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long history, but there is now sufficient evidence

to indicate that such cells do exist in adult ani-
mals and probably also in humans (see Refs. 1-6 for
reviews). They constitute a reserve compartment that
is activated in situations of severe liver injury in which
hepatocytes cannot mount an appropriate proliferative
response. Proliferation of cells of this compartment is
seen at the early stages of hepatocarcinogenesis induced
by many chemicals as well as in noncarcinogenic toxic
injury, such as that produced by galactosamine admin-
istration. The nonparenchymal epithelial cells that can
be detected in these conditions received the name “oval
cells” because of their shape. Oval cells are not, how-
ever, a homogeneous population, but rather form a
cellular compartment that contains cells at various
stages of differentiation, either in the hepatocyte or bile
duct lineages. A very small proportion of these cells
seem capable of serving as progenitors for both lineages
and could be considered to be stem cells (1-6).

The search for liver stem cells, which started with
the analysis of cell lineages in hepatocarcinogenesis, has
now been extended to encompass work in fetal and
adult normal livers as well as acutely injured liver. The
central concept that emerged from these studies is that
the adult liver contains facultative stem cells located in
the small ductular segments (Hering canals) that con-
nect hepatocytes with the ducts of the biliary tree. These
cells appear capable, at least under certain conditions,

The search for liver stem or progenitor cells has a
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of functioning as bipotential progenitors and to give
rise to normal or transformed hepatocytes. It is a matter
of debate whether the term stem cell is entirely appro-
priate because such cells may be part of a well-defined
ductular segment. Regardless of the terminology used
to describe these cells (stem cells, progenitor cells, etc.)
there is good experimental evidence to indicate that: (i)
they originate during fetal development from hepato-
blasts which form primitive intrahepatic bile ducts; and
(i1) they give origin to the oval cell compartment, which
is prominent in carcinogenesis and some forms of non-
carcinogenic injury in which hepatocyte replication is
inhibited or slow.

In the normal liver, hepatocytes located near portal
spaces have a higher proliferative capacity than perive-
nous cells and slow cell streaming occurs (7, 8). These
observations do not, however, imply that the normal
liver is a typical stem cell system with slow kinetics
because: (i) almost all hepatocytes in the lobule are
capable of proliferating (9); (ii) even hepatocytes with
the highest proliferative capacity are highly differen-
tiated cells (10, 11); (iii) regeneration of the liver after
partial hepatectomy does not seem to depend upon the
proliferation of a localized stem cell compartment (12);
(iv) generation of hepatocytes from progenitor cells in
carcinogenesis and galactosamine injury are abnormal
or atypical proliferative processes that disrupt the he-
patic architecture (13, 14).

There have been remarkable advances in basic
concepts and experimental data related to liver stem
cells and an exciting component of these studies has
been the realization that the bile duct and hepatocyte
lineages that appear to be completely separate in their
differentiated forms are in reality interconnected line-
ages with a common origin (15, 16). Furthermore, some
ductular cells in the adult liver and pancreas retain a
high degree of plasticity, as indicated by the generation
of intestinal glands and pancreatic acini in the liver and
the formation of hepatocytes from pancreatic ductules
in conditions of severe injury to each of these organs
(17). Nevertheless, enormous gaps in our knowledge
remain. Some of the more pressing problems include:
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(i) understanding the mechanisms that activate the
facultative stem cell compartment (these may include
growth factors, cell-cell and cell-matrix interactions,
transcriptional activators, etc.); (ii) development of in
vitro systems to study the steps involved in hepatocyte
differentiation from precursor cells and the mecha-
nisms that regulate each step; (iii) development of effi-
cient systems for introducing genetic markers in puta-
tive stem cells in the normal liver and study their
developmental fate; and (iv) better definition of the
transactivating factors required for cell lineage (hepa-
tocyte and bile duct) and tissue (liver, pancreas, intes-
tine) specification.

Where Do Progenitor Cells in Adult Liver
Come From?

Studies of stem cells in adult liver seek to define
their developmental potential, identify the cells by
marker expression and functional assays, and under-
stand the factors that control their differentiation. None
of these objectives can be achieved without a proper
understanding of liver development. How endodermal
cells become determined to form the liver and how
these committed cells differentiate into the liver cell
lineages are two of the fundamental issues that relate
directly to the formulation of stem cell concepts appli-
cable to the adult liver. Little is known about the
mechanisms of endodermal cell commitment, mostly
because it is difficult to establish appropriate mamma-
lian cell systems to study this question. Induction by
cardiac mesoderm is required for liver formation, but
it is conceivable that the commitment process of en-
dodermal cells starts with an even earlier event that
gives the cell the capacity to react to the inducive stimuli
(18, 19). Much more is known about the generation of
hepatoblasts from committed endodermal cells and the
establishment of specific lineages from hepatoblasts,
but the control mechanisms for both of these develop-
mental steps are still poorly understood. Several inves-
tigators have examined in rats and mice the expression
of markers in the endodermal cells of the liver primor-
dium before cord formation, the formation of intra-
and extrahepatic biliary ducts and the steps involved in
hepatocyte maturation (15, 20-23).

The liver develops from a diverticulum of the
ventral floor of the foregut. The founder cells invade
the mesenchyma of the septum transversum containing
the vitelline veins. Endodermal cells eventually generate
hepatocytes and nonparenchymal epithelial cells
whereas the mesenchyma (which also contains elements
of the celomic mesothelium) gives rise to sinusoidal
lining cells (18, 19). The hemopoietic cells of the fetal
liver have an extrahepatic origin derived from stem
cells that migrate from the yolk sac (24). Hepatic de-
velopment from the foregut diverticulum depends on
interactions between endodermal cells and the sur-
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rounding mesoderm. In avian embryos, commitment
of these cells to becoming hepatic progenitors requires
the inductive effect of cardiac mesoderm at the five-
somite stage. At a later state of development (20 som-
ites), differentiation of already committed hepatic en-
dodermal cells into hepatoblasts depends on interac-
tions with the hepatic mesoderm (18, 19, 24).

At 10.5 days of development in rats (10- to 14-
somite stage), the liver primordium can be recognized
as a thickening of the ventral foregut containing about
100 cells (15). These cells, but not those of the adjacent
endoderm, contain «-fetoprotein (AFP) mRNA as
shown by in situ hybridization. Expression of the pro-
tein is detectable 1 day later at 11.5 days of develop-
ment. Albumin mRNA expression is first detected at
11.5 days, followed | day later by the protein. Thus,
AFP mRNA transcription occurs in committed cells
before liver morphogenesis, while translation of the
protein coincides with the formation of hepatic cords.
Albumin mRNA and protein appear | day later than
the respective AFP molecules (15).

Shiojiri and collaborators (22) have done extensive
studies on AFP and albumin expression in the liver
primordium of mouse embryos and analyzed the for-
mation of intra- and extrahepatic bile ducts. Using
immunofluorescence methods, they detected AFP at 9-
9.5 days of development and both AFP and albumin at
10.5-11.5 days. Based on this work, Shiojiri ez al. (22)
concluded that the earliest liver cell in mice is AFP*,
albumin™ and that these cells become AFP*, albumin®
at the time of cord formation. Cascio and Zaret (20)
studied the expression of albumin mRNA in mice by
in situ hybridization and found that mRNA expression
was first detected in the liver primordium at 9.5 days
of development. They suggested that the initial expres-
sion of albumin mRNA in endodermal cells requires
close contact with the mesenchyme and showed that
expression of albumin mRNA was highly enhanced by
the cell interactions that occur during organogenesis.

Parenchymal cells forming hepatic cords from
Days 10 to 17 in rat liver development are generally
referred to as hepatoblasts. These cells have a broader
developmental potential than parenchymal cells at 18
days of development (immature hepatocytes) and share
few characteristics in common with mature hepatocytes
of adult livers. Hepatoblasts can have three different
fates in liver development: (i) differentiation into he-
patocytes; (i) generation of intrahepatic biliary ducts;
and (iii) formation of portions of the extrahepatic ducts
(1-3). The process of development of primitive intra-
hepatic bile ducts from hepatoblasts is of particular
interest for the stem cell question. In rats, mice, and
most likely also in humans, AFP*, albumin* hepato-
blasts located near large vascular spaces close to the
hilus give rise to primitive intrahepatic bile ducts (15,
23). These structures contain cells that express AFP



and albumin as well as cytokeratins. In the rat, the
pattern of cytokeratin expression is a particularly good
marker for these cells, as surrounding hepatoblasts con-
tain only cytokeratins 8 and 18 and expression of
cytokeratins 7 and 19 is present exclusively in the newly
formed ducts (15, 23). In humans, a significant propor-
tion of hepatoblasts express cytokeratin 19 in early
gestation (16, 25). The expression of this marker in-
creases in cells near vascular spaces forming ducts, but
progressively decreases and is no longer detectable after
14 weeks of gestation in the hepatoblasts that mature
into hepatocytes in the rest of the parenchyma. In adult
livers of rodents and humans, hepatocytes express only
cytokeratins 8 and 18, while bile ducts express cytoker-
atins 7, 8, 18, and 19 (16).

The cells of primitive intrahepatic bile ducts can
be considered as transitional because they express
markers of both hepatocyte (AFP, albumin, and the
cell surface antigen HES6) and bile duct (cytokeratin 7
and 19, y-glutamyltransferase, and the cell surface an-
tigen BDS7) lineages, a pattern of expression also found
in the oval cell compartment of hepatocarcinogenesis
(26-29). On the basis of these data, we have suggested
that the primitive intrahepatic bile ducts formed from
AFP*, albumin* hepatocytes at 15.5-18 days of devel-
opment in the rat are the embryological counterparts
of progenitor or stem-like cells in the oval cell com-
partment and constitute the source of such cells present
in normal liver (see below). The developmental inter-
connection between the hepatocyte and bile duct line-
ages explains why lineage transitions in either direction
may commonly occur in normal and pathologic states.

That hepatocytes obtained from 11-to 13-day fetal
rat and mouse liver are bipotential lineage progenitors
has been demonstrated in two ways. Transplantation
of fragments of 11- to 13-day liver containing only
hepatocytes (intrahepatic bile ducts have not yet ap-
peared at this stage) into ectopic sites leads to the
appearance of both mature hepatocytes and ductular
structures (15). Furthermore, Germain et al. (21) were
able to isolate Day 12 fetal liver cells and plate them in
culture on fibronectin-coated dishes. At the start of the
cultures, the cells expressed AFP, albumin, cytokeratin
8, and an antigen recognized by monoclonal antibody
BPCS. Depending on culture conditions, the cells could
be induced to undergo differentiation into the hepato-
cyte or bile duct lineages. Hepatocyte differentiation
was promoted by addition of dimethyl sulfoxide, trans-
forming growth factor-3, and insulin-like growth factor-
I1, while sodium butyrate induced ductular differentia-
tion. The bipotential progenitor capacity of these cells
decreased progressively during development until dif-
ferentiation became restricted only to the hepatocyte
lineage. The proportion of parenchymal cells capable
of differentiating into both lineages dropped from 70%

at Day 12 to 20% and 5%, respectively, at Day 18 and
5 days after birth (21).

In summary, studies of liver development have
shown that: (i) committed endodermal cells that will
form the liver contain AFP mRNA and that albumin
mRNA expression appears at about the same time as
AFP or a day later; (ii) hepatocytes formed from these
endodermal cells have dual lineage progenitor capacity
and give rise to mature hepatocytes, intrahepatic bile
ducts, and portions of the extrahepatic ducts; (iii) for-
mation of primitive intrahepatic ducts, which starts at
15.5 days in rat liver and at 9 weeks of gestation in
humans, involves transitional cells that may correspond
to progenitors in adult tissue which are capable of
expressing hepatocyte and bile duct markers and are
the source of the oval cell compartment of carcinogen-
esis and liver injury. :

Stem Cells in Normal Liver

The analysis of liver development and the studies
of cell populations in hepatocarcinogenesis provide a
framework for predicting the localization of putative
liver stem cells in adult normal liver and the types of
markers they may express. Given the pattern of prolif-
eration of the oval cell compartment in carcinogenesis
and the histogenesis of primitive intrahepatic bile ducts
in development, it is logical to expect that putative stem
cells should be localized in the smallest units of the
biliary tree closest to the parenchyma. These units are
the canals of Hering, structures that are lined by both
hepatocytes and duct cells and extend through the
limiting plate to form a connection between parenchy-
mal hepatocytes and interlobular ducts. They are also
referred to as cholangioles, terminal ducts, or ductules,
although some authors make a distinction between
canals of Hering and ductules (30).

Ductular stem cells in normal liver should express
AFP as well as typical ductal cell markers, such as
cytokeratins 7, 8, 18, and 19. However, it is possible
that the degree of differentiation and the expression of
markers are heterogeneous among ductules, reflecting
the time of their embryologic origin. Intrahepatic bile
duct formation during liver development in rats starts
at 15.5 days and continues up to about the second
postnatal week. Although the process of duct formation
is the same throughout this period, the cells from which
the ductular structures originate progressively change
(15). At first, primitive intrahepatic bile ducts are gen-
erated from AFP* hepatoblasts. At later stages, ductules
originate from immature hepatocytes and postnatally
they are formed from more mature hepatocytes that no
longer express AFP. As indicated by the work of Ger-
main et al. (21) on the lineage-generating properties of
hepatoblasts, intrahepatic bile ducts formed during the
neonatal period probably do not contain bipotential
progenitor cells, in contrast to ductules formed earlier
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in development. Studies using monoclonal antibodies
generated against oval cell and fetal liver antigens have
shown that there is considerable heterogeneity in the
reactivity to these antibodies by bile ducts and ductules
of the adult liver (6). It remains to be established
whether any of these monoclonal antibodies specifically
recognize bipotential progenitor cells.

Because AFP is expressed by the earliest liver cells
at the time of formation of the hepatic primordium,
this protein should be a good marker for the identifi-
cation of putative stem cells in normal adult livers.
However, there are some complications with the use of
AFP as a marker because the rat liver contains muitiple
forms of AFP mRNA and some truncated species of
the protein are present in adult normal liver (31). In
addition to the 2.1-kb AFP mRNA encoding the 68- to
70-kDa protein, which is abundantly expressed in fetal
liver and the oval cell compartment, other less abun-
dant AFP RNA forms were identified in fetal and adult
rat liver. These AFP mRNA variants are produced by
differential exon usage of the AFP gene and code for
smaller proteins that can be precipitated by antibodies
generated against the full-length molecule. A 1.7-kb
mRNA is found only in fetal liver, whereas the adult
normal liver contains variants of 1.4 and 1.0 kb corre-
sponding to 3’-exons of the gene, which encode trun-
cated forms of the protein of approximately 44-58 kDa.
In normal rat hepatocytes, transcription of the 2.1-kb
AFP mRNA is shut off at the early neonatal stages, but
transcription of the smaller variants, possibly initiated
by internal promoters in the gene, is active in hepato-
cytes of the adult liver (31). Given these findings, our
search for stem cells in normal liver using AFP as a
marker needed to be formulated more precisely and
was guided by the following questions: (i) Are there
cells in adult liver that express 2.1-kb AFP mRNA,
indicating that transcription of the fetal form of AFP
was not shut off in such cells? (i1) Would these cells be
localized in the canals of Hering? And (iii) do these
cells have bipotential progenitor properties?

Studies by Lemire and Fausto (31) demonstrated,
by serial sectioning and in situ hybridization with
probes that are specific for 2.1-kb AFP mRNA, that a
very small number of cells localized in bile ductules
(Hering canals) inside portal spaces in adult rat liver
express this mRNA. The fetal form of AFP mRNA was
also found in some rat hepatocytes in the parenchyma
(approximately 1 in 20,000 cells), with no preferential
zonal distribution in the lobule. Labeling studies with
bromodeoxyuridine revealed that these hepatocytes
were not undergoing replication. Although the signifi-
cance of these hepatocytes is at this time entirely un-
known, the ductular cells that express the fetal form of
AFP mRNA in normal adult rat liver could conceivably
be liver stem cells. Caution is necessary, however, in
accepting this interpretation. These cells have not been
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isolated and conclusions about their developmental
potential are assumptions that need to be verified ex-
perimentally. Marceau et al. (5) have suggested that
ductular cells that express fetal AFP mRNA in adult
rat liver are unlikely to be bipotential progenitors be-
cause they lack certain markers, and in contrast to
hepatoblasts, they do not react with monoclonal anti-
body BPC5. Another point for further study is that Sell
and Salman (32) found that the first cells to divide
when the proliferation of the oval compartment starts
in early carcinogenesis are localized in periductular
spaces rather than in ductular structures. All of these
uncertainties can be resolved by tracing the develop-
mental fate of specific ductular cells after introduction
of genetic markers both in vivo and in vitro and when
methods to isolate these cells in reasonably pure form
become available. These goals, although difficult to
achieve in view of the small proportion of putative stem
cells which are present in adult rat liver, are being
actively pursued in this and other laboratories.
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