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Liver stem cells give rise to both hepatocytes and bile
duct epithelial cells also known as cholangiocytes.
During liver development hepatoblasts emerge from
the foregut endoderm and give rise to both cell types.
Colony-forming cells are present in the liver primor-
dium and clonally expanded cells differentiate into
either hepatocytes or cholangiocytes depending on cul-
ture conditions, showing stem cell characteristics. The
growth and differentiation of hepatoblasts are regulated
by various extrinsic signals. For example, periportal
mesenchymal cells provide a cue for bipotential hepato-
blasts to become cholangiocytes, and mesothelial cells
covering the parenchyma support the expansion of
foetal hepatocytes by producing growth factors. The
adult liver has an extraordinary capacity to regenerate,
and after 70% hepatectomy the liver recovers its ori-
ginal mass by replication of the remaining hepatocytes
without the activation of liver stem cells. However, in
certain types of liver injury models, liver stem/
progenitor-like cells, known as oval cells in rodents,
proliferate around the portal vein, while the roles of
such cells in liver regeneration remain a matter of
debate. Clonogenic and bipotential cells are also pre-
sent in the normal adult liver. In this minireview we
describe recent studies on liver stem/progenitor cells
by focusing on extracellular signals.
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hepatocyte/regeneration.
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factor; H-CFU-C, hepatic colony-forming unit in
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The liver is a central organ for homeostasis owing
to its numerous functions, including carbohydrate
metabolism, glycogen storage, biosynthesis of various
biochemical components including amino acids and
nucleotides, lipid metabolism, urea synthesis, drug
detoxification, production of plasma proteins and hor-
mones, and destruction of erythrocytes. Because the
liver is such an essential organ, liver diseases are
often fatal. Liver insults such as hepatitis viruses,
drugs, alcohol and genetic, metabolic and immune dis-
orders can lead to steatosis, hepatitis, fibrosis, cirrhosis
and cancer and liver disease is a major cause of death.
The liver is also known as a unique organ that can
regenerate, making it possible to transplant the liver
from a living donor. However, the molecular mechan-
isms underlying organogenesis, maintenance, patho-
genesis and regeneration of the liver are not well
understood. As the liver is a large organ with a variety
of functions, it has been used for many decades as a
source to purify numerous enzymes for biochemical
studies. By contrast, much progress has been made
relatively recently in the characterization of each type
of liver cell and analysis of their interactions. Those
studies have been facilitated by new technologies
such as genomics, mouse mutants and the develop-
ment of various tools to isolate the cells of interest.
In this review, we describe recent studies on liver
stem/progenitor cells together with the environments
that support their proliferation and differentiation
during development and pathogenesis.

Liver architecture and liver stem cells

The liver is divided into lobules and each lobule
consists of plates of hepatocytes lined by sinusoidal
capillaries that radiate towards a central efferent vein
(Fig. 1). Liver lobules are hexagonal and at each of six
corners there is a portal triad of vessels consisting of a
portal vein, hepatic artery and bile duct. Sinusoids are
composed of liver-specific capillaries with fenestrated
endothelial cells, hepatic stellate cells (Ito cells),
liver-resident macrophages (Kupffer cells) and large
granular lymphocytes (pit cells). The liver has a dual
blood supply, namely, via the portal vein and the hep-
atic artery. The portal vein delivers the venous blood
flowing from the intestines, pancreas and spleen. The
hepatic artery supplies oxygen to the liver. The blood
flows from a portal triad through a sinusoidal capillary
to a central efferent vein. Hepatocytes are major par-
enchymal cells carrying out most of the metabolic
functions and account for ~60% of the total liver
cell population and 80% of the volume of the organ.
Hepatocytes are highly polarized epithelial cells and
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Fig. 1 Liver architecture. In the liver, blood flows from portal blood vessels through sinusoids to central efferent veins. Sinusoids are
liver-specific capillaries with fenestrated endothelial cells, hepatic stellate cells (Ito cells) and blood cells such as liver-resident macrophages
(Kupffer cells). Hepatocytes are highly polarized epithelial cells forming cords, and plates of hepatocytes are lined by sinusoidal capillaries
that radiate towards a central efferent vein. Tight junctions formed between hepatocytes create a canaliculus that surrounds each hepatocyte.
Bile salts produced in hepatocytes are excreted into canaliculi that are linked to bile ducts. The region that connects the bile canaliculus and the

biliary tree is called ‘canals of Hering’.

form cords. Their basolateral surfaces face fenestrated
sinusoid endothelial cells, facilitating the transfer of
materials between hepatocytes and blood flows. Tight
junctions formed between hepatocytes create a canali-
culus that surrounds each hepatocyte. Bile salts pro-
duced in hepatocytes are excreted into canaliculi that
are linked to bile ducts at the portal triad. Bile ducts
are formed by a specialized type of epithelial cell called
a biliary epithelial cell or a cholangiocyte.

In general, stem cells are characterized by their abil-
ity to self-renew and differentiate to multiple lineages.
As hepatocytes and cholangiocytes, the two types of
liver epithelial cells, are derived from a common origin
during organogenesis, those cells with the potential to
proliferate and give rise to both types of liver epithelial
cells are considered to be liver stem cells. Although
there are many reports describing liver stem cells, the
definitions of stem cells are rather vague in many of
them. As it is not an easy task to distinguish stem cells
from progenitors because of the difficulty of proving
the unlimited self-renewal activity of stem cells in many
situations, we use the term stem/progenitor cells to
describe such cells in this review article.

The onset of liver development

Liver organogenesis begins at embryonic day (E) 8.5 in
the mouse from the foregut endoderm. The ventral
wall of the foregut endoderm faces the developing
heart by approximately E8 and receives inductive sig-
nals for hepatic fate, such as fibroblast growth factor
(FGF) from the heart (/—3) and bone morphogenetic
protein from the septum transversum mesenchyme
(STM) (4). Wnt2b is expressed in the lateral plate
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mesoderm adjacent to the endoderm destined to be
the liver and is essential for the onset of liver develop-
ment in zebrafish (5). By these signals, hepatoblasts
emerge from the foregut endoderm and migrate as
cords into the surrounding STM (6, 7). Analysis of
Flk1-deficient mouse embryos revealed that Flk1™
endothelial cells are required for proliferation of hepa-
toblasts (8). Because hepatoblasts proliferate and give
rise to both hepatocytes and cholangiocytes as
described below, they are considered to be embryonic
liver stem/progenitor cells.

Identification and characterization of
hepatoblasts

As cell sorting using antibodies is a powerful means
to isolate and characterize a specific cell type, efforts
have been made to search for specific cell surface anti-
gens on hepatoblasts (Fig. 2). Kubota and Reid (9)
showed that the RTIA1™ OX18"Y ICAM-1" fraction
of E13 rat foetal liver contained hepatoblasts. Suzuki
et al. (10) developed a single cell-based assay desig-
nated the hepatic colony-forming unit in culture
(H-CFU-C) and showed that the CD45~ TER119™
c-Kit™ CD29" CD49f" and CD45~ TER119™ c-Kit~
c-Met™ CD49f 'Y fraction of E13.5 mouse liver con-
tained hepatic progenitor/stem cells. They also showed
that CD45~ TER119™ c-Kit™ c-Met™ CD49f ™'V cells
of E11.5 mouse liver had high H-CFU-C potential and
that clonally expanding cells reconstituted the liver,
pancreas and intestine in vivo. On the other hand,
Mmguet et al. (11) reported that CD45~ TERI119™
c-Kit'®" cells in E11 mouse liver contained the earliest
hepatic progenitors, also displaying features of
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Fig. 2 Development of liver cells and expression of cell surface markers. The EpCAMTDLK 1" hepatoblasts emerge from EpCAM™ foregut
endoderm cells and form liver primordium. Then, the hepatoblasts dramatically reduce the expression of EpCAM. EpCAM is upregulated
again in biliary epithelial cell precursor cells around the portal vein, where p7SNTR™ Jagged1™ portal fibroblasts interacted with hepatoblasts.
PCLP1™" mesothelial progenitor cells produce growth factors for hepatoblasts to proliferate. OSM secreted by haematopoietic cells induces

hepatocytic differentiation of hepatoblasts.

liver-repopulating stem cells. Delta-like protein 1
(DIk1), also known as Pref-1, was strongly expressed
in liver buds as early as E10.5 in mice. DIk1™ cells
isolated from E14.5 livers expressed albumin (ALB)
and formed colonies composed of the hepatocyte and
cholangiocyte lineages in the presence of hepatocyte
growth factor and epidermal growth factor, indicating
that liver stem cell activity is present in this population
(12). As in mouse foetal liver, DIk1 is also expressed
strongly in human foetal liver (/3, 14). Nierhoff et al.
showed that murine foetal liver alpha-fetoprotein
(AFP)*/ALB"' cells were positive for DIkl and
E-cadherin and that purified E-cadherin®™ epithelial
cells formed clusters in cell culture and differentiated
along the hepatocytic lineage. Interestingly, AFP™/
E-cadherin™ epithelial cells were Sca-1*, but showed
no expression of ¢-Kit. In order to examine their in vivo
capacity, wild-type E12.5 mouse liver epithelial cells
were transplanted into adult dipeptidyl peptidase 1V
(DPPIV) knockout mice, and DPPIV expression was
used as a marker to discriminate the donor from
recipient cells. This resulted in incorporation of the
DPPIV* donor-derived cells into the hepatic paren-
chymal cords of the recipient liver, showing a repopu-
lation and differentiation capacity of the E12.5
E-cadherin™ cells (15).

Epithelial cell adhesion molecule (EpCAM) is ex-
pressed in HNF4o" hepatoblasts of liver buds as
early as E9.5 in mice (Fig. 2). Colony-forming assays
using sorted EI11.5 liver cells revealed that the
EpCAM™ DIk1* cell population contained in vitro
colony-forming cells, indicating that liver stem cell ac-
tivity is present in this population. EpCAM expression
declined by EI3.5 in mouse liver, while DIkl

expression was sustained by E16.5 (/6). In humans,
Dan et al. (17) reported that multipotent progenitor
cells derived from human foetal liver expressed
EpCAM,and Schmelzer et al. (18) reported that pluri-
potent precursors of hepatoblasts expressed EpCAM
and were located in ductal plates in human foetal liver.
CD13 (aminopeptidase N) was detected on the cells of
the DIk1™ hepatic stem/progenitor fraction. Colony
formation assays revealed that hepatic stem/progenitor
cells were enriched in the CD13" fraction, compared
with the DIk17 fraction, of non-haematopoietic cells in
foetal liver (19).

Characteristics of foetal liver
stem/progenitor cells

DIk1" cells contain some clonogenic cells named
hepatic progenitor proliferating on laminin that
continuously proliferate on laminin-coated plates and
differentiate to both hepatocytes and cholangiocytes
depending on culture conditions, suggesting that they
are liver stem cells (20). Bipotential cell lines, referred
to as bipotential mouse embryonic liver cell (BMEL),
were also obtained after a long latency in culture of
foetal liver cells and they were shown to give rise to
both hepatocytes and cholangiocytes in recipient mice,
although the origin of BMEL was unknown (21).
These cell lines are used to study the mechanisms of
hepatocytic and/or cholangiocytic differentiation from
liver stem cells.

In the past decade, a number of cell surface markers
for foetal liver cells have been found and used to pro-
spectively isolate and to localize them in the liver.
While some studies used transplantation assays to
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investigate the repopulation capacity, the ability to
form a colony and differentiate to both lineages
in vitro is a practical criterion to evaluate hepatoblasts
in most of these studies. In the case of haematopoietic
stem cells, a single purified stem cell can be shown to
propagate and give rise to all kinds of haematopoietic
cells for the long term in an irradiated recipient mouse,
providing clear evidence for stemness in vivo, that is
self-renewal ability and multi-lineage differentiation.
By contrast, as liver repopulation assays require a
large number of cells to be transplanted to demon-
strate engraftment capacity, rigorous proof of stem-
ness in vivo is difficult. Nonetheless, there is little
doubt that hepatoblasts possess capacities of liver
stem cells on the basis of numerous previous works
as described above (9—12, 15—19).

Differentiation of hepatoblasts to
cholangiocytes

Bile ducts are formed only around the portal vein, sug-
gesting that regionally specific signals induce cholangio-
cytes from hepatoblasts. Indeed, two signalling
pathways, TGFB/Activin and Notch, are specifically
activated in hepatoblasts near the portal vein. TGF(2
and TGF3 are predominantly expressed in the portal
region (22), and the Onecut family of transcription
factors, HNF6 (OC-1) and OC-2, promote expression
of a2-macroglobulin and follistatin, inhibitors of the
TGFB/Activin pathway, in the parenchymal region
(23). DIkl hepatoblasts express Notch2, whereas
p75SNTR™ periportal fibroblasts express Jagged-1 (24).
Forced expression of Notch intracellular domain in
DIk1™ hepatoblasts resulted in differentiation to cho-
langiocytes (25). These results strongly suggest that
cholangiocyte differentiation is induced by Notch sig-
nalling in the periportal region. Although differen-
tiation of hepatoblasts to cholangiocytes by TGFp
and Notch signalling occurs in mid-gestation, surpris-
ingly, hepatocytes turned to cholangiocytes and formed
ectopic duct structures in the parenchyma by Notch
activation after birth (26). These results indicate that
not only hepatoblasts but also hepatocytes are compe-
tent to differentiate to cholangiocytes at least by the
neonatal period (Fig. 2).

Immature cholangiocytes form a ductal plate, a
single cell layer, around the portal vein. Tubular
morphogenesis of bile ducts proceeds through the
rearrangement of a single layer of the ductal plate.
Recent studies on mice lacking Sox9, a transcription
factor, or Notch 2 in the liver indicated the second
wave of cholangiocyte differentiation adjacent to the
initial single layer of the ductal plate, which was regu-
lated by TGFB and Notch pathways and involved in
tubular morphogenesis. In a model proposed on the
basis of those studies, after the initial induction of
cholangiocytes near the portal vein, cholangiocyte dif-
ferentiation and tubular morphogenesis progress in
parallel (22, 26—30). However, the precise mechanisms
of bile duct morphogenesis have not been completely
understood.
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In addition, studies using mutant mice have impli-
cated transcription factors including HES1, HNFO,
HNF1p3, Tbx3, FoxA2 and A3, FoxMlb, Hex and
Sall4 in bile duct differentiation and/or morphogenesis
(31-38) (Fig. 3). Although a network of these tran-
scription factors and a link between transcription fac-
tors and Notch/TGFf pathways are being uncovered
(39), studies on gene expression and histology of
mutant mice are insufficient to understand how these
factors regulate complicated processes of tubulogen-
esis. As an alternative approach, in vitro culture
systems allowing hepatoblasts to form bile duct struc-
tures are helpful to understand the lineage commit-
ment of hepatoblasts and tubular morphogenesis
(22, 25, 40, 41).

Proliferation and differentiation of
hepatocytes in foetal liver

At an carly stage of hepatogenesis, endothelial cells
contribute to the proliferation of hepatoblasts (8)
and the vast majority of hepatoblasts become paren-
chymal hepatocytes at a later stage. The liver paren-
chyma is covered with the mesothelium consisting of
the surface mesothelial cell (MC) layer, ALCAM™ sub-
mesothelial cells and fibroblasts (42). At a later stage of
hepatogenesis, MCs seem to contribute to the expan-
sion of hepatoblasts (43). Foetal liver MCs are char-
acterized by the expression of a sialomucin, PCLPI1,
and become adult liver MCs expressing mesothelin.
Comparison of the gene expression profiles between
foetal and adult MCs revealed that foetal PCLP1™"
MCs express various growth factors for hepatocytes
such as Midkine and Pleiotrophin, and co-culture of
DIk1™ foetal hepatocytes with PCLP1™ foetal MCs in
a transwell enhanced hepatocyte proliferation. Wilms’
tumour 1 (Wtl) knockout mice were embryonic lethal,
exhibiting impaired liver development. Cytokine pro-
duction by Wtl knockout MCs was reduced, while
proliferation of DIk1" cells from Wtl knockout em-
bryos was normal in a co-culture with wild-type MCs,
indicating that defects in liver development of Wtl

Lineage determination Tubular morphogenesis
Biliary tree

Hepatoblast Biliary epithelial cell
O~=8 T
Notch signal Tbx3 HNF1B HES1 Sox9

TGFp Hex (AN /’T

Sall4 0C-1/0C-2 Notch TGFB

Fig. 3 Bile duct development. There are two steps in bile duct
development. First, hepatoblasts are induced to differentiate to
biliary epithelial cells around the portal vein. This step is promoted
by TGFp and Notch signals as well as a transcription factor, Sall4,
whereas it is inhibited by two transcription factors, Tbx3 and Hex.
Biliary epithelial cells then undergo tubular morphogenesis and form
the biliary tree. Three transcription factors, HNFI1p, HES-1 and
Sox9, are involved in tubular morphogenesis. The Notch signal is
upstream of all the three transcription factors, whereas OC-1 and
OC-2, and the TGFp signal are upstream of HNF1f and Sox9,
respectively.
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knockout mouse are due to MCs. MCs were also
shown to delaminate and give rise to mesenchymal
cells in the liver (44). These results indicate that the
mesothelium is not only a protective sheet covering
the liver parenchyma but also actively involved in
liver organogenesis (Fig. 2).

Foetal liver is a major tissue for haematopoiesis, and
hepatocytes acquire various metabolic functions at
perinatal and postnatal stages. Mice lacking gp130,
the common receptor subunit of the IL-6 family cyto-
kines, develop liver with impaired functions, indicating
that some of the IL-6 family cytokines are required for
functional maturation of the liver (45). Oncostatin
M (OSM), a member of the IL-6 family, strongly
enhanced differentiation of foetal hepatocytes, while
liver development is normal in OSM-deficient mice,
suggesting that another member of the family may
play a similar role. In the foetal liver, immigrating
haematopoietic stem cells proliferate and produce
numerous blood cells with the help of liver cells includ-
ing hepatocytes and endothelial cells. Haematopoietic
activity in foetal liver declines with hepatocyte differ-
entiation (Fig. 2). As OSM is secreted from haemato-
poietic cells proliferating in the foetal liver and induces
differentiation of hepatocytes, it is likely that OSM
plays a role for coordination of liver development
and haematopoiesis (46).

Adult liver stem/progenitor cells

Adult liver has a potential to regenerate under condi-
tions of severe parenchymal loss, although hepatocytes

Bile
canaliculus

Oval cell pre
(potentialeW Oval cells
stem cells™?)

\ 4

(induction)

Liver stem cells

and cholangiocytes are mitotically dormant under
normal conditions. Hepatocytes themselves have a
remarkable ability to self-replicate to restore liver
mass (47) and are capable of at least 80 doublings by
serial transplantation (48), allowing the liver to regen-
erate. Thus, the contribution of liver stem cells to
regeneration after partial hepatectomy (PH) seems to
be minimal if any. However, in liver injury that limits
this pathway there is an accompanying expansion of a
potential stem cell compartment in the periportal area,
which is known as ductular reaction (49—57) (Fig. 4).
These proliferating epithelial cells are often referred
to as oval cells in rodents because of their oval nucleus
(52). Upon activation of oval cells, they expand into
liver parenchyma from the portal area, and selective
damage of the periportal zone reduces oval cell prolif-
eration, supporting the notion that oval cells are
derived from the periportal region, in particular
canals of Hering that connect the bile canaliculus
and the biliary tree (53). In addition, an extrahepatic
origin of oval cells such as bone marrow was also sug-
gested (54); however, the exact origin of oval cells still
remains to be established. While oval cells have been
most extensively studied in rodents, similar cells have
been found in various human liver diseases, such as
chronic viral hepatitis, alcoholic liver disease, nonalco-
holic fatty liver disease and fulminant hepatitis, and
also implicated in tumourigenesis (55, 56). Oval cells
express both ALB and cytokeratin 19, which are hepa-
tocytic and cholangiocytic markers, respectively, and
are believed to differentiate to hepatocytic and biliary
lineages, similar to hepatoblasts in the embryonic liver.
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Fig. 4 Induction of oval cells. Oval cells and Thyl™ cells are simultaneously induced in severe liver damage conditions. The origin of oval cells is
still under debate. FGF7 is produced by Thyl™ cells in response to liver damage conditions, and oval cells receive its signal.
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Thus they are thought to be facultative stem/progeni-
tor cells in the adult liver (Fig. 4).

The nature of oval cells as liver stem cells was
debated in numerous reports of studies using various
rodent models. The 2-acetylaminofluoren (2-AAF)/PH
model, ie. blocking hepatocyte proliferation by
2-AAF prior to PH, has been extensively used to char-
acterize oval cells in rat (57, 58). However, the same
procedure does not induce oval cells in mice, and
alternative protocols such as a choline-deficient,
ethionine-supplemented (CDE) diet and 3,5-dicthoxy-
carbonyl-1,4-dihydro-collidine (DDC) diet have been
developed to induce oval cells in mice (59—61).
Although the proliferating epithelial cells in the peri-
portal region upon injury by various insults are collect-
ively referred to as oval cells, it remains unclear
whether or not the oval cells in different species by
different protocols have common characteristics. A
major problem in characterizing oval cells was the
lack of appropriate cell surface markers to identify
and isolate the oval cell compartment.

In the rat 2-AAF/PH model, Dabeva et al. reported
that EpCAM™ oval cells are bipotential adult hepatic
progenitors (62, 63). Suzuki et al. (64) reported that
CD1337 cells isolated from DDC-treated mouse liver
could form large colonies in culture. These large
colony-forming cells gave rise to both hepatocytes
and cholangiocytes, while maintaining undifferentiated
cells by self-renewing cell divisions. In order to isolate
and characterize mouse oval cells, Okabe et al. (65)
searched for cell surface molecules expressed on oval
cells in mouse fed DDC diet. EpCAM was expressed in
both mouse normal cholangiocytes and oval cells, and
its related protein TROP2 was expressed exclusively in
oval cells, establishing TROP2 as a novel marker to
distinguish oval cells from normal cholangiocytes (65).
Some of the EpCAM™ cells isolated from injured liver
proliferate to form colonies in vitro, and the clonally
expanded cells differentiate into hepatocytes and
cholangiocytes, suggesting that the oval cell fraction
contains potential liver stem cells.

Interestingly, such cells with liver stem cell charac-
teristics are also found in EpCAM™ cells of the normal
liver. Intriguingly, comparison of the colony formation
of EpCAM™ cells between normal and injured livers
revealed little difference in the frequency of poten-
tial liver stem cell activity between them, strongly sug-
gesting that most of the proliferating mouse oval cells
represent transit-amplifying cells rather than stem
cells. Bipotential clonal cell lines can be obtained
from the healthy liver of adult mice and participate
in liver regeneration in severe combined immune-
deficient mice expressing urokinase-type plasminogen
by the ALB promoter, where they differen-
tiate in clusters of hepatocytes and occasionally bile
ducts (66). Kamiya et al. (67) found progenitor cells
in the CD13"CD49f"*CD133" subpopulation of non-
haematopoietic cells derived from postnatal livers.
These results demonstrate the existence, in normal
adult mouse liver, of a pool of clonogenic cells that
are (or can become) bipotential.

As mentioned above, oval cells are induced in liver
with severe or chronic damage. Chronic injury
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conditions in the liver are usually associated with in-
flammation, and the roles of lymphocytes and inflam-
matory responses in oval cell regulation have also been
suggested (68, 69). In accordance with this notion, sev-
eral kinds of inflammatory cytokines, such as tumour
necrosis factor (TNF)-o, lymphotoxin-f, interferon-y
and IL-6, have been shown to modulate oval cell
response (70, 71). Perhaps the best established inflam-
matory cytokine to be involved in oval cell response
is a TNF family member ligand, TNF-like weak
inducer of apoptosis (Tweak). Thus, transgenic mice
overexpressing this cytokine in the liver exhibit peri-
portal oval cell hyperplasia, while administration of a
blocking anti-Tweak monoclonal antibody signifi-
cantly reduced oval cell response in mice fed DDC
diet (72). Furthermore, in mice lacking Fnl4, the
cognate receptor for Tweak, induction of oval cells
was attenuated in both DDC diet and CDE diet
models (72, 73). These inflammatory cytokines are
considered to function as part of the innate immune
system sensing damage to the tissue and serve as
the earliest signals for triggering the process of liver
regeneration (Fig. 4).

Mesenchymal cells such as stellate cells have long
been suggested to physically interact with oval cells
and thus considered to induce some signals in them
(53). Recent studies using several rat and mouse
models have demonstrated that a population of mes-
enchymal cells expressing thymus cell antigen-1
(Thy-1; also known as CD90) resides in close prox-
imity to and expands in parallel with oval cells (74)
(H. Takase, T. Itoh and A. Miyajima, unpublished
observation). Furthermore, these Thylt cells were
found to express FGF7, and its cognate receptor
FGFR2b was detected in oval cells. FGF7 knockout
mice showed a defect in oval cell response, while over-
expression of FGF7 in vivo in normal mouse liver
led to induction and proliferation of cells with markers
of oval cells in the periportal area. Together, these
results strongly suggest that FGF7 plays a key role
in adult liver stem/progenitor cell response as well as
that the Thyl™ cells may serve as the niche for oval
cells by providing this cytokine (Takase, H., Itoh, T.
and Miyajima A., unpublished observations). As a
signal related to oval cell response, several recent
studies have implicated the canonical Wnt/B-catenin
pathway in oval cell regulation (75—78) (Fig. 4). The
Wnt/B-catenin pathway is well known to play import-
ant roles in stem cell regulation including self-renewal
in various other organs and tissues, and also in car-
cinogenesis including liver tumours. In both rat and
mouse models, expression of some Wnt ligands in
damaged liver and concomitant activation of the
B-catenin pathway in oval cells were observed. In con-
ditional knockout mice lacking B-catenin in both hep-
atocytes and cholangiocytes, DDC diet-induced oval
cell response in the liver was significantly reduced, al-
though not completely abrogated. While several fac-
tors have been shown to be involved in oval cell
response, the precise modes of their actions and their
relationship are currently unclear and should be
determined.
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Concluding remarks

Traditionally, research on liver biology mostly relied
on relatively crude cell separation methods based on
cell density and centrifugation. In the last decade, iden-
tification of specific cell surface markers for each of
the liver cell types, production of corresponding mono-
clonal antibodies and cell sorting techniques have
together revolutionized the field and enabled us to per-
form much more detailed characterization of liver
cells, particularly non-parenchymal cells including the
stem/progenitor cells. It has also become possible to
analyse the modes of interaction among different
types of these cells in vivo by means of combinatorial
use of specific markers/antibodies as well as in vitro
with co-culture systems using the isolated viable cell
populations. Elucidation of the molecular basis for
the signals that regulate development, proliferation
and differentiation of liver stem/progenitor cells
should not only advance our understanding of the
basic pathophysiology of the liver but also help to es-
tablish better protocols to generate mature hepatocytes
and other liver cells in vitro for cell-based therapy,
transplantation and drug discovery.

Funding

This work was supported by research grants from the Ministry of
Education, Sports, Science, and Technology, and the Ministry of
Health, Labour and Welfare, Japan, and a research grant from the
Takeda Science Foundation.

Conflict of interest
None declared.

References

1. Douarin, N.M. (1975) An experimental analysis of liver
development. Med. Biol. 53, 427—455

2. Gualdi, R., Bossard, P., Zheng, M., Hamada, Y.,
Coleman, J.R., and Zaret, K.S. (1996) Hepatic specifi-
cation of the gut endoderm in vitro: cell signaling and
transcriptional control. Genes Dev. 10, 1670—1682

3. Jung, J., Zheng, M., Goldfarb, M., and Zaret, K.S.
(1999) Initiation of mammalian liver development from
endoderm by fibroblast growth factors. Science 284,
1998—2003

4. Rossi, J.M., Dunn, N.R., Hogan, B.L., and Zaret, K.S.
(2001) Distinct mesodermal signals, including BMPs
from the septum transversum mesenchyme, are required
in combination for hepatogenesis from the endoderm.
Genes Dev. 15, 1998—2009

5. Ober, E.A., Verkade, H., Field, H.A., and Stainier, D.Y.
(2006) Mesodermal Wnt2b signalling positively regulates
liver specification. Nature 442, 688—691

6. Sosa-Pineda, B., Wigle, J.T., and Oliver, G. (2000)
Hepatocyte migration during liver development requires
Prox1. Nat. Genet. 25, 254—255

7. Zaret, K. (1998) Early liver differentiation: genetic
potentiation and multilevel growth control. Curr. Opin.
Genet. Dev. 8, 526—531

8. Matsumoto, K., Yoshitomi, H., Rossant, J., and Zaret,
K.S. (2001) Liver organogenesis promoted by endothelial
cells prior to vascular function. Science 294, 559—563

9. Kubota, H. and Reid, L.M. (2000) Clonogenic hepato-
blasts, common precursors for hepatocytic and biliary
lineages, are lacking classical major histocompatibility

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liver stem cells

complex class [ antigen. Proc. Natl. Acad. Sci. USA 97,
12132—12137

Suzuki, A., Zheng, Y., Kondo, R., Kusakabe, M.,
Takada, Y., Fukao, K., Nakauchi, H., and Taniguchi,
H. (2000) Flow-cytometric separation and enrichment of
hepatic progenitor cells in the developing mouse liver.
Hepatology 32, 1230—1239

Minguet, S., Cortegano, I., Gonzalo, P., Martinez-
Marin, J.A., de Andres, B., Salas, C., Melero, D.,
Gaspar, M.L., and Marcos, M.A. (2003) A population
of c-Kit(low)(CD45/TER119)- hepatic cell progenitors of
11-day postcoitus mouse embryo liver reconstitutes
cell-depleted liver organoids. J. Clin. Invest. 112,
1152—1163

Tanimizu, N., Nishikawa, M., Saito, H., Tsujimura, T.,
and Miyajima, A. (2003) Isolation of hepatoblasts based
on the expression of DIk/Pref-1. J. Cell. Sci. 116,
1775—1786

Floridon, C., Jensen, C.H., Thorsen, P., Nielsen, O.,
Sunde, L., Westergaard, J.G., Thomsen, S.G., and
Teisner, B. (2000) Does fetal antigen 1 (FA1) identify
cells with regenerative, endocrine and neuroendocrine
potentials? A study of FA1 in embryonic, fetal, and pla-
cental tissue and in maternal circulation. Differentiation
66, 49—-59

Yanai, H., Nakamura, K., Hijioka, S., Kamei, A., Ikari,
T., Ishikawa, Y., Shinozaki, E., Mizunuma, N., Hatake,
K., and Miyajima, A. (2010) DIk-1, a cell surface antigen
on foetal hepatic stem/progenitor cells, is expressed in
hepatocellular, colon, pancreas and breast carcinomas
at a high frequency. J. Biochem. 148, 8592

Nierhoff, D., Ogawa, A., Oertel, M., Chen, Y.Q., and
Shafritz, D.A. (2005) Purification and characterization
of mouse fetal liver epithelial cells with high in vivo
repopulation capacity. Hepatology 42, 130—139

Tanaka, M., Okabe, M., Suzuki, K., Kamiya, Y.,
Tsukahara, Y., Saito, S., and Miyajima, A. (2009)
Mouse hepatoblasts at distinct developmental stages
are characterized by expression of EpCAM and DLKI:
drastic change of EpCAM expression during liver devel-
opment. Mech. Dev. 126, 665—676

Dan, Y.Y., Riehle, K.J., Lazaro, C., Teoh, N., Haque, J.,
Campbell, J.S., and Fausto, N. (2006) Isolation of multi-
potent progenitor cells from human fetal liver capable of
differentiating into liver and mesenchymal lineages. Proc.
Natl. Acad. Sci. USA 103, 9912—9917

Schmelzer, E., Zhang, L., Bruce, A., Wauthier, E.,
Ludlow, J., Yao, H.L., Moss, N., Melhem, A.,
McClelland, R., Turner, W., Kulik, M., Sherwood, S.,
Tallheden, T., Cheng, N., Furth, M.E., and Reid, L.M.
(2007) Human hepatic stem cells from fetal and postnatal
donors. J. Exp. Med. 204, 1973—1987

Kakinuma, S., Ohta, H., Kamiya, A., Yamazaki, Y.,
Oikawa, T., Okada, K., and Nakauchi, H. (2009)
Analyses of cell surface molecules on hepatic stem/
progenitor cells in mouse fetal liver. J. Hepatol. 51,
127—-138

Tanimizu, N., Saito, H., Mostov, K., and Miyajima, A.
(2004) Long-term culture of hepatic progenitors derived
from mouse DIlk+ hepatoblasts. J. Cell. Sci. 117,
6425—6434

Strick-Marchand, H., Morosan, S., Charneau, P.,
Kremsdorf, D., and Weiss, M.C. (2004) Bipotential
mouse embryonic liver stem cell lines contribute to liver
regeneration and differentiate as bile ducts and hepato-
cytes. Proc. Natl. Acad. Sci. USA 101, 8360—8365
Antoniou, A., Raynaud, P., Cordi, S., Zong, Y.,
Tronche, F., Stanger, B.Z., Jacquemin, P., Pierreux, C.E.,
Clotman, F., and Lemaigre, F.P. (2009) Intrahepatic bile

237

2102 ‘9z equisides uo [elidsoH uensuyd enybueyd fe /Bio'seulnolpioxo qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

M. Tanaka et al.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

238

ducts develop according to a new mode of tubulogenesis
regulated by the transcription factor  SOXO.
Gastroenterology 136, 2325—2333

Clotman, F., Jacquemin, P., Plumb-Rudewiez, N.,
Pierreux, C.E., Van der Smissen, P., Dietz, H.C.,
Courtoy, P.J., Rousseau, G.G., and Lemaigre, F.P.
(2005) Control of liver cell fate decision by a gradient
of TGF beta signaling modulated by Onecut transcrip-
tion factors. Genes Dev. 19, 1849—1854

Suzuki, K., Tanaka, M., Watanabe, N., Saito, S.,
Nonaka, H., and Miyajima, A. (2008) p75
Neurotrophin receptor is a marker for precursors of stel-
late cells and portal fibroblasts in mouse fetal liver.
Gastroenterology 135, 270—281 €273

Tanimizu, N. and Miyajima, A. (2004) Notch signaling
controls hepatoblast differentiation by altering the
expression of liver-enriched transcription factors.
J. Cell. Sci. 117, 3165-3174

Zong, Y., Panikkar, A., Xu, J., Antoniou, A., Raynaud,
P., Lemaigre, F., and Stanger, B.Z. (2009) Notch signal-
ing controls liver development by regulating biliary dif-
ferentiation. Development 136, 1727—1739

Geisler, F., Nagl, F., Mazur, P.K., Lee, M., Zimber-
Strobl, U., Strobl, L.J., Radtke, F., Schmid, R.M., and
Siveke, J.T. (2008) Liver-specific inactivation of Notch2,
but not Notchl, compromises intrahepatic bile duct
development in mice. Hepatology 48, 607—616

Lozier, J., McCright, B., and Gridley, T. (2008) Notch
signaling regulates bile duct morphogenesis in mice.
PLoS One 3, el851

Sparks, E.E., Huppert, K.A., Brown, M.A., Washington,
M.K., and Huppert, S.S. (2010) Notch signaling regu-
lates formation of the three-dimensional architecture of
intrahepatic bile ducts in mice. Hepatology 51,
1391-1400

Tchorz, J.S., Kinter, J., Muller, M., Tornillo, L., Heim,
M.H., and Bettler, B. (2009) Notch2 signaling promotes
biliary epithelial cell fate specification and tubulogenesis
during bile duct development in mice. Hepatology 50,
871-879

Clotman, F., Lannoy, V.J., Reber, M., Cereghini, S.,
Cassiman, D., Jacquemin, P., Roskams, T., Rousseau,
G.G., and Lemaigre, F.P. (2002) The onecut transcrip-
tion factor HNF6 is required for normal development of
the biliary tract. Development 129, 1819—1828

Coffinier, C., Gresh, L., Fiette, L., Tronche, F., Schutz,
G., Babinet, C., Pontoglio, M., Yaniv, M., and Barra, J.
(2002) Bile system morphogenesis defects and liver dys-
function upon targeted deletion of HNFlbeta.
Development 129, 1829—1838

Hunter, M.P., Wilson, C.M., Jiang, X., Cong, R.,
Vasavada, H., Kaestner, K.H., and Bogue, C.W. (2007)
The homeobox gene Hhex is essential for proper hepato-
blast differentiation and bile duct morphogenesis.
Dev. Biol. 308, 355-367

Kodama, Y., Hijikata, M., Kageyama, R., Shimotohno,
K., and Chiba, T. (2004) The role of notch signaling
in the development of intrahepatic bile ducts.
Gastroenterology 127, 1775—1786

Krupczak-Hollis, K., Wang, X., Kalinichenko, V.V.,
Gusarova, G.A., Wang, 1.C., Dennewitz, M.B., Yoder,
H.M., Kiyokawa, H., Kaestner, K.H., and Costa, R.H.
(2004) The mouse Forkhead Box m1 transcription factor
is essential for hepatoblast mitosis and development
of intrahepatic bile ducts and vessels during liver
morphogenesis. Dev. Biol. 276, 74—88

Li, Z., White, P., Tuteja, G., Rubins, N., Sackett, S., and
Kaestner, K.H. (2009) Foxal and Foxa2 regulate bile
duct development in mice. J. Clin. Invest. 119, 1537—1545

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Oikawa, T., Kamiya, A., Kakinuma, S., Zeniya, M.,
Nishinakamura, R., Tajiri, H., and Nakauchi, H.
(2009) Sall4 regulates cell fate decision in fetal hepatic
stem/progenitor cells. Gastroenterology 136, 1000—1011
Suzuki, A., Sekiya, S., Buscher, D., Izpisua Belmonte,
J.C., and Taniguchi, H. (2008) Tbx3 controls the fate
of hepatic progenitor cells in liver development by sup-
pressing pl9ARF expression. Development 135,
1589—1595

Raynaud, P., Carpentier, R., Antoniou, A., and
Lemaigre, F.P. (2011) Biliary differentiation and bile
duct morphogenesis in development and disease. Int. J.
Biochem. Cell Biol. 43, 245256

Tanimizu, N., Miyajima, A., and Mostov, K.E. (2007)
Liver progenitor cells develop cholangiocyte-type epithe-
lial polarity in three-dimensional culture. Mol. Biol. Cell
18, 1472—1479

Tanimizu, N., Miyajima, A., and Mostov, K.E. (2009)
Liver progenitor cells fold up a cell monolayer into a
double-layered structure during tubular morphogenesis.
Mol. Biol. Cell 20, 2486—2494

Asahina, K., Tsai, S.Y., Li, P., Ishii, M., Maxson,
R.E. Jr, Sucov, HM., and Tsukamoto, H. (2009)
Mesenchymal origin of hepatic stellate cells, submesothe-
lial cells, and perivascular mesenchymal cells during
mouse liver development. Hepatology 49, 998—1011
Onitsuka, I., Tanaka, M., and Miyajima, A. (2010)
Characterization and functional analyses of hepatic
mesothelial cells in  mouse liver development.
Gastroenterology 138, 1525—1535, 1535 e1521—-1526
Ijpenberg, A., Perez-Pomares, J.M., Guadix, J.A.,
Carmona, R., Portillo-Sanchez, V., Macias, D.,
Hohenstein, P., Miles, C.M., Hastiec, N.D., and
Munoz-Chapuli, R. (2007) Wtl and retinoic acid signal-
ing are essential for stellate cell development and liver
morphogenesis. Dev. Biol. 312, 157170

Kamiya, A., Kinoshita, T., Ito, Y., Matsui, T.,
Morikawa, Y., Senba, E., Nakashima, K., Taga, T.,
Yoshida, K., Kishimoto, T., and Miyajima, A. (1999)
Fetal liver development requires a paracrine action of
oncostatin M through the gpl130 signal transducer.
EMBO J. 18, 21272136

Kinoshita, T., Sekiguchi, T., Xu, M.J., Ito, Y., Kamiya,
A., Tsuji, K., Nakahata, T., and Miyajima, A. (1999)
Hepatic differentiation induced by oncostatin M attenu-
ates fetal liver hematopoiesis. Proc. Natl. Acad. Sci. USA
96, 72657270

Michalopoulos, G.K. (2010) Liver regeneration after
partial hepatectomy: critical analysis of mechanistic
dilemmas. Am. J. Pathol. 176, 2—13

Overturf, K., al-Dhalimy, M., Ou, C.N., Finegold, M.,
and Grompe, M. (1997) Serial transplantation reveals
the stem-cell-like regenerative potential of adult mouse
hepatocytes. Am. J. Pathol. 151, 1273—1280

Alison, M.R., Golding, M.H., and Sarraf, C.E. (1996)
Pluripotential liver stem cells: facultative stem cells
located in the biliary tree. Cell Prolif. 29, 373—402
Roskams, T.A., Theise, N.D., Balabaud, C., Bhagat, G.,
Bhathal, P.S., Bioulac-Sage, P., Brunt, E.M., Crawford,
J.M., Crosby, H.A., Desmet, V., Finegold, M.J., Geller,
S.A., Gouw, A.S., Hytiroglou, P., Knisely, A.S., Kojiro,
M., Lefkowitch, J.H., Nakanuma, Y., Olynyk, J.K.,
Park, Y.N., Portmann, B., Saxena, R., Scheuer, P.J.,
Strain, A.J., Thung, S.N., Wanless, I.R., and West,
A.B. (2004) Nomenclature of the finer branches of the
biliary tree: canals, ductules, and ductular reactions in
human livers. Hepatology 39, 1739—1745

Theise, N.D., Saxena, R., Portmann, B.C., Thung, S.N.,
Yee, H., Chiriboga, L., Kumar, A., and Crawford, J.M.

2102 ‘9z equisides uo [elidsoH uensuyd enybueyd fe /Bio'seulnolpioxo qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64

65.

(1999) The canals of Hering and hepatic stem cells in
humans. Hepatology 30, 1425—1433

Farber, E. (1956) 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
Paku, S., Schnur, J., Nagy, P., and Thorgeirsson, S.S.
(2001) Origin and structural evolution of the early pro-
liferating oval cells in rat liver. Am. J. Pathol. 158,
1313—1323

Petersen, B.E., Bowen, W.C., Patrene, K.D., Mars,
W.M., Sullivan, A.K., Murase, N., Boggs, S.S.,
Greenberger, J.S., and Goff, J.P. (1999) Bone marrow
as a potential source of hepatic oval cells. Science 284,
1168—1170

Fausto, N. (2004) Liver regeneration and repair: hepato-
cytes, progenitor cells, and stem cells. Hepatology 39,
14771487

Lee, J.S., Heo, J., Libbrecht, L., Chu, LS., Kaposi-
Novak, P., Calvisi, D.F., Mikaelyan, A., Roberts, L.R.,
Demetris, A.J., Sun, Z., Nevens, F., Roskams, T., and
Thorgeirsson, S.S. (2006) A novel prognostic subtype of
human hepatocellular carcinoma derived from hepatic
progenitor cells. Nat. Med. 12, 410—416

Evarts, R.P., Nagy, P., Marsden, E., and Thorgeirsson,
S.S. (1987) A precursor-product relationship exists
between oval cells and hepatocytes in rat liver.
Carcinogenesis 8, 1737—1740

Laishes, B.A. and Rolfe, P.B. (1981) Search for endogen-
ous liver colony-forming units in F344 rats given a
two-thirds hepatectomy during short-term feeding of
2-acetylaminofluorene. Cancer Res. 41, 1731-1741
Akhurst, B., Croager, E.J., Farley-Roche, C.A., Ong,
J.K., Dumble, M.L., Knight, B., and Yeoh, G.C.
(2001) A modified choline-deficient, ethionine-
supplemented diet protocol effectively induces oval cells
in mouse liver. Hepatology 34, 519—522

Preisegger, K.H., Factor, V.M., Fuchsbichler, A.,
Stumptner, C., Denk, H., and Thorgeirsson, S.S. (1999)
Atypical ductular proliferation and its inhibition by
transforming growth factor betal in the 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine mouse model for chronic
alcoholic liver disease. Lab. Invest. 79, 103—109

Wang, X., Foster, M., Al-Dhalimy, M., Lagasse, E.,
Finegold, M., and Grompe, M. (2003) The origin and
liver repopulating capacity of murine oval cells. Proc.
Natl. Acad. Sci. USA 100 (Suppl. 1), 11881—11888
Yovchev, M.1., Grozdanov, P.N., Joseph, B., Gupta, S.,
and Dabeva, M.D. (2007) Novel hepatic progenitor cell
surface markers in the adult rat liver. Hepatology 45,
139—-149

Yovchev, M.I., Grozdanov, P.N., Zhou, H., Racherla,
H., Guha, C., and Dabeva, M.D. (2008) Identification
of adult hepatic progenitor cells capable of repopulating
injured rat liver. Hepatology 47, 636—647

. Suzuki, A., Sekiya, S., Onishi, M., Oshima, N., Kiyonari,

H., Nakauchi, H., and Taniguchi, H. (2008) Flow cyto-
metric isolation and clonal identification of self-renewing
bipotent hepatic progenitor cells in adult mouse liver.
Hepatology 48, 1964—1978

Okabe, M., Tsukahara, Y., Tanaka, M., Suzuki, K.,
Saito, S., Kamiya, Y., Tsujimura, T., Nakamura, K.,
and Miyajima, A. (2009) Potential hepatic stem cells
reside in EpCAM+ cells of normal and injured mouse
liver. Development 136, 1951—1960

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Liver stem cells

Fougere-Deschatrette, C., Imaizumi-Scherrer, T., Strick-
Marchand, H., Morosan, S., Charneau, P., Kremsdorf, D.,
Faust, D.M., and Weiss, M.C. (2006) Plasticity of
hepatic cell differentiation: bipotential adult mouse
liver clonal cell lines competent to differentiate in vitro
and in vivo. Stem Cells 24, 2098—2109

Kamiya, A., Kakinuma, S., Yamazaki, Y., and
Nakauchi, H. (2009) Enrichment and clonal culture of
progenitor cells during mouse postnatal liver develop-
ment in mice. Gastroenterology 137, 1114—1126, 1126
ellll-1114

Knight, B., Akhurst, B., Matthews, V.B., Ruddell, R.G.,
Ramm, G.A., Abraham, L.J., Olynyk, J.K., and Yeoh,
G.C. (2007) Attenuated liver progenitor (oval) cell and
fibrogenic responses to the choline deficient, ethionine
supplemented diet in the BALB/c inbred strain of mice.
J. Hepatol. 46, 134—141

Strick-Marchand, H., Masse, G.X., Weiss, M.C., and
Di Santo, J.P. (2008) Lymphocytes support oval
cell-dependent liver regeneration. J. Immunol. 181,
2764-2771

Akhurst, B., Matthews, V., Husk, K., Smyth, M.J.,
Abraham, L.J., and Yeoh, G.C. (2005) Differential
lymphotoxin-beta and interferon gamma signaling
during mouse liver regeneration induced by chronic
and acute injury. Hepatology 41, 327-335

Knight, B., Yeoh, G.C., Husk, K.L., Ly, T., Abraham,
L.J., Yu, C., Rhim, J.A., and Fausto, N. (2000) Impaired
preneoplastic changes and liver tumor formation in
tumor necrosis factor receptor type 1 knockout mice.
J. Exp. Med. 192, 1809—1818

Jakubowski, A., Ambrose, C., Parr, M., Lincecum, J.M.,
Wang, M.Z., Zheng, T.S., Browning, B., Michaelson,
J.S., Baetscher, M., Wang, B., Bissell, D.M., and
Burkly, L.C. (2005) TWEAK induces liver progenitor
cell proliferation. J. Clin. Invest. 115, 2330—2340
Tirnitz-Parker, J.E., Viebahn, C.S., Jakubowski, A.,
Klopcic, B.R., Olynyk, J.K., Yeoh, G.C., and Knight, B.
(2010) Tumor necrosis factor-like weak inducer of
apoptosis is a mitogen for liver progenitor cells.
Hepatology 52, 291-302

Yovchev, M.I., Zhang, J., Neufeld, D.S., Grozdanov,
P.N., and Dabeva, M.D. (2009) Thymus cell antigen-
l-expressing cells in the oval cell compartment.
Hepatology 50, 601—611

Apte, U., Thompson, M.D., Cui, S., Liu, B., Cieply, B.,
and Monga, S.P. (2008) Wnt/beta-catenin signaling
mediates oval cell response in rodents. Hepatology 47,
288—-295

Hu, M., Kurobe, M., Jeong, Y.J., Fuerer, C., Ghole, S.,
Nusse, R., and Sylvester, K.G. (2007) Wnt/beta-catenin
signaling in murine hepatic transit amplifying progenitor
cells. Gastroenterology 133, 1579—1591

Itoh, T., Kamiya, Y., Okabe, M., Tanaka, M., and
Miyajima, A. (2009) Inducible expression of Wnt genes
during adult hepatic stem/progenitor cell response.
FEBS Lett. 583, 777781

Yang, W., Yan, H.X., Chen, L., Liu, Q., He, Y.Q., Yu,
L.X., Zhang, S.H., Huang, D.D., Tang, L., Kong, X.N.,
Chen, C., Liu, S.Q., Wu, M.C., and Wang, H.Y. (2008)
Whnt/beta-catenin signaling contributes to activation of
normal and tumorigenic liver progenitor cells. Cancer
Res. 68, 4287—4295

239

2102 ‘9z equisides uo [elidsoH uensuyd enybueyd fe /Bio'seulnolpioxo qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/



