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Allogeneic liver transplantation is still the only effective 
treatment available to patients with liver failure. 
However, because there is a serious shortage of liver 
donors, an alternative therapeutic approach is needed. 
Transplantation of mature hepatocytes has been evalu-
ated in clinical trials, but the long-term effi cacy remains 
unclear and the paucity of donor cells limits this strat-
egy. Stem-cell transplantation is a more promising 
alternative approach. Several studies have provided 
information about the mechanism underlying the pro-
liferation and differentiation of hepatic stem/progenitor 
cells. Moreover, in experimental models of liver disease, 
transplantation of hepatic stem/progenitor cells or 
hepatocyte-like cells derived from multipotent stem 
cells led to donor cell-mediated repopulation of the 
liver and improved survival rates. However, before 
stem-cell transplantation can be applied in the clinic 
to treat liver failure in humans, it will be necessary 
to overcome several diffi culties associated with the 
technique.
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Introduction

Stem cells have been identifi ed in a variety of tissues, 
where they play critical roles in the tissues’ maintenance 
and repair. Identifi cation and characterization of hepatic 
stem cells has been technically diffi cult, however, 
because sensitive and stable single-cell-based assays 
have not yet been developed for the liver. Nonetheless, 
hepatic stem cells were recently identifi ed in murine 
fetal liver using prospective single-cell-based methods, 

after which several groups reported the availability of 
hepatic stem/progenitor cells for the treatment of liver 
diseases, as well as hepatocyte-like cells derived from 
pluripotent stem cells. Here we focus on the biological 
characteristics of hepatic stem/progenitor cells and 
discuss the experimental evidence supporting the effi -
cacy of stem-cell transplantation for the treatment of 
liver disease.

Stem cells and terminal differentiation

Stem cells are generally defi ned as cells exhibiting two 
properties: a capacity for self-renewal and potency for 
multilineage differentiation.1 They are the source of 
progenitor cells committed to one or several lineages. 
The committed progenitor cells exhibit a capacity for 
active proliferation and supply abundant daughter cells, 
which in turn give rise to terminally differentiated 
cells.

Stem cells are classifi ed into three categories: totipo-
tent, pluripotent, or multilineage somatic. Totipotent 
stem cells are capable of generating a fetus in utero by 
themselves over the course of ontogeny (e.g., a fertil-
ized egg is a totipotent cell). Stem cells lacking potency 
for ontogeny are excluded from this category. Embry-
onic stem (ES) cells are capable of differentiating into 
cells derived from any of the germ layers, including 
germ line cells; however, they cannot generate a fetus 
without an interaction between themselves and a fertil-
ized egg. For example, injection of ES cells into a mouse 
blastocyst leads to generation of a chimeric mouse com-
prised of ES cells and host cells. Thus, ES cells are 
classifi ed as pluripotent. Induced pluripotent stem cells 
(iPS cells) exhibit characteristics similar to those of ES 
cells.2 Another example of pluripotent stem cells is mes-
enchymal stem cells (MSCs). These are a type of adult 
stem cell that can be easily isolated from a variety tissues 
and expanded in vitro,3 and are capable of differentia-
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tion not only into mesodermal cells (e.g., adipocytes, 
myocytes, chondrocytes, and osteocytes) but also 
into both endodermal and ectodermal (e.g., neuroglia) 
cells,4,5 which is indicative of their pluripotency.

Somatic stem cells, by contrast, do not generally 
exhibit a capacity to differentiate into any cell type 
other than their own tissue. The best-studied somatic 
stem cell is the hematopoietic stem cell (HSC). HSCs 
play a major role in the maintenance of hematopoietic 
homeostasis, exhibit a capability for self-renewal, and 
generate progenitor cells.6 The progenitor cells in turn 
actively proliferate, commit to a particular lineage, and 
produce abundant daughter cells that differentiate into 
all types of hematopoietic cells, including granulocytes, 
monocytes, lymphocytes, dendritic cells, erythrocytes, 
and platelets (Fig. 1, left panel). Once terminally dif-
ferentiated, hematopoietic cells generally lose the ability 
to commit to other cell lineages. Several HSC pheno-
types have been characterized. For instance, murine 
HSCs are enriched in the CD34−c-Kit+Sca-1+Lineage− 
fraction in bone marrow, and transplantation of a single 
cell from this fraction is able to reconstitute lethally 
irradiated bone marrow over the long-term.7 In contrast 
to ES cells, HSCs in adult bone marrow “hibernate” in 
response to niche signals under physiological condi-
tions.8 Analysis of bromodeoxyuridine incorporation 
into murine HSCs revealed that all HSCs are regularly 
recruited into the cell cycle such that, on average, 99% 
of HSCs will divide within a period of 57 days, though 
approximately 75% of HSCs are quiescent in G0 at any 
given time.9 This capacity to enter and leave a hiberna-
tion-like state is of critical biological importance, as it 
prevents premature HSC exhaustion under conditions 
of hematopoietic stress. The developmental pathway 

followed during hematopoiesis has been well studied, 
and has contributed a great deal to our understanding 
of the pathogenesis and treatment of leukemia.10 Similar 
analyses of the phenotypes, developmental pathways, 
and molecular mechanisms underlying the proliferation 
and differentiation of hepatic stem cells should also 
contribute to our understanding of hepatocellular car-
cinoma, and on a conceptual level further our knowl-
edge of cancer stem cells in liver.

Identifi cation of fetal hepatic stem cells

Somatic stem cells in liver (i.e., hepatic stem cells) are 
defi ned as cells capable of self-renewal and terminal 
differentiation into multiple lineages. Liver lobules are 
constituted of a variety of cells, including hepatocytes, 
cholangiocytes, hepatic stellate cells (Ito cells), Kupffer 
cells, sinusoidal endothelial cells, and Pit cells, among 
others. Both hepatocytes and cholangiocytes are derived 
from hepatoblasts in fetal liver,11 and Suzuki et al.12 
showed that a single cell in the c-Met+CD49f+/lowc-Kit−

CD45−Ter119− fraction from midgestational fetal liver 
has the capacity for self-renewal in vitro and for bipo-
tential differentiation, indicating that this defi ned frac-
tion contains hepatic stem cells. Hepatic progenitor 
cells are also capable of bipotential differentiation and 
active proliferation, but lack the capacity for self-
renewal. Hepatic stem/progenitor cells can be enriched 
in mouse fetal hepatic cells based on several cell surface 
markers, including c-Met,12 Dlk,13 E-cadherin,14 and 
Liv2.15 Rat Dlk+ cells isolated from midgestational fetal 
liver exhibit characteristics expected for hepatic stem/
progenitor cells,16 but further purifi cation of stem cells 

Fig. 1. Hierarchy of stem cells, pro-
genitors, and differentiated cells. 
Left panel shows the stem-cell system 
in hematopoiesis. Right panel shows 
the proposed model of the liver stem-
cell system
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from the hepatic stem/progenitor-cell fraction has been 
diffi cult so far.

Several molecular mechanisms regulating the prolif-
eration and differentiation of hepatic stem/progenitor 
cells have been described. Our group, for example, has 
shown that Prospero-related homeobox 1 (Prox1) and 
liver receptor homolog 1 (Lrh1) regulate proliferation 
of hepatic stem/progenitor cells.17 In that study, overex-
pression of Prox1 induced migration and proliferation 
of hepatic stem/progenitor cells, and Prox1 suppressed 
the expression of p16Ink4a, a cdk inhibitor, through regu-
lation of p16Ink4a promoter activity. That proliferation of 
hepatic stem/progenitor cells overexpressing Prox1 was 
inhibited by overexpression of Lrh1 suggests that Prox1 
and Lrh1 act cooperatively to regulate proliferation of 
fetal hepatic stem/progenitor cells. Other groups have 
shown that hepatocyte growth factor signaling induces 
differentiation of fetal hepatic stem cells, and that the 
expression of CCAAT/enhancer binding protein (C/
EBP), a basic leucine zipper transcription factor, is dra-
matically altered during the differentiation step. When 
C/EBP activity in stem cells is suppressed, they stop 
differentiating into hepatocyte-lineage cells and pro-
liferate actively.18 On the other hand, Tbx3, one of the 
T-box genes, controls the fate of fetal hepatic stem/
progenitor cells by suppressing p19Arf expression.19 
As a result, Tbx3-defi cient hepatic stem/progenitor cells 
exhibit cholangiocytic lineage segregation.

Adult hepatic stem/progenitor cells

How hepatic stem cells in adult liver contribute to the 
maintenance of differentiated hepatocytes and cholan-
giocytes remains unclear. This is because adult hepatic 
stem cells are scarcely detectable under physiological 
conditions and during the normal process of liver regen-
eration, presumably because of their small numbers. It 
has been proposed that “oval cells” may actually be 
hepatic stem/progenitor cells in the damaged liver. Oval 
cells are detected after treatments that inhibit the pro-
liferation of intrinsic hepatocytes. For example, they are 
seen following administration of 2-acetylaminofl uorene 
with partial hepatectomy (PH) to rats20 or after 
providing a diet defi cient in 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) to mice.21 Oval cells express 
both hepatic (albumin and α-fetoprotein) and cholan-
giocytic (CK-7 and CK-19) markers,22 as well as several 
stem-cell-related markers, including c-Kit,23 CD34,24 
and LIF.25 Analyses of oval cells have raised the possi-
bility that adult hepatic stem cells are present in the 
“canals of Herring,” and that oval cells originate from 
the stem cells and differentiate into both the hepatic 
and cholangiocytic lineages (Fig. 1, right panel). 
However, because oval cells are scarce in the normal 

adult liver, it remains unclear whether they differentiate 
into functional hepatocytes and play a meaningful role 
in the reconstitution of liver lobules. It is also diffi cult 
to identify canals of Herring in normal healthy liver. 
Consequently, attempts to detect hepatic stem cells in 
adult normal liver are still underway.

Azuma et al.26 showed that normal murine liver-
derived cells in the nonparenchymal cell fraction 
isolated through cell aggregate formation contained 
bipotential progenitor cells. In addition, colony forma-
tion assays using rat adult liver cells revealed that 
0.043% of the nonparenchymal cell fraction formed 
bipotential colonies, and that the frequency of such pro-
liferative colonies did not signifi cantly differ, whether 
the cells were obtained from normal intact liver or liver 
after PH.27 This suggests hepatic stem/progenitor cells 
are indeed present in normal adult liver. Recently, it has 
been reported that epithelial cell adhesion molecule is 
expressed in nonpathological human livers on hepatic 
progenitors in the livers of both fetal and adult donors, 
and that the hepatic progenitors give rise to the hepa-
tocytic and biliary lineages.28 As with hematopoietic 
stem cells, the phenotype of adult hepatic stem cells 
has not been fully characterized, however. Future est-
ablishment of a system for cell isolation, single-cell-
based analysis, and transplantation would contribute 
greatly to the further characterization of the pheno-
types of adult hepatic stem cells, as well as to their 
localization and to the identifi cation of the molecular 
mechanisms underlying self-renewal and determination 
of cell fate.

Trial of stem cell therapy for liver diseases

Liver transplantation is currently the only successful 
treatment for acute hepatic failure or endstage liver 
disease. At present, however, a serious donor shortage 
is a major limitation to its use. Hepatocyte transplanta-
tion has the potential to solve this problem. Several 
studies using rat models of primary hepatocyte trans-
plantation revealed that transplantation leads to effi ca-
cious donor chimerism that can rescue animals from 
lethal hepatic failure29–31 Immortalized hepatocytes have 
also been shown to improve the survival rate in an acute 
liver failure model.32

In two clinical trials, hepatocyte transplantation was 
shown to be effective for the treatment of liver-based 
congenital metabolic disorders. Fox et al.33 transplanted 
allogeneic hepatocytes into the liver of a patient with 
Crigler-Najjar syndrome type I. The patient survived 
for 11 months, and the patient’s hyperbilirubinemia was 
partially corrected. In addition, Dhawan et al.34 reported 
that transplantation of cryopreserved hepatocytes into 
patients with inherited factor VII defi ciency led in a 
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gradual reduction in their requirement for recombinant 
factor VIIa until, after 8 to 10 weeks, they were receiv-
ing only about 20% of their original dose. It remains 
unclear, however, whether hepatocyte transplantation 
can contribute to the rescue of liver-based metabolic 
diseases over the long-term. Moreover, in vitro expan-
sion of mature hepatocytes is not feasible because long-
term cultivation of hepatocytes results in hypofunction 
of hepatocytic metabolism. It would thus be greatly 
benefi cial if we could generate functional hepatocytes 
from stem cells, which could be expanded in vitro.

Recent studies have also shown that transplantation 
of stem cell-derived cells can improve liver function and 
the survival rate in liver diseases. Initially, ES-cell 
derived cells could be a source for alternative donor 
cells. For instance, hepatocyte-like cells have been 
induced from murine ES cells through embryoid 
body formation.35,36 When murine ES cell-derived hepa-
tocytes enriched through the use of several surface 
markers were transplanted into injured mouse liver, 
liver function subsequently improved.37 Moreover, 
Teratani et al.38 identifi ed growth factors that enable 
direct hepatic fate-specifi cation from murine ES cells in 
monolayer cultures without the necessity of embryoid 
body formation. Transplantation of ES cell-derived 
hepatic cells signifi cantly suppressed the onset of fi bro-
sis in mice and improved the survival rate among the 
recipient mice.38 In addition, Cai et al.39 described a 
method for directing the differentiation of human ES 
cells into hepatic cells in serum-free medium and showed 
that the transplanted cells were integrated into mouse 
liver, where they expressed human α1 antitrypsin for at 
least 2 months. Despite these successful animal studies, 
there have been no clinical trials using human ES cells 
to treat liver diseases in human patients because utiliza-
tion of human ES cells raises serious ethical questions 
in a lot of countries. In the future, autologous iPS cells 
could replace human ES cells as a source of donor 
cells.

MSC-derived hepatocyte-like cells are another poten-
tial alternative source of donor cells. Transplantation 
assays with murine MSCs revealed the presence of 
donor-derived hepatocytes in recipient livers.40 After 
transplantation of human MSC-derived hepatocytes 
into nude mice with acute liver failure, donor cells 
restored such liver functions as ammonia and purine 
metabolism.41 Ideally, MSCs for transplantation would 
be established from the bone marrow or adipose tissue 
of the patients themselves. Such autologous MSC trans-
plantation would avoid the problem of immunorejec-
tion of the cells. On the other hand, van Poll et al.42 
showed that systemic infusion of soluble factors secreted 
from MSCs provided a survival benefi t and prevented 
the release of liver injury biomarkers. This raises the 
possibility that the transplanted MSCs did not play the 

crucial role in reconstitution of the recipient liver; 
instead, the soluble factors that they secreted were pro-
tective against liver injury. Thus, administration of the 
soluble factors secreted from MSCs may be an alterna-
tive treatment. Further studies are needed to address 
this issue.

Hepatic stem cells are also good candidate donor 
cells for the treatment of liver diseases. Because they 
are specifi ed to liver, functional differentiation of 
hepatic stem cells would be technically easier than dif-
ferentiation of ES/iPS cells. Transplanted rat fetal liver 
epithelial progenitor cells were able to repopulate a 
recipient liver subjected to PH, alone or with retrors-
ine, in syngeneic dipeptidyl peptidase IV (DPPIV) 
mutant rats.43 Likewise, Dlk+ hepatic stem/progenitor 
cells purifi ed from rat midgestational fetal liver were 
able to extensively repopulate the host liver in synge-
neic DPPIV mutant rats subjected to PH alone.16 Thus, 
fetal hepatic stem/progenitor cells exhibit potency for 
reconstitution of adult liver under a particular set of 
conditions. In addition, Wang et al.21 reported that 
transplantation of murine oval cells induced by a DDC 
diet can repopulate the recipient liver in fumarylace-
toacetate hydrolase-defi cient mice, and rescue the phe-
notype. It remains unclear, however, whether adult 
hepatic stem or progenitor cells, like oval cells, can 
reconstitute recipient livers not subjected to genetic 
modifi cation. It will be essential to establish the meth-
odology for therapeutic transplantation of hepatic stem 
cells to reconstitute the recipient liver using only 
minimal pretreatment and without genetic modifi cation 
of the recipients.

Conclusion

Recently, Takahashi et al.44 at Kyoto University reported 
that pluripotent stem cells can be generated from adult 
human fi broblasts, thereby establishing human iPS cells. 
This fi nding could dramatically change the therapeutic 
strategy for development of cell-based therapies for 
lethal liver diseases in the near future, as iPS cells 
derived from the patients themselves could be utilized 
as the donor cell source. On the other hand, the meth-
odology for induction of hepatocytes from human iPS 
cells and elimination of immature undifferentiated cells 
has not yet been established. Moreover, it remains 
unclear how hepatic stem/progenitor cells derived from 
iPS cells should be transplanted so that recipients obtain 
successful liver repopulation and long-term engraft-
ment. Once we overcome these technical problems, we 
will be able to utilize a variety of stem cells, including 
autologous iPS cells, MSCs, and endogenous hepatic 
stem/progenitor cells, as resources for transplantation 
on a case-by-case basis (Fig. 2).
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