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Hematopoiesis and the hepatic environment are
known to have a close relationship at the time of he-
patic development and systemic diseases. Recently,
transplanted cells isolated from bone marrow of ro-
dents and humans have been shown to differentiate
into oval cells, which are considered to be hepatic
stem cells, and hepatocytes in the liver. Then, purified
hematopoietic stem cells were shown to have the abil-
ity to replace original liver cells in mice with heredi-
tary tyrosinemia. In this review the interactions be-
tween hepatic stem cells are summarized and a
hypothesis of hepatic differentiation will be proposed.
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Are there stem cells in the livers in adult animals?
This question has been debated for about half a cen-
tury. Although many researchers around the world
have tried to identify and characterize such cells in
the liver, convincing results have not yet been re-
ported. Some candidates for hepatic stem or progeni-
tor cells such as oval cells and small hepatocytes
have been proposed. However, if the stem cells are
defined as undifferentiated, multipotent cells, and the
progenitor cells as nonhepatocyte epithelial cells
generating a dual lineage (biliary and hepatocytic)
with hepatocyte markers, it can be said that no
pure population of either type of cell has been isolated

Abbreviations used: HSC, hematopoietic stem cell; 2AAF,
2-acetylaminofluorene; PH, partial hepatectomy; DPPIV, dipeptidyl
peptidase 1V; ECM, extracellular matrix; NPC, nonparenchymal cell;
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from normal, injured or preneoplastic adult liver. Now,
however, it appears that we close to answering the
above question, owing to the great advances of hema-
topoietic cell research in the 1990s, especially identifi-
cation of surface markers of hematopoietic stem cells,
the development of cell sorting technology, and clini-
cal experience with bone marrow transplants. This
progress has indeed contributed to the successful iden-
tification of certain types of hepatic stem cells. Pe-
tersen et al. (1) first proved that bone marrow cells
transplanted into lethally irradiated rats migrated to
the liver and then differentiated into oval cells and
hepatocytes. Thereafter, similar results were reported
for mice (2) and human patients (3, 4). Very recently,
Lagasse et al. (5) showed that purified hematopoietic
stem cells (HSCs) could differentiate into hepatocytes
and replace parts of the liver in mice with hereditary
tyrosinemia with new mature hepatocytes from the
stem cells.

It seems obvious from historical studies about he-
patic development that most hepatocytes and bile duct
cells in the adult liver in animals originally derive from
hepatoblasts resident in the fetal liver. Thus, hepato-
blasts are considered to be bipotential stem/progenitor
cells of epithelial cells in the liver. However, we can
never find cells morphologically and phenotypically
similar to hepatoblasts in the normal adult liver, even
in the regenerating liver. Thus, we have to return to
the primary question: “Are there stem cells in the liver
in adult animals?”

Now most cell types related to the hepatic lineage
from bone marrow cells to mature hepatocytes may
appear on the stage. Therefore, the next steps of he-
patic stem cell research are to elucidate the mecha-
nisms of differentiation/maturation of each cell and to
clarify the roles of the various cells in the hepatic
lineage.
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CANDIDATES OF HEPATIC STEM CELLS

In certain conditions in the liver treated with hepa-
totoxins and hepatocarcinogens, or infected with he-
patic virus, epithelial cells different from mature hepa-
tocytes have been histologically found and designated
as follows.

(a) Oval Cells

When liver damage is so severe that hepatocytes are
largely killed or that their proliferation is prevented by
exposure to hepatotoxins or carcinogens, liver progen-
itor cells, so-called oval cells, appear in the periportal
areas of liver lobules. Oval cells are small cells with
scant cytoplasm and ovoid nuclei, and they are thought
to have the ability to proliferate clonogenically and a
bipotential capacity to differentiate into both hepato-
cytes and bile duct cells. To induce oval cells in the rat
liver, the combination of 2-acetylaminofluorene (2AAF)
treatment and two-thirds partial hepatectomy (PH)/
CCl, is often used. The continuous administration of a
low concentration of 2AAF suppress the proliferation of
hepatocytes and at the middle point of the treatment
(usually after 7 to 10 days) the animals are subjected to
a massive loss of hepatocytes by administration of CCl,
or PH. The lack of response of hepatocytes to growth
signals results in the rapid growth of oval cells. The
oval cells initially appear next to biliary ductules and
then some migrate into the hepatic parenchyma. The
origin of oval cells have been questioned, although
most researchers tend to believe that the cells may
come from the canals of Hering, which is a transitional
zone between the periportal hepatocytes and the bili-
ary cells lining the smallest terminal bile ducts. Recent
studies clearly showed that one of the original cells was
derived from bone marrow cells. Furthermore, detailed
tracing examination revealed that oval cells first
change into basophilic small hepatocytes and then dif-
ferentiate into mature hepatocytes.

(b) Bone Marrow-Derived Cells

The accumulation of data concerning oval cells has
revealed that a number of surface makers are shared
between hematopoietic stem cells and oval cells, in-
cluding c-kit, CD34, and Thy-1 in rodents, and c-kit and
CD34 in humans. In 1999 Petersen et al. (1) first
showed that a population of rat bone marrow cells
might give rise to oval cells in the liver and have the
potential to further differentiate into hepatocytes
and/or bile duct cells. To prove their results, they used
three different protocols combined with 2-AAF/CCI,
treatment: (1) Bone marrow cells obtained from male
rats were transplanted into lethally irradiated female
recipients and the fate of Y chromosome-positive cells
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in the livers of the recipients was investigated; (2)
marrow from dipeptidyl peptidase IV (DPPIV)-positive
male rats was transplanted into DPPIV-deficient fe-
male ones; and (3) whole liver transplantation with
Lewis rats that expressed the L21-6 antigen as recip-
ients was performed using Brown-Norway rats that did
not express the antigen as allogeneic donors to confirm
that an extrahepatic source could repopulate the trans-
planted liver. A similar approach using a mouse mar-
row transplant model without overt liver damage was
carried out and some hepatocytes were shown to ex-
press the markers of transplanted cells (2). Then, in a
human female liver receiving bone marrow transplan-
tation from a male donor and in male patients after
liver transplantation from a female donor, some hepa-
tocytes in the recipients possessed Y-chromosomes in
their nuclei (3, 4). In these studies, the number of cells
which underwent the transition appeared to be rela-
tively small. However, very recently, Laggasse et al. (5)
reported that only a small number of purified HSCs
could rescue the fumarylacetoacetate hydrolase (FAH)-
deficient mouse (a model animal of hereditary tyrosine-
mia type 1), which show a progressive liver failure. At
7 months after transplantation, more than 30% of
hepatocytes were replaced with donor-derived cells.

These results remind us of a familiar association
between hematopoiesis and the liver. Embryonic HSCs
first appear in the aorta—gonad—mesonephros region,
and migrate into the fetal liver. Most hematopoietic
cells leave the liver to the bone marrow and spleen
before birth. However, some HSCs can still persist in
the rodent liver into adulthood (6). In addition, the
adult liver can again become a site for hematopoiesis
when patients suffer from some diseases, for example,
myeloproliferative disorders such as myelofibrosis and
severe structural damage to the marrow secondary to
infiltration by tumor cells. To my knowledge, hemato-
poietic stem cells, which have the potential to differen-
tiate into hepatocytes and/or bile duct cells, may not
differentiate into hepatocytes or bile duct cells in any
other tissues or organs except the liver. The microen-
vironment in which the liver provides the stem cells
may be important for hepatic differentiation even in
adulthood, as well as in the fetus.

(¢) Small Hepatocytes

Small hepatocytes have been identified as proliferat-
ing cells with hepatic characteristics. We first found
a remarkable increase of small mononucleate cells
within primary hepatocytes cultured in medium sup-
plemented with 10 mM nicotinamide and EGF (7). A
small hepatocyte can proliferate and form a colony. The
growth speed is slow and 5 to 6 divisions occur within
10 days. The population of small hepatocytes in the
adult rat liver is estimated to be 1.5-2.0% of hepato-
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cytes, and the number of the cells decreases with age.
The cells can also be isolated from the human liver and
their clonal expansion has been demonstrated in cul-
ture. Although the cells can continue growing without
losing hepatic characteristics for several months, the
immortalization of the cells is so difficult that cell lines
have not yet been established. On the other hand,
clusters of small hepatocytes in vivo are observed in
rodents with severe liver diseases resulting from treat-
ment with hepatotoxins such as dipin, p-galactos-
amine, retrorsine and so on. Small hepatocytes also
appear in human livers suffering from acute viral hep-
atitis and that have recovered from fulminant hepati-
tis. Furthermore, pathologists often observe small cell
clusters in liver specimens from long-term chronic hep-
atitis and liver cirrhosis. Although the morphological
and histological appearance of the “small cells” ob-
served in in vitro and in vivo may be very similar, their
equivalence has not been proved. As specific antibodies
to small hepatocytes have not been found, the precise
origin or location within the liver cannot be defined
either.

DIFFERENTIATION/MATURATION
OF HEPATIC STEM CELLS

The relationships between the cells of hepatic lin-
eage mentioned above are shown in Fig. 1. In the late
period of the fetal liver, hepatoblasts differentiate into
small hepatocytes and the cells located in the peripor-
tal region may differentiate into bile duct cells. At the
commitment of either differentiation of the liver cells,
hematopoietic cells may play an important role be-
cause oncostatin M produced by CD45-positive hema-
topoietic cells in the fetal liver can induce the differ-
entiation of hepatoblasts, from fetal to postnatal
phenotypes, and make the microenvironment unfavor-
able for hematopoiesis (8). Therefore, most hematopoi-
etic cells leave the liver for the bone marrow and
spleen. However, some HSCs still remain in the liver
(6). On the other hand, the cells in the canals of Hering
are known to be c-kit™ and/or CD34" (9). These results
invite the speculation that some HSCs resident in or
circulating to the liver may integrate into the canals of
Hering and differentiate into hepatocytes or bile duct
cells. Most hepatic cells may be small hepatocytes in
the neonatal period and then actively divide with liver
growth.

Small hepatocytes in vitro can maintain the ability of
rapid proliferation unless hepatic nonparenchymal
cells (NPCs) such as stellate cells grow and attach to
them (10). When NPCs rapidly proliferate and invade
under colonies of proliferating small hepatocytes, mat-
uration of small hepatocytes is stimulated with accu-
mulation of an extracellular matrix (ECM). The cells
enlarge their cytoplasm that is rich in mitochondria,
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rough endoplasmic reticulum, peroxisomes and glyco-
gen. Some cells possess two nuclei. Thereafter, alter-
ation of the cellular morphology is attributed to the
reconstruction of hepatic tissues, which may mimic
hepatic plate formation (Fig. 2). Between the cells bile
canaliculi are formed, and these move actively. On the
other hand, proliferating small hepatocytes express
hepatocyte nuclear factor 4 (HNF4), whereas the ma-
tured large hepatocytes express CCAAT/enhancer
binding protein « and HNF6 in their nuclei as well as
HNF4 (unpublished observation). Changes of cell
shape may result in the sequential expression of liver-
enriched transcription factors. Although it is unclear
which ECMs can induce the maturation, these results
also fuel speculation that, in pre- and postnatal peri-
ods, the arrangement of plates in liver lobules may be
performed by the invasion of stellate and sinusoidal
endothelial cells. Plates several thick become 1 or 2
cells thick accompanying the maturation of hepatic
cells. When NPCs invade and secrete ECMs with form-
ing sinusoids, hepatic cells are becoming mature. In
adulthood, most dead hepatocytes may be compensated
for by new hepatocytes formed when neighboring ma-
ture ones divide, and dead bile duct cells may be re-
placed the same way as hepatocytes. Some cells in the
canals of Hering may contribute to the supplementa-
tion of hepatocytes and bile duct cells. When the cells
in the canals of Hering die, the loss may be compen-
sated for by circulating or resident HSCs. This may
explain why a very small number of bone marrow-
derived hepatocytes in liver plates was observed in
male patients without lethal irradiation or any liver
damage, to whom a female liver was transplanted.

At the time of an emergency of hepatic functions in
the adult mammal liver, responses to the growth sig-
nals of each cell may be dependent on the degree of the
damage: if the growth responses of mature hepatocytes
are suppressed and/or the continuous loss of hepato-
cytes finally consumes the mature hepatocytes that can
proliferate, the growth of small hepatocytes is acti-
vated and their clonal expansion occurs. In the case of
severe damage to liver cells accompanying hepatic dys-
function, when, for example, most hepatocytes are
dead and/or exposed to specific hepatotoxins, oval cells
rapidly proliferate and differentiate into small hepato-
cytes and then mature hepatocytes to compensate for
the loss. In this case, bone marrow cells will become a
major source of oval cells.

FUTURE PROSPECTS

Although the mechanisms of fetal hepatic develop-
ment have gradually been clarified, we do not have
enough clues as to how the differentiation and/or mat-
uration of hepatic stem cells occur in adulthood, from
HSCs to oval/canal of Hering's cells or bile duct cells
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Illustration of the interaction between hepatic stem cells. Thick blue arrows show the major stream of hepatic development and thin red

arrows represent emergent routes. Dotted arrows are other routes for which convincing results are not yet available. H-CFU-C (c-kit /CD45 /TER119 ")
cells, which were isolated from murine fetal liver cells and express hepatic and bile ductular markers, were recently introduced as hepatic stem cells (11).

and from oval/canal of Hering's cells to hepatocytes or
bile duct cells. We now know that, when hepatic stem
cells are transplanted to the conditioned liver that
possesses a genetic alteration, or to which a certain
treatment has already been applied, the cells can be
integrated into hepatic plates several months later.
The cells then change their phenotype to that of ma-
ture and/or bile duct cells, and the liver sometimes
replaces original hepatocytes with the descendants of
transplanted ones. Although the entrance and the exit
are so clear, the inside of the liver is a black box. To
clarify the mechanisms of hepatic differentiation/
maturation, we must establish new culture systems in
which the proliferation and differentiation/maturation
of hepatic stem cells can be freely manipulated and the
interaction between hepatic stem cells and other types
of liver cells such as stellate cells, sinusoidal endothe-
lial cells, and Kupffer cells, can be investigated. Such
investigations using hepatic stem cells will contribute
to the construction of an artificial liver and the forma-
tion of hepatic tissues ex vivo as well as to cell trans-
plantation therapy.

FIG. 2. A small hepatocyte colony possessing piled-up cells on
the colony at day 84. The piled-up cells proliferate like forming
hepatic plates, which consist of mature hepatocytes.



Vol. 281, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS

| am grateful to Drs. Shinichiro Ikeda, Shinichi Sugimoto, Keisuke
Harada, Fumihiko Sato, Toru Mizuguchi, and Yohichi Mochizuki for
helping with my work. | also thank Ms. M. Kuwano, Ms. Y. Taka-
hashi, and Mr. H. Itoh for technical assistance, and thank Mr. K.
Barrymore for help with the manuscript.

REFERENCES

1. 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) Science 284, 1168-1170. [This is the first paper
reporting that bone marrow-derived cells can differentiate into
oval cells and hepatocytes.]

2. Theise, N. D., Badve, S., Saxena, R., Henegariu, O., Sell, S.,
Crawford, J. M., and Krause, D. S. (2000) Hepatology 31, 235—
240.

3. Alison, M. R., Poulsom, R., Effer, R., Dhillon, A. P., Quaglia, A.,
Jacob, J., Novelli, M., Prentice, G., Williamson, J., and Wright,
N. A. (2000) Nature 406, 257.

4. Theise, N. D., Nimmakayalu, M., Gardner, R., lllei, P. B., Mor-
gan, G., Teperman, L., Henegariu, O., and Krause, D. S. (2000)
Hepatology 32, 11-16. [Note: The first four papers showed that
human and murine bone marrow-derived cells could turn into
hepatocytes.]

5. Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M., Dohse,
M., Osborne, L., Wang, X., Finegold, M., Weissman, I. L., and
Grompe M. (2000) Nature Med. 6, 1229-1234. [This paper first

10.

11.

showed that the livers of mice with hereditary tyrosinemia can
be replaced with transplanted purified hematopoietic stem cells.]

. Taniguchi, H., Toyoshima, T., Fukao, K., and Nakauchi, H.

(1996) Nature Med. 2, 198-203. [This paper showed that hema-
topoietic stem cells exist in the adult murine liver.]

. Mitaka, T., Mikami, M., Sattler, G. L., Pitot, H. C., and Mochi-

zuki, Y. (1992) Hepatology 16, 440—447. [This paper showed the
existence of a population that could clonally expand in primary
hepatocyte cultures and the cells were designated small hepato-
cytes.]

. Kinoshita, T., Sekiguchi, T., Xu, M.-J., Ito, Y., Kamiya, A., Tsuji,

K., Nakahata, T., and Miyajima, A. (1999) Proc. Natl. Acad. Sci.
USA 96, 7265-7270. [This paper showed that oncostatin M could
induce hepatic differentiation of hepatoblasts in the murine
liver.]

. Theise, N. D., Saxena, R., Ormann, B. C., Thung, S. N., Yee, H.,

Chiriboga, L., Kumar, A., and Crawford, J. M. (1999) Hepatology
30, 1425-1433. [This paper showed that cells in canals of Hering
expressed c-kit and CD34.]

Mitaka, T., Sato, F., Mizuguchi, T., Yokono, T., and Mochizuki,
Y. (1999) Hepatology 29, 111-125. [This was first paper report-
ing that small hepatocytes can differentiate into mature ones by
interacting with hepatic NPCs and that NPCs may play an
important role in the hepatic morphogenesis by secreting ECM.]
Taniguchi, H., Suzuki, A., Zheng, Y., Kondo, R., Takada, Y.,
Fukunaga, K., Seino, K., Yuzawa, K., Otsu, M., Fukao, K., and
Nakauchi, H. (2000) Transplant. Proc. 32, 249-25. [Another
candidate for hepatic stem cells in the murine fetal liver was
recently introduced.]



	CANDIDATES OF HEPATIC STEM CELLS
	DIFFERENTIATION/MATURATION OF HEPATIC STEM CELLS
	FUTURE PROSPECTS
	FIG. 1
	FIG. 2

	ACKNOWLEDGMENTS
	REFERENCES

