestation fetal liver.  Hex is a homeobox-containing gene
expressed in the anterior endoderm cells at E7 and
subsequently in the ventral-lateral foregut (26).  Hex is also
expressed in the liver bud.  Hex-null embryos grow to the
E11.5 stage and undergo normal turning and gut tube
closure, but they lack a liver, a thyroid, and parts of the
forebrain (27, 28).  Hex accordingly was suggested to be
strictly required for either specification or growth of the
liver bud.  Bort et al. have recently shown that Hex controls
growth, rather than specification, of the liver bud.
Hepatocyte-specific genes are first detected at the E8.5
stage in the ventral endoderm (29).  Expression of these
genes can also be detected in the E8.5 Hex-null ventral
endoderm, suggesting that Hex is not necessary for
specification of the liver bud.  In contrast, cell growth in
Hex-null hepatic endoderm in the E8.5 and E9.5 stages was
down-regulated as revealed by bromodeoxyuridine
incorporation, suggesting that a defect in liver bud
development of Hex-null mice is due to a deficiency in
proliferation of hepatic endoderm.

4. IDENTIFICATION AND PROPAGATION OF
LIVER STEM CELLS

In the developing liver, both hepatocytes and
bile ductal cells have been reported to differentiate from a
common cell, the hepatoblast (30).  Transplantation
experiments using fetal rat liver cells indicated that these
cells could reconstitute both bile-duct and hepatocyte
structures.  This suggests that the developing liver has bi-
potent hepatic stem or progenitor cells.  However, the
existence and phenotype of stem cells in the developing
liver remain unproven and undefined.  To identify hepatic
stem cells, in vitro and in vivo clonal analyses were used
for the isolation and characterization of candidate cells (31,
32).  Using monoclonal antibodies and fluorescence-
activated cell sorting (FACS), liver stem cells were
prospectively isolated and their capacity for self-renewal
and bi-potent differentiation was arrayed out.  In addition to
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Figure 1. Schematic representation of possible mechanisms
of the hepatic stem cell system. Hepatocyte growth factor
(HGF) induced early transition of albumin-negative stem
cells into albumin-positive hepatic progenitor cells having
bipotential differentiation (hepatocytes and
cholangiocytes).

characterizing the capacity of stem cells, in vitro colony
assays for hepatic stem cells were established using special
culture conditions in which single cells can proliferate to
form clusters of up to several hundred cells (31).  Sorted
cells were cultured on collagen I-, collagen IV-, or laminin-
coated dishes and formed clusters of different sizes by days
5 to 21 after plating.  Liver cells were dissociated from
E13.5 mouse embryos and sorted for the absence of surface
antigens characteristic of hematopoietic cells (CD45,
leukocyte common antigen, or TER119, a molecule
resembling glycophorin and exclusively expressed on
immature erythroid cells).  Cells strongly reactive to
antibodies directed against integrin beta1 and alpha6
(CD29+ and CD49f+) and selected for the absence of c-kit
represented 3.3% of the isolate.  In the presence of HGF,
approximately 0.2% of cells in this subgroup were able to
form H-CFU-C (hepatic colony-forming units in culture),
which is defined as colonies containing more than 100 cells
after 5 days culture.  After prolonged culturing, H-CFU-C
colonies differentiated into both cell types, hepatocytes and
cholangiocytes, based on the expression of marker genes
such as albumin (for hepatocytes) and CK19 (for
cholangiocytes).

Next, in order to further enrich the yield of H-
CFU-C and to permit clonal analysis of this cell class,
FACS sorting of H-CFU-C was improved using antibodies
against c-met (HGF receptor) to identify a positive cell
surface marker and sorting for demonstrable but weak
expression of integrin alpha6 (33).  Sorting for c-
Met+CD49f+/lowc-Kit-CD45-TER119- cells achieved a 560-
fold enrichment in H-CFU-C compared with total fetal liver

cells.  Cells identified by clone sorting with FACS were
cultured in individual wells of laminin-coated 96-well
plates.  These analyses clearly showed that single hepatic
stem cells could proliferate and give rise to both
hepatocytes and cholangiocytes.  While only a fraction of
the Met+CD49f+/lowc-Kit-CD45-TER119- cell subpopulation
formed H-CFU-C colonies, serial clone-sorting of the
progeny of individual H-CFU-C revealed that 60% of them
produced their own cell types in culture from a single
daughter cell, with few morphological and functional
differences among them.  Ultrastructural studies of the
secondary colonies showed that they could differentiate
into hepatocytes, forming bile canaliculi-like structures
with luminal spaces occupied by microvilli, and into
cholangiocytes, forming well-organized bile duct-like
structures with luminal membranes covered with short
microvilli.  These results revealed that Met+CD49f+/lowc-
Kit-CD45-TER119- cells are hepatic stem cells capable of
self-renewal and with bi-directional differentiation
potential.  This self-renewal status persisted for more than
six months in culture, with spontaneous production of
hepatocytes and cholangiocytes.  In addition, when
transplanted into the spleen of mice subjected to severe
hepatic damage by carbon tetrachloride treatment
(“regenerative induction”), these cells migrated to the
recipient liver and differentiated into liver parenchymal
cells in vivo.  Next, H-CFU-C cell clones were transplanted
into liver, pancreas, and intestine.  The cells differentiated
into hepatocytes or cholangiocytes in recipient livers after
regenerative induction.  Interestingly, when these cells
were injected into the pancreas, they integrated into and
formed pancreatic ducts and acinar cells.  These cells also
could differentiate into intestinal epithelium and
reconstituted intestinal villi and crypts when injected into
duodenal wall (34).  Met+CD49f+/lowc-Kit-CD45-TER119-

cells were also separated into albumin-negative (ALB-) and
positive (ALB+) cells using FACS, following gene transfer
of the albumin enhancer/promoter-EGFP construct into
stem cell cultures.  When cultured with HGF, the ALB-

cells were converted into ALB+ cells; both ALB- and ALB+

cells could proliferate in culture, with differentiation into
hepatocytes and cholangiocytes (Figure 1).  These results
suggested that the expression of albumin begins at a very
early stage of stem cell differentiation, and that lineage
specification into either hepatocytes or cholangiocytes
cannot be determined by albumin expression.  Indeed,
albumin-negative hepatic stem cells are differentiated by
soluble factors such as HGF into albumin-positive hepatic
progenitor cells during fetal liver development (34).

In contrast to the existence of fetal stem cells,
the existence of stem cells in the adult liver is a very
controversial issue.  Identification of unique markers for
adult liver stem cells and establishment of these cells in
culture have proven difficult.  Several studies suggested
that some stem-like cells increase in number during liver
regeneration under conditions in which hepatocyte
proliferation is blocked.  Rats treated with 2-
acetylaminofluorene, which causes extensive DNA damage
in hepatocytes, followed by two-thirds partial hepatectomy,
could not increase the proliferation of epithelial cells in the
periportal region (35).  These cells, which have oval nuclei,
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Figure 2. A possible model for mid-fetal liver development regulated by hepatic maturation factors. Hematopoietic cells migrate
from the aorta-gonad-mesonephros (AGM) region, proliferate in the liver, and produce oncostatin M (OSM).

were designated “oval cells”.  They express both
hepatocytic markers (AFP and albumin) and bile-duct
markers (CK7 and CK19) (36, 37).  Oval cells can
differentiate into both hepatocytes and biliary epithelial
cells under certain conditions, suggesting that these cells
may be adult hepatic progenitor or stem cells.  In a mouse
model, treatment with a 3- or 4-week 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet causes
hepatocyte apoptosis and massive bile-ductular cell
proliferation with differentiation of some of the oval-like
bile duct cells into hepatocytes (38).  Using transplantation
into fumarylacetoacetate hydrolase (FAH) deficient mice,
the DDC-induced oval cells were able to differentiate into
fully functional hepatocytes and to repopulate the FAH-
deficient livers, suggesting that these oval cells progenitor
or stem cells (39).  Oval cells are known to express several
hematopoietic cell surface markers.  For example, rat oval
cells have been shown to express cell surface markers such
as Thy-1, CD34, and c-kit (40-42).  In addition, mouse
DDC-induced oval cells expressed the antigen recognized
by A6, a monoclonal antibody that is specific for biliary
cells and proliferating oval cells (43).
Immunohistochemistry revealed that the cells expressing
Sca-1/CD34/CD45 were indeed oval cells that were also
expressing A6 as well as AFP (43).  A recent report also
supports a hematopoietic stem cell origin of hepatocyte-like
cells after liver injury (44).  These studies showed that both
rat and mouse oval cells share several cell surface markers
with hematopoietic cells and that these markers may be
useful to identify adult hepatic stem cells.  Some studies,
however, do not support a hematopoietic origin of
hepatocytes (45).  Since oval cells are a morphologically
defined cell type, they may be a heterogenous cell
population.  Oval cells that express hematopoietic markers
may represent cells of monocytic origin that scavenge
apoptotic hepatocytes and cholangiocytes.  Identification of
oval cell specific cell surface markers and prospective
isolation of oval cells will clarify these issues.

5. DEVELOPMENT OF LIVER PROGENITOR
CELLS IS REGULATED BY SOLUBLE FACTORS
AND EXTRACELLULAR MATRICES

Embryonic liver formation consists of
multiple stages and is regulated by hormonal factors as well
as intercellular and matrix-cell interactions.  As
summarized above, the liver primordium proliferates and
invades the mesenchyme of the septum transversum to give
rise to the hepatic cords and buds.  Fetal hepatocytes then
proceed through a series of maturation steps that are
accompanied by a decrease in hematopoietic activity and an
increase in the expression of several genes associated with
liver maturation, such as glucose-6-phosphatase (G6Pase)
and tyrosine aminotransferase (TAT) (46, 47).  The final
stage of differentiation takes place after birth, and the fully
mature liver expresses adult liver-specific enzymes that
include tryptophan oxygenase (TO) and serine dehydratase
(48-50).  In addition, commencing with the late-fetal and
perinatal stage, hepatocytes start to express various types of
cytochrome P450s (CYPs) that play key roles in the
detoxification of drugs (51).

Maturation of hepatocytes is affected by
extracellular signals, both soluble factors and signals
originating in extracellular matrices (Figure 2).  In the mid-
to late fetal liver, several soluble factors exist that affect
hepatic progenitor cells.  For example, dexamethasone, a
synthetic glucocorticoid, is known to suppress AFP
production and DNA synthesis, while it up-regulates
albumin production (52-54).  Transforming growth factor-
beta is a potent inhibitor of hepatocyte proliferation and
was shown to augment albumin production in prenatal
hepatocytes (55).  As previously described, an in vitro
culture system of fetal hepatic cells derived from E14 fetal
livers was established in order to investigate the molecular
basis of fetal hepatic development (56).  Using this system,
molecules that stimulate hepatic development in vitro were
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sought and oncostatin M (OSM), an interleukin 6 family
cytokine, was shown to promote hepatic maturation.  Fetal
hepatocytes induced to differentiate by OSM express
metabolic enzymes, accumulate glycogen and lipids, and
remove ammonia (56, 57).  Interestingly, OSM is expressed
in CD45+ hematopoietic cells in the mid-fetal livers,
whereas the OSM receptor is mainly detected in hepatic
cells.  It was suggested that OSM produced from
hematopoietic cells is a paracrine regulator that plays a
pivotal role during fetal liver development.

Cell-cell contact is also involved in hepatic
maturation since high cell density promotes many
metabolic functions of hepatocytes in culture (57).
However, stimulation by cytokines and cell-cell
interactions could not induce genes expressed in mature
liver, such as those encoding TO and CYP (for which
expression begins after birth), suggesting that terminal
differentiation of fetal hepatocytes requires another factor.
Extracellular matrices play an important role in the
regulation of hepatic functions in cultures of adult
hepatocytes (58-60).  During the late fetal and perinatal
stages, hematopoiesis shifts from the liver to the bone
marrow, and the liver starts acquiring the functions of
mature liver.  With relocation, the numbers of non-
parenchymal cells are increased and the typical liver
architecture is formed.  Stellate cells, one of the non-
parenchymal type cells, are known to produce a large
amount of matrix (61).  Thus, the effect of extracellular
matrices on fetal liver development was analysed (62).  The
addition of Matrigel (including collagen type IV and
laminin) significantly induced expression of To and Cyp in
E14-derived fetal hepatic culture.  Since the integrin family
is known to include receptors for several extracellular
matrices, including collagen and laminin, a role for integrin
beta1 in hepatic maturation was examined.  Indeed,
antibody to integrin beta1 partly inhibited hepatic
maturation in this culture system.  In addition, another
group described that integrin alpha3beta1 is important for
the attachment of hepatocytes to matrices and also for
expression of albumin mRNA as analyzed by using a
mouse cell line derived from hepatocytes (63).  These
results suggested that extracellular matrices-integrin
interactions are important for both maintenance of liver
functions and for the progression of fetal liver
development.

In addition to OSM, several soluble factors
are expressed in the liver during embryonic development.
In the adult liver, tumor necrosis factor-alpha (TNFalpha)
is mainly expressed during liver injury or inflammation.
TNFalpha also is involved in embryonic liver development:
Knockout mice lacking expression of several proteins
involved in NF-kappaB signal transduction die as embryos
due to enhanced hepatic apoptosis and this lethality can be
rescued by inactivation of the TNFalpha receptor, TNFR1
(64, 65).  TNFalpha is mainly expressed in the prenatal and
postnatal liver but not in adult liver.  TNFR1 mRNA
expression continues in the adult liver (66).  Using fetal
hepatocytes in primary culture, this factor suppressed fetal
hepatic maturation induced by OSM and matrigel and
down-regulated the expression of mature-liver genes such

as TAT, G6Pase, apolipoprotein (Apo) AI and ApoAIV.  In
contrast, expression of M-CSF and MCP-1, hematopoietic
cytokines and chemokines, was suppressed by hepatic
maturation factors (OSM and Matrigel) (67), whereas
TNFalpha induced expression of these genes.  In addition,
the expression of cyclin A2, repressed by OSM and
matrigel, was induced by TNFalpha.  These results
indicated that hepatic maturation factors and TNFalpha
have opposite roles in fetal liver development.
Interestingly, stimulation with OSM and matrigel
significantly reduced the relative proliferation of fetal
hepatocytes.  The addition of TNFalpha recovered the
proliferation of fetal hepatocytes inhibited by OSM and
Matrigel, suggesting that TNFalpha regulates hepatic
maturation through the control of cell proliferation.  It is
noteworthy that OSM is expressed in mid- and late-fetal
livers and that matrigel is important for postnatal liver
development.  Thus, both the hepatic maturation inducer
(OSM / Matrigel) and the putative hepatic maturation
suppressor (TNFalpha) coexist in the developing perinatal
liver.  A balance between these factors may control the
extent of maturation of fetal hepatocytes (66).

6. TRANSCRIPTION FACTORS REGULATING
FETAL LIVER DEVELOPMENT

Cell differentiation is a result of changes in
gene expression that are mainly regulated at the level of
transcription.  Regulation of specific transcription factor
expression in response to extracellular signals such as
hormones, cytokines, and extracellular matrices is
important for cell differentiation.  Several transcription
factors that control embryonic cell differentiation are often
required to maintain and to regulate gene expression in
adult cells.  Previous studies have suggested that
hepatocyte nuclear factors (HNFs) 1alpha, 1beta, 3alpha,
3beta, 3gamma, 4alpha and 6 as well as members of the
CCAAT/enhancer-binding protein (C/EBP) family (alpha,
beta and delta) are involved in both liver development and
mature liver functions (68).  HNF4alpha, a member of the
nuclear receptor family, was identified as a factor within
hepatoma cell extracts that bound to the promoter of the
transthyretin and ApoCIII genes (69).  Targeted disruption
of Hnf4alpha in mice results in an embryonic-lethal
phenotype caused by failure of complete gastrulation due to
visceral endoderm dysfunction (70).  This early-lethal
phenotype could be rescued by the complementation of
HNF4alpha-null embryos with a tetraploid embryo-derived
visceral endoderm (71).  This study showed that
HNF4alpha was required for expression of several genes
with liver-enriched expression, such as HNF1alpha and
pregnane X receptor (PXR), and is a key transcription
factor for xenobiotic responses in early-fetal livers.  In
addition, deficiency in HNF4alpha in late-fetal livers
correlates with disruption of hepatocytic glycogen
accumulation and cell-cell interaction of hepatic epithelia
(71).  Deficiency in HNF4alpha induced the
downregulation of expression of several cell adhesion and
cell junction molecules such as E-cadherin, ZO-1 and
CEACAM (72).  Interestingly, HNF4alpha directly
regulated the proximal promoter of PXR in fetal
hepatocytes, suggesting that HNF4alpha is important for



Identification and differentiation of liver stem cells

1307

drug metabolism in the fetal liver.  However, adult-
hepatocytes specific disruption of HNF4alpha could not
cause downregulation of expression of PXR.  That
transcription factors regulating xenobiotic responses
change during liver development can be inferred (73-75).

C/EBPalpha is also an important transcription
factor in liver organogenesis.  Mice having a defect in
C/EBPalpha did not store hepatic glycogen and died from
hypoglycemia within 8 hours after birth (76).  In these
mutant mice, glycogen synthase mRNA was decreased and
the transcriptional induction of the genes for two
gluconeogenic enzymes, phosphoenolpyruvate
carboxykinase and G6Pase, was delayed.  In contrast, liver-
specific C/EBPalpha -null mice were produced using the
albumin-Cre transgenie mouse (77, 78).  Unlike whole
body C/EBPalpha-null mice, mice lacking hepatic
C/EBPalpha expression did not exhibit hypoglycemia, nor
did they show reduced hepatic glycogen as adults.
Expression of liver glycogen synthase,
phosphoenolpyruvate carboxykinase, and G6Pase remained
at normal levels.  However, these mice exhibited impaired
glucose tolerance due in part to reduced expression of
hepatic glucokinase, and hyperammonemia from reduced
expression of hepatic carbamoyl phosphate synthase-I.
These mice also had reduced serum cholesterol and
steatosis; these changes were increased along aging (77).
We further showed that HGF induces expression of
C/EBPalpha in isolated ALB- hepatic progenitor cells
isolated from E13.5 fetal livers.  Blocking C/EBPalpha
activity by means of a dominant-negative C/EBP mutant
inhibits the transition of ALB- hepatic progenitor cells to
ALB+ precursor cells (34).  These results suggest that
C/EBPalpha is important for differentiation of hepatic stem
and progenitor cells but not for maintenance of adult liver
function.

In contrast to HNF4alpha and C/EBPalpha,
HNF6 is a key factor for hepatic stem cell differentiation
into intrahepatic cholangiocytes.  HNF6 is expressed in the
epithelial cells of the developing intrahepatic bile ducts.
The inactivation of HNF6 causes defects of the gallbladder
and the extrahepatic bile ducts; prenatal intrahepatic bile
duct differentiation is premature and excessive as well in
HNF6-null mice (79).  Interestingly, blocking C/EBPalpha
in hepatic stem cells reduced expression of HNF6, while
moderately inducing the biliary differentiation markers
CK19 and gamma-glutamyltranspeptidase (34).  These
findings suggest that HNF6 is required for attenuation of
commitment of early bile-duct progenitor cells and helps
regulate stem cell bipotency.

Cell isolation technology has enabled
prospective isolation of various somatic stem cells,
including hepatic stem cells.  Our system can isolate and
identify fetal hepatic stem cells using in vitro and in vivo
clonal analyses.  Ex vivo expansion of fetal liver-derived
hepatic stem cells, unlike hematopoietic stem cells, appears
relatively easy.  In the next step, if such stem cells can be
found in fetal and adult human livers, they will be even
more useful for stem cell therapy in several liver diseases,
permitting virus-mediated gene transfer and serving as

theoretically unlimited sources of cells for transplantation
or artificial liver structures.

7. ACKNOWLEDGMENT

The authors thank Alex Knisely, MD for reviewing the
manuscript.

8. REFERENCES

1. Oliver, I.T., Martin, R.L., Fisher, C.J. and Yeoh, G.C.
Enzymic differentiation in cultured foetal hepatocytes of
the rat. Induction of serine dehydratase activity by
dexamethasone and dibutyryl cyclic AMP. Differentiation,
24, 234-238 (1983)
2. Perry, S.T., Rothrock, R., Isham, K.R., Lee, K.L. and
Kenney, F.T. Development of tyrosine aminotransferase in
perinatal rat liver: changes in functional messenger RNA
and the role of inducing hormones. J. Cell Biochem., 21,
47-61 (1983)
3. Shelly, L.L., Tynan, W., Schmid, W., Schutz, G. and
Yeoh, G.C. Hepatocyte differentiation in vitro: initiation of
tyrosine aminotransferase expression in cultured fetal rat
hepatocytes. J. Cell Biol., 109, 3403-3410 (1989)
4. Miyajima, A., Kinoshita, T., Tanaka, M., Kamiya, A.,
Mukouyama, Y. and Hara, T. Role of Oncostatin M in
hematopoiesis and liver development. Cytokine Growth
Factor Rev., 11, 177-183 (2000)
5. Orkin, S.H. Development of the hematopoietic system.
Curr. Opin. Genet. Dev., 6, 597-602 (1996)
6. Till, J.E. and Mc, C.E. A direct measurement of the
radiation sensitivity of normal mouse bone marrow cells.
Radiat Res, 14, 213-222 (1961)
7. Weissman, I.L. Translating stem and progenitor cell
biology to the clinic: barriers and opportunities. Science,
287, 1442-1446 (2000)
8. Davis, A.A. and Temple, S. A self-renewing
multipotential stem cell in embryonic rat cerebral cortex.
Nature, 372, 263-266 (1994)
9. Temple, S. Division and differentiation of isolated CNS
blast cells in microculture. Nature, 340, 471-473 (1989)
10. Osawa, M., Hanada, K., Hamada, H. and Nakauchi, H.
Long-term lymphohematopoietic reconstitution by a single
CD34-low/negative hematopoietic stem cell. Science, 273,
242-245 (1996)
11. Akashi, K., Traver, D., Miyamoto, T. and Weissman,
I.L. A clonogenic common myeloid progenitor that gives
rise to all myeloid lineages. Nature, 404, 193-197 (2000)
12. Kondo, M., Weissman, I.L. and Akashi, K.
Identification of clonogenic common lymphoid progenitors
in mouse bone marrow. Cell, 91, 661-672 (1997)
13. Fausto, N. Liver regeneration. J. Hepatol., 32, 19-31
(2000)
14. Michalopoulos, G.K. and DeFrances, M.C. Liver
regeneration. Science, 276, 60-66 (1997)
15. Overturf, K., al-Dhalimy, M., Ou, C.N., Finegold, M.
and Grompe, M. Serial transplantation reveals the stem-
cell-like regenerative potential of adult mouse hepatocytes.
Am. J. Pathol., 151, 1273-1280 (1997)
16. Rudolph, K.L., Chang, S., Millard, M., Schreiber-Agus,
N. and DePinho, R.A. Inhibition of experimental liver
cirrhosis in mice by telomerase gene delivery. Science, 287,



Identification and differentiation of liver stem cells

1308

1253-1258 (2000)
17. Douarin, N.M. An experimental analysis of liver
development. Med. Biol., 53, 427-455 (1975)
18. Houssaint, E. Differentiation of the mouse hepatic
primordium. I. An analysis of tissue interactions in
hepatocyte differentiation. Cell Differ., 9, 269-279 (1980)
19. Zaret, K.S. Regulatory phases of early liver
development: paradigms of organogenesis. Nat. Rev.
Genet., 3, 499-512 (2002)
20. Jung, J., Zheng, M., Goldfarb, M. and Zaret, K.S.
Initiation of mammalian liver development from endoderm
by fibroblast growth factors. Science, 284, 1998-2003
(1999)
21. Rossi, J.M., Dunn, N.R., Hogan, B.L. and Zaret, K.S.
Distinct mesodermal signals, including BMPs from the
septum transversum mesenchyme, are required in
combination for hepatogenesis from the endoderm. Genes
Dev., 15, 1998-2009 (2001)
22. Winnier, G., Blessing, M., Labosky, P.A. and Hogan,
B.L. Bone morphogenetic protein-4 is required for
mesoderm formation and patterning in the mouse. Genes
Dev., 9, 2105-2116 (1995)
23. Deutsch, G., Jung, J., Zheng, M., Lora, J. and Zaret,
K.S. A bipotential precursor population for pancreas and
liver within the embryonic endoderm. Development, 128,
871-881 (2001)
24. Hilberg, F., Aguzzi, A., Howells, N. and Wagner, E.F.
c-jun is essential for normal mouse development and
hepatogenesis. Nature, 365, 179-181 (1993)
25. Nishina, H., Vaz, C., Billia, P., Nghiem, M., Sasaki, T.,
De la Pompa, J.L., Furlonger, K., Paige, C., Hui, C.,
Fischer, K.D., Kishimoto, H., Iwatsubo, T., Katada, T.,
Woodgett, J.R. and Penninger, J.M. Defective liver
formation and liver cell apoptosis in mice lacking the stress
signaling kinase SEK1/MKK4. Development, 126, 505-516
(1999)
26. Thomas, P.Q., Brown, A. and Beddington, R.S. Hex: a
homeobox gene revealing peri-implantation asymmetry in
the mouse embryo and an early transient marker of
endothelial cell precursors. Development, 125, 85-94
(1998)
27. Keng, V.W., Yagi, H., Ikawa, M., Nagano, T., Myint, Z.,
Yamada, K., Tanaka, T., Sato, A., Muramatsu, I., Okabe,
M., Sato, M. and Noguchi, T. Homeobox gene Hex is
essential for onset of mouse embryonic liver development
and differentiation of the monocyte lineage. Biochem.
Biophys. Res. Commun., 276, 1155-1161 (2000)
28. Martinez Barbera, J.P., Clements, M., Thomas, P.,
Rodriguez, T., Meloy, D., Kioussis, D. and Beddington,
R.S. The homeobox gene Hex is required in definitive
endodermal tissues for normal forebrain, liver and thyroid
formation. Development, 127, 2433-2445 (2000)
29. Bort, R., Martinez-Barbera, J.P., Beddington, R.S. and
Zaret, K.S. Hex homeobox gene-dependent tissue
positioning is required for organogenesis of the ventral
pancreas. Development, 131, 797-806 (2004)
30. Shafritz, D.A. and Dabeva, M.D. Liver stem cells and
model systems for liver repopulation. J. Hepatol., 36, 552-
564 (2002)
31. Suzuki, A., Zheng, Y., Kondo, R., Kusakabe, M.,
Takada, Y., Fukao, K., Nakauchi, H. and Taniguchi, H.
Flow-cytometric separation and enrichment of hepatic

progenitor cells in the developing mouse liver. Hepatology,
32, 1230-1239 (2000)
32. Minguet, S., Cortegano, I., Gonzalo, P., Martinez-
Marin, J.A., de Andres, B., Salas, C., Melero, D., Gaspar,
M.L. and Marcos, M.A.R. A population of c-
Kitlow(CD45/TER119)- hepatic cell progenitors of 11-day
postcoitus mouse embryo liver reconstitutes cell-depleted
liver organoids. J. Clin. Invest. 112, 1152-1163 (2003)
33. Suzuki, A., Zheng Yw, Y.W., Kaneko, S., Onodera, M.,
Fukao, K., Nakauchi, H., Taniguchi, H., Zheng, Y., Kondo,
R., Kusakabe, M. and Takada, Y. Clonal identification and
characterization of self-renewing pluripotent stem cells in
the developing liver. J Cell Biol, 156, 173-184 (2002)
34. Suzuki, A., Iwama, A., Miyashita, H., Nakauchi, H.,
Taniguchi, H., Zheng Yw, Y.W., Kaneko, S., Onodera, M.,
Fukao, K., Zheng, Y., Kondo, R., Kusakabe, M. and
Takada, Y. Role for growth factors and extracellular matrix
in controlling differentiation of prospectively isolated
hepatic stem cells Development, 130, 2513-2524 (2003)
35. Farber, E. Similarities in the sequence of early
histological changes induced in the liver of the rat by
ethionine, 2-acetylamino-fluorene, and 3'-methyl-4-
dimethylaminoazobenzene. Cancer Res., 16, 142-148
(1956)
36. Evarts, R.P., Nagy, P., Marsden, E. and Thorgeirsson,
S.S. A precursor-product relationship exists between oval
cells and hepatocytes in rat liver. Carcinogenesis, 8, 1737-
1740 (1987)
37. Evarts, R.P., Nagy, P., Nakatsukasa, H., Marsden, E.
and Thorgeirsson, S.S. In vivo differentiation of rat liver
oval cells into hepatocytes. Cancer Res., 49, 1541-1547
(1989)
38. Preisegger, K.H., Factor, V.M., Fuchsbichler, A.,
Stumptner, C., Denk, H. and Thorgeirsson, S.S. Atypical
ductular proliferation and its inhibition by transforming
growth factor beta1 in the 3,5-diethoxycarbonyl-1,4-
dihydrocollidine mouse model for chronic alcoholic liver
disease. Lab. Invest., 79, 103-109 (1999)
39. Wang, X., Foster, M., Al-Dhalimy, M., Lagasse, E.,
Finegold, M. and Grompe, M. The origin and liver
repopulating capacity of murine oval cells. Proc Natl Acad
Sci USA, 100, 11881-11888 (2003).
40. Fujio, K., Evarts, R.P., Hu, Z., Marsden, E.R. and
Thorgeirsson, S.S. Expression of stem cell factor and its
receptor, c-kit, during liver regeneration from putative stem
cells in adult rat. Lab. Invest., 70, 511-516 (1994)
41. Omori, N., Omori, M., Evarts, R.P., Teramoto, T.,
Miller, M.J., Hoang, T.N. and Thorgeirsson, S.S. Partial
cloning of rat CD34 cDNA and expression during stem
cell-dependent liver regeneration in the adult rat.
Hepatology, 26, 720-727 (1997)
42. Petersen, B.E., Goff, J.P., Greenberger, J.S. and
Michalopoulos, G.K. Hepatic oval cells express the
hematopoietic stem cell marker Thy-1 in the rat.
Hepatology, 27, 433-445 (1998)
43. Petersen, B.E., Grossbard, B., Hatch, H., Pi, L., Deng,
J. and Scott, E.W. Mouse A6-positive hepatic oval cells
also express several hematopoietic stem cell markers.
Hepatology, 37, 632-640 (2003)
44. Jang, Y.Y., Collector, M.I., Baylin, S.B., Diehl, A.M.
and Sharkis, S.J. Hematopoietic stem cells convert into
liver cells within days without fusion. Nat Cell Biol, 6, 532-



Identification and differentiation of liver stem cells

1309

539 (2004)
45. Wang, X., Willenbring, H., Akkari, Y., Torimaru, Y.,
Foster, M., Al-Dhalimy, M., Lagasse, E., Finegold, M.,
Olson, S. and Grompe, M. Cell fusion is the principal
source of bone-marrow-derived hepatocytes. Nature. 422,
897-901 (2003)
46. Greengard, O. The developmental formation of
enzymes in rat liver. In: Biochemical actions of hormones.
Eds: Litwack G, Academic Press Inc., NY (1970)
47. Haber, B.A., Chin, S., Chuang, E., Buikhuisen, W.,
Naji, A. and Taub, R. High levels of glucose-6-phosphatase
gene and protein expression reflect an adaptive response in
proliferating liver and diabetes. J. Clin. Invest., 95, 832-841
(1995)
48. Nagao, M., Nakamura, T. and Ichihara, A.
Developmental control of gene expression of tryptophan
2,3-dioxygenase in neonatal rat liver. Biochim. Biophys.
Acta, 867, 179-186 (1986)
49. Noda, C., Ohguri, M. and Ichihara, A. Developmental
and growth-related regulation of expression of serine
dehydratase mRNA in rat liver. Biochem. Biophys. Res.
Commun., 168, 335-342 (1990)
50. Noda, C., Fukushima, C., Fujiwara, T., Matsuda, K.,
Kobune, Y. and Ichihara, A. Developmental regulation of
rat serine dehydratase gene expression: evidence for the
presence of a repressor in fetal hepatocytes. Biochim.
Biophys. Acta, 1217, 163-173 (1994)
51. Nelson, D.R., Koymans, L., Kamataki, T., Stegeman,
J.J., Feyereisen, R., Waxman, D.J., Waterman, M.R.,
Gotoh, O., Coon, M.J., Estabrook, R.W., Gunsalus, I.C. and
Nebert, D.W. P450 superfamily: update on new sequences,
gene mapping, accession numbers and nomenclature.
Pharmacogenetics, 6, 1-42 (1996)
52. Belanger, L., Frain, M., Baril, P., Gingras, M.C.,
Bartkowiak, J. and Sala-Trepat, J.M. Glucocorticosteroid
suppression of alpha1-fetoprotein synthesis in developing
rat liver. Evidence for selective gene repression at the
transcriptional level. Biochemistry, 20, 6665-6672 (1981)
53. Nawa, K., Nakamura, T., Kumatori, A., Noda, C. and
Ichihara, A. Glucocorticoid-dependent expression of the
albumin gene in adult rat hepatocytes. J. Biol. Chem., 261,
16883-16888 (1986)
54. de Juan, C., Benito, M., Alvarez, A. and Fabregat, I.
Differential proliferative response of cultured fetal and
regenerating hepatocytes to growth factors and hormones.
Exp. Cell Res, 202, 495-500 (1992)
55. Sanchez, A., Alvarez, A.M., Benito, M. and Fabregat, I.
Transforming growth factor beta modulates growth and
differentiation of fetal hepatocytes in primary culture. J.
Cell Physiol., 165, 398-405 (1995)
56. Kamiya, A., Kinoshita, T., Ito, Y., Matsui, T.,
Morikawa, Y., Senba, E., Nakashima, K., Taga, T., Yoshida,
K., Kishimoto, T. and Miyajima, A. Fetal liver
development requires a paracrine action of oncostatin M
through the gp130 signal transducer. EMBO J., 18, 2127-
2136 (1999)
57. Kojima, N., Kinoshita, T., Kamiya, A., Nakamura, K.,
Nakashima, K., Taga, T. and Miyajima, A. Cell density-
dependent regulation of hepatic development by a gp130-
independent pathway Biochem. Biophys. Res. Commun.,
277, 152-158 (2000)
58. Schuetz, E.G., Li, D., Omiecinski, C.J., Muller-

Eberhard, U., Kleinman, H.K., Elswick, B. and Guzelian,
P.S. Regulation of gene expression in adult rat hepatocytes
cultured on a basement membrane matrix. J. Cell Physiol.,
134, 309-323 (1988)
59. Matsushita, N., Oda, H., Kobayashi, K., Akaike, T. and
Yoshida, A. Induction of cytochrome P-450s and
expression of liver-specific genes in rat primary
hepatocytes cultured on different extracellular matrices.
Biosci. Biotechnol. Biochem., 58, 1514-1516 (1994)
60. Oda, H., Nozawa, K., Hitomi, Y. and Kakinuma, A.
Laminin-rich extracellular matrix maintains high level of
hepatocyte nuclear factor 4 in rat hepatocyte culture.
Biochem. Biophys. Res. Commun., 212, 800-805 (1995)
61. Weiner, F.R., Giambrone, M.A., Czaja, M.J., Shah, A.,
Annoni, G., Takahashi, S., Eghbali, M. and Zern, M.A. Ito-
cell gene expression and collagen regulation. Hepatology,
11, 111-117 (1990)
62. Kamiya, A., Kojima, N., Kinoshita, T., Sakai, Y. and
Miyajma, A. Maturation of fetal hepatocytes in vitro by
extracellular matrices and oncostatin M: induction of
tryptophan oxygenase. Hepatology, 35, 1351-1359 (2002)
63. Lora, J.M., Rowader, K.E., Soares, L., Giancotti, F. and
Zaret, K.S. Alpha3beta1-integrin as a critical mediator of
the hepatic differentiation response to the extracellular
matrix. Hepatology, 28, 1095-1104 (1998)
64. Bonnard, M., Mirtsos, C., Suzuki, S., Graham, K.,
Huang, J., Ng, M., Itie, A., Wakeham, A., Shahinian, A.,
Henzel, W.J., Elia, A.J., Shillinglaw, W., Mak, T.W., Cao,
Z. and Yeh, W.C. Deficiency of T2K leads to apoptotic
liver degeneration and impaired NF-kappaB-dependent
gene transcription. EMBO J., 19, 4976-4985 (2000)
65. Rosenfeld, M.E., Prichard, L., Shiojiri, N. and Fausto,
N. Prevention of hepatic apoptosis and embryonic lethality
in RelA/TNFR-1 double knockout mice. Am. J. Pathol.,
156, 997-1007 (2000)
66. Kamiya, A. and Gonzalez, F.J. TNF-alpha regulates
mouse fetal hepatic maturation induced by oncostatin M
and extracellular matrices. Hepatology, 40, 527-536 (2004)
67. Kinoshita, T., Sekiguchi, T., Xu, M.J., Ito, Y., Kamiya,
A., Tsuji, K., Nakahata, T. and Miyajima, A. Hepatic
differentiation induced by oncostatin M attenuates fetal
liver hematopoiesis. Proc. Natl. Acad. Sci. USA, 96, 7265-
7270 (1999)
68. Cereghini, S. Liver-enriched transcription factors and
hepatocyte differentiation. FASEB J., 10, 267-282 (1996)
69. Sladek, F.M. and Darnell, J.E. Mechanisms of liver-
specific gene expression. Curr. Opin. Genet. Dev., 2, 256-
259 (1992)
70. Chen, W.S., Manova, K., Weinstein, D.C., Duncan,
S.A., Plump, A.S., Prezioso, V.R., Bachvarova, R.F. and
Darnell, J.E., Jr. Disruption of the HNF-4 gene, expressed
in visceral endoderm, leads to cell death in embryonic
ectoderm and impaired gastrulation of mouse embryos.
Genes. Dev., 8, 2466-2477 (1994)
71. Li, J., Ning, G. and Duncan, S.A. Mammalian
hepatocyte differentiation requires the transcription factor
HNF-4alpha. Genes. Dev., 14, 464-474 (2000)
72. Parviz, F., Matullo, C., Garrison, W.D., Savatski, L.,
Adamson, J.W., Ning, G., Kaestner, K.H., Rossi, J.M.,
Zaret, K.S., Duncan, S.A. Hepatocyte nuclear factor 4alpha
controls the development of a hepatic epithelium and liver
morphogenesis. Nat. Genet., 34, 292-296 (2003)



Identification and differentiation of liver stem cells

1310

73. Hayhurst, G.P., Lee, Y.H., Lambert, G., Ward, J.M. and
Gonzalez, F.J. Hepatocyte nuclear factor 4alpha (nuclear
receptor 2A1) is essential for maintenance of hepatic gene
expression and lipid homeostasis. Mol. Cell. Biol., 21,
1393-1403 (2001)
74. Tirona, R.G., Lee, W., Leake, B.F., Lan, L.B., Cline,
C.B., Lamba, V., Inoue, Y., Gonzalez, F.J., Schuetz, E.G.,
Kim, R.B. and Li, J. The orphan nuclear receptor
HNF4alpha determines PXR- and CAR-mediated
xenobiotic induction of CYP3A4Generation of a
conditionally null allele of hnf4alpha. Nat. Med., 9 220-224
(2003)
75. Kamiya, A., Inoue, Y. and Gonzalez, F.J. Role of the
hepatocyte nuclear factor 4alpha in control of the pregnane
X receptor during fetal liver development. Hepatology, 37,
1375-1384 (2003)
76. Wang, N.D., Finegold, M.J., Bradley, A., Ou, C.N.,
Abdelsayed, S.V., Wilde, M.D., Taylor, L.R., Wilson, D.R.
and Darlington, G.J. Impaired energy homeostasis in
C/EBP alpha knockout mice. Science, 269, 1108-1112
(1995)
77. Inoue, Y., Inoue, J., Lambert, G., Yim, S.H. and
Gonzalez, F.J. Disruption of hepatic C/EBPalpha results in
impaired glucose tolerance and age-dependent
hepatosteatosis. J Biol Chem, 279, 44740-44748 (2004)
78. Matsusue, K., Gavrilova, O., Lambert, G., Brewer,
H.B., Jr., Ward, J.M., Inoue, Y., LeRoith, D. and Gonzalez,
F.J. Hepatic CCAAT/enhancer binding protein alpha
mediates induction of lipogenesis and regulation of glucose
homeostasis in leptin-deficient mice. Mol. Endocrinol., 18,
2751-2764 (2004)
79. Clotman, F., Lannoy, V.J., Reber, M., Cereghini, S.,
Cassiman, D., Jacquemin, P., Roskams, T., Rousseau, G.G.
and Lemaigre, F.P. The onecut transcription factor HNF6 is
required for normal development of the biliary tract.
Development, 129, 1819-1828 (2002)

Key Words: Liver, Stem Cell, Oval Cell, Oncostatin M,
Hepatocyte Nuclear Factor, Extracellular Matrix

Send correspondence to: Dr Hiromitsu Nakauchi,
Laboratory of Stem Cell Therapy, The Institute of Medical
Science, University of Tokyo, 4-6-1 Shirogane-dai, Minato-ku,
Tokyo 108-8639, Japan, Tel: 81-3-5449-5330, Fax: +81-3-
5449-5451, E-mail: nakauchi@ims.u-tokyo.ac.jp

http://www.bioscience.org/current/vol11.htm


