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Abstract

AIM: The origin of putative liver cells from distinct bone
marrow stem cells, e.g. hematopoietic stem cells or
multipotent adult progenitor cells was found in recent
in vitro studies. Cell culture experiments revealed a key
role of growth factors for the induction of liver-specific
genes in stem cell cultures. We investigated the potential
of rat mesenchymal stem cells (MSC) from bone marrow
to differentiate into hepatocytic cells in vitro. Furthermore,
we assessed the influence of cocultured liver cells on
induction of liver-specific gene expression.

METHODS: Mesenchymal stem cells were marked with
green fluorescent protein (GFP) by retroviral gene
transduction. Clonal marked MSC were either cultured
under liver stimulating conditions using fibronectin-coated
culture dishes and medium supplemented with SCF, HGF,
EGF, and FGF-4 alone, or in presence of freshly isolated
rat liver cells. Cells in cocultures were harvested and GFP+
or GFP- cells were separated using fluorescence activated
cell sorting. RT-PCR analysis for the stem cell marker
Thy1 and the hepatocytic markers CK-18, albumin, CK-19,
and AFP was performed in the different cell populations.

RESULTS: Under the specified culture conditions, rat MSC
cocultured with liver cells expressed albumin-, CK-18,
CK-19, and AFP-RNA over 3 weeks, whereas MSC cultured
alone did not show liver specific gene expression.

CONCLUSION: The results indicate that (1) rat MSC from
bone marrow can differentiate towards hepatocytic
lineage in vitro, and (2) that the microenvironment plays
a decisive role for the induction of hepatic differentiation
of rMSC.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

The existence of putative liver stem cells in the bone marrow
was first demonstrated by Petersen et al[1], who showed that
bone marrow cells transplanted into lethally irradiated mice
engrafted in the recipient’s liver differentiated into liver
stem cells (oval cells) or mature liver cells (hepatocytes).
These in vivo results were confirmed by mouse experiments[2]

and in patients who received a bone marrow transplantation
or peripheral blood stem cell t ransplantation for
hematological disorders[3-5]. Furthermore, Lagasse et al[6],
found liver-specific gene expression and function in
FACS-sorted mouse hematopoietic stem cells (HSC, KTLS
cells: c-kithigh, thy1+/–, linneg, sca-1+) after transplantation into
FAH-deficient mice. Recent studies in the same animal model
indicated that cells observed in the recipients’ liver after
stem cell transplantation bearing donor markers and liver
specific markers were rather a product of cell fusion than
of a real “transdifferentiation”[7,8]. However, variable data
concerning cellular fusion vs transdifferentiation as the
mechanism of liver-like differentiated cells derived from
bone marrow were found in other animal models:
Engraftment of human albumin producing cells in livers
of  NOD/SCID recipient mice was observed after
xenogeneic transplantation of human hematopoietic or
umbilical cord blood stem cells. However, fusion events
were not ruled out[9]. In contrast to these results, two studies
using similar settings found liver specific differentiation of
the transplanted cells occurring without any evidence of
cell fusion events after transplantation of human sorted
CD34+ or unsorted mononuclear cord blood cells into
NOD/SCID mice[10,11]. These results were supported by a
recent report of Jang et al[12], showing conversion of HSC
into viable hepatocytes in vitro and in vivo, notably without
any cell fusion.

Several in vitro studies suggested the differentiation
potential of various types of bone marrow cells/stem cells
towards hepatocytic cells under appropriate culture
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conditions. Oh et al[13], found an expression of the liver
specific genes alpha-fetoprotein (AFP) and albumin in
cultures of unsorted rat bone marrow cells after 21 d. The
liver specific gene expression was induced by hepatocyte
growth factor (HGF) and was mediated by the expression
of its receptor c-met. The expression of liver specific genes
(albumin, cytokeratins (CK)) in cultured human CD34-
positive hematopoietic stem cells or mononuclear cord blood
cells was also demonstrated to be induced by HGF in culture
[14,15].

From cultures of mature hepatocytes it is known that
important stimuli for an adequate maintenance of cellular
function in vitro are (1) the addition of  growth hormones
and cytokines to the culture medium[16,17], (2) coating culture
dishes with extracellular matrix (ECM) molecules[18,19], and
(3) coculturing with other cell types[20,21]. In stem cell cultures,
Miyazaki et al[22], showed an induction of the liver specific
genes, albumin, tryptophan-2, 3-dioxygenase and tyrosine
amino-transferase of rat bone marrow cells indicating a
maturation towards hepatocytes when cultured in a
hepatocyte growth medium supplemented with HGF and
epidermal growth factor (EGF). Avital et al[23], demonstrated
that 2-microglobulin-negative Thy1-positive stem cells
residing in rat bone marrow expressed the liver marker
albumin. In cocultures of these cells with hepatocytes
(separated by a PTFE-membrane), cells were shown to
adopt metabolic activity after 7 d in culture. An important
influence of hepatocytes on the differentiation of stem cell
enriched bone marrow was also highlighted by Okumoto
et al, Here, immuno-selected bone marrow stem cells
cultured in the presence of HGF and fetal bovine serum
(FBS) expressed the markers, hepatic nuclear factor 1
(HNF1-) and CK-8 only after 7 d. In cocultures with
hepatocytes seperated by a semipermeable membrane, the
stem cells additionally expressed the liver specific markers-
AFP and albumin[24]. This suggested that cocultured
hepatocytes have a stimulatory effect for the differentiation
of stem cells toward liver cells, which was mediated by
soluble factors. For the culture of  adult hepatocytes, it has
been shown that cell-to-cell or cell-to-matrix contacts also
play an important role for the control of liver specific
differentiation[25]. Thus, an optimal in vitro environment for
the induction of liver specific differentiation in stem cells
should be achieved by cocultures with liver cells.

Besides the HSCs, bone marrow contains nonhematopoietic,
i.e. mesenchymal stem cells (MSC) reported to differentiate
into cell lineages of  all three germ layers[26-29]. One distinct
adherent growing cell population derived from bone marrow
was described by Schwartz et al[30]. The authors isolated
CD45- and GlycophorinA-depleted multipotent adult
progenitor cells (MAPC) from rat, mouse, or human
plastic-adherent bone marrow cells that expressed liver
specific markers after 14 d in culture with FGF and HGF,
e.g. albumin and CK-18. However, the relation between
MSC and MAPC remains unclear. MAPCs were separated
differently from bone marrow in comparison to MSCs and
appear after long periods of time in vitro using low serum
concentrations. For cloned MSCs, differentiation in hepatic
cells has not been shown yet. Additionally, little evidence
for cell fusion in MSC cultures has been published so far.

Recently, coculture of MSCs with heatshocked airway
epithelial cells revealed the differentiation into epithelial
cells[31]. Cell fusion in this setting was a rather frequent than
a rare event with a frequency of ≈10-2 and has to be
expected in other experimental settings as well.

In this study, we investigated the potential of rat
mesenchymal stem cells derived from adult bone marrow
to differentiate into hepatic lineage cells in vitro. Furthermore,
we assessed the impact of coculture with adult liver cells
permitting cell-cell contacts for the initiation of  liver specific
gene expression.

MATERIALS AND METHODS

An outline of the experimental design is shown in Figure 1.

Figure 1  Experimental design. rMSC were harvested from rat bone marrow
and were transduced with GFP and cloned. Cloned GFP+ rMSC were expanded
and either seeded with hepatocytes in cocultures or alone. Controls included
hepatocytes cultured alone. Cells were cultured for 7, 14, or 21 d. Cocultured
cells were sorted by FACS into GFP+ (rMSC-derived) or GFP- (hepatocyte-
derived) cells. Gene expression analysis for stem cell marker or liver specific
genes was performed by RT-PCR.

Isolation, transduction, and cloning of rat mesenchymal

stem cells
Bone marrow was harvested from Lewis.1WR2 rats by
flushing femurs and tibiae with icecold IMDM (Gibco BRL,
Karlsruhe, Germany) and 10% fetal calf  serum (FCS,
Gibco). Cells were centrifugated at 400 r/min for 10 min
at 4 ℃. The pellet was suspended in DMEM/Hams-F12
medium (1:1; Biochrom, Berlin, Germany) supplemented
with 20% preselected fetal bovine serum (FBS, Biochrom),
2 mol/L L-glutamine (Gibco), 100 U/mL penicillin, and
100 mg/mL streptomycin (both Gibco). Cells of one
femur and one tibia were seeded in tissue culture flasks
(A = 75 cm2, Greiner, Frickenhausen, Germany). Non-
adherent cells were removed after 3 d by washing the
cultures with PBS (Gibco). Plastic adherent cells were grown
to near confluency, and were passaged twice. Retroviral
gene transduction with ectropic-packaged GFP was
performed as described elsewhere[32]. In brief, cells were
removed from cultures with Trypsin/EDTA (Gibco), and
1×103 MSC/well were seeded in six-well culture plates.
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2×106 virus particles containing the ectropic vector SF11-
GFP[33] and 4 µg/mL protamine sulfate (Gibco) were added,
and the culture plates were centrifuged for 1 h with 1 000 r/min
at room temperature. Transduction efficiency was 25.5%,
as determined by FACS analysis (BD FACScan with
CellQuest software, BD Heidelberg, Germany). After
transfection, 0.3 cells were seeded per well in 96 well plates
for cloning. The clones were checked for GFP expression
with a fluorescence microscope. GFP-positive clones were
expanded and the clone with the highest proliferation
capacity was chosen for further work (IG3 clone). Clonal
GFP-marked rMSC were stored frozen at -196 ℃ until
culture for cell differentiation.

Hepatocyte isolation
Hepatocytes were isolated from Sprague-Dawley rats by
two step collagenase perfusion described by Seglen[34] and
performed in our laboratory[35]. Briefly, donor animals
received 250 U heparin (Liquemin, Hoffmann La-Roche,
Mannheim, Germany) prior to cell isolation. After cannulation
of the portal vein, the liver was perfused with a calcium-free
buffer solution [1 000 mL distilled water, 8.3 g NaCl, 0.5 g
KCl, 2.38 g HEPES (Sigma, Seelzen, Germany); pH 7.4;
flow 30 mL/min] at 37.0 ℃ for 7 min. Then, the liver was
perfused with a collagenase solution [1 000 mL distilled
water, 8.3 g NaCl, 0.5 g KCl, 2.38 g HEPES, 0.7 g
CaCl2·2H2O, 7.5 mg trypsin-inhibitor (ICN, Eschwege,
Germany) and 500 mg collagenase (Collagenase H,
Boehringer Mannheim, Mannheim, Germany); pH 7.35;
flow 30 mL/min] at 37 ℃ for 8-11 min. The perfused
liver was resected, and the cells were released by gentle
shaking and collected in 20 mL Williams medium E without
L-glutamine (Gibco). The cell suspension was filtered using
a 200 µm nylon mesh and washed twice with Williams
medium E (centrifugation at 50 r/min; 4 ℃ for 3 min).
Cells were purified by PercollR (density 1.13 g/mL; Sigma)
gradient centrifugation (400 r/min; 4 ℃ for 12 min) and
washed twice in Williams medium E.

Coculture of rMSC with rat hepatocytes
GFP-transduced and cloned rMSC from passage (P) nine
or later (≥P 9) were cocultured with freshly isolated rat
hepatocytes. As controls, rMSC and rat hepatocytes cultured
alone were included. Cultures were analyzed at d 0, 7, 14,

and 21. Cells were seeded into culture wells coated with
4 µg/well fibronectin (FN, Sigma) in 24-well plates
(Greiner). The culture medium used for the differentiation
in cocultures consisted of Stem Span serum-free essential
medium (SFEM, Stem Cell Technologies, St. Katherinen,
Germany) supplemented with 100 mg/mL penicillin/
streptomycin (Gibco), 2.5 nmol/L dexamethasone
(Sigma), 100 ng/mL human recombinant stem cell factor
(SCF), 20 ng/mL hepatocyte growth factor (HGF, both
Immunotools, Friesoythe, Germany), 50 ng/mL epidermal
growth factor (EGF), and 10 ng/mL fibroblast growth
factor-4 (FGF-4, both R&D, Wiesbaden, Germany).

9×104 rMSC were seeded per well for MSC-controls,
or 6×104 hepatocytes per well for hepatocyte controls. For
cocultures of rMSC with rat hepatocytes 9×104 rMSC per
well were preseeded in 24 well-plates for 2-3 h. Then, 6×104

hepatocytes per well were added to the cultures. Medium
was changed twice a week.

Separation of GFP-positive and -negative cells in cocultures
by fluorescence activated cell sorting (FACS)
After the culture period, cells from cocultures were
trypsinized, counted with trypan blue, and resuspended in
3 mL PBS. To get single cell suspension, cells were filtered
through a 35 µm filter (BD, Heidelberg, Germany). Cells
were sorted using the FACS AriaTM Cell Sorter (BD) into
GFP-positive (GFP+) or GFP-negative (GFP-) cells,
focusing on the highest possible purity of GFP+ cells.

RNA extraction from cells, reverse transcription and polymerase
chain reaction (RT-PCR)
RNA was extracted using the Invisorb Spin Cell-RNATM

Mini-kit (Invitek, Berlin, Germany) according to the
manufacturer’s instructions. RNA was stored at -80 ℃.
Reverse transcription (RT) of  extracted RNA was performed
using the bulk first-strand c-DNA synthesis kit (Amersham,
Freiburg, Germany). The cDNA was stored at -20 ℃. For
the semiquantitative PCR reaction, 5 µL cDNA-template
was mixed with 2.5 µL 10× PCR-buffer, 0.5 µL 10 mmol/L
dNTPs, 0.5 µL of each primer (50 ng/µL), and 0.5 µL
polymerase (Ampli-Taq., Gibco) in a total volume of  25 µL
for each probe. PCR was carried out in a programmable
Biometra Uno-Thermobloc (Biometra, Göttingen,
Germany) using the primers and conditions is shown in

Table 1  RT-PCR analysis

Primer name Sequence PCR conditions Fragment length        Refer-ence

GAPDH S: 5’-CCT TCA TTG ACC TCA ACT AC -3’        60 ℃; 30×           593 bp               14

A: 5’-GGA AGG CCA TGC CAG TGA GC–3’

Thy1 S: 5’-CGC TTT ATC AAG GTC CTT ACT C–3’        52 ℃; 29×           343 bp               39

A: 5’-GCG TTT TGA GAT ATT TGA AGG T–3’

CK-18 S: 5’-GGA CCT CAG CAA GAT CAT GGC–3’        60 ℃; 30×           518 bp

A: 5’-CCA CGA TCT TAC GGG TAG TTG–3’

CK-19 S: 5’-ACC ATG CAG AAC CTG AAC GAT–3’        60 ℃; 30×           261 bp               30

A: 5’-CAC CTC CAG CTC GCC ATT AG–3’

AFP I. S I: 5’-AAC AGC AGA GTG CTG CAA AC–3’        55 ℃; 35×               13

A I: 5’-AGG TTT CGT CCC TCA GAA AG–3’

AFP II. (nested) S II: 5’-CAC CAT CGA GCT CGC CTA TT–3’        60 ℃; 30×           619 bp               13

A II: 5’-TGA TGC AGA GCC TCC TGT TG–3’

Albumin S: 5’-ATA CAC CCA GAA AGC ACC TC–3’        60 ℃; 30×           416 bp               13

A: 5’-CAC GAA TTG TGC GAA TGT CAC–3’



Table 1. Negative controls were performed for each set of
primers. Samples were analyzed on 1% agarose gels. The
size of the PCR-fragments was estimated using a 100-base-
pair ladder (Gibco BRL).

RESULTS

Culture morphology
rMSC cultured alone attached to the culture substratum
within 3 h and grew to confluency within 3 d as long,
spindle-shaped cells. Within 3 wk, they adopted a polygonal
cell morphology (Figure 2A). Freshly isolated hepatocytes
were round in shape and showed a high nuclear to cytoplasm
ratio. A minimal proportion of cells attached within the 1st

day to the culture substratum. In the first week of culture,
the cells tend to form clumps of  rounded cells. After 3 wk,

only few viable cells were found in the cultures of
hepatocytes alone (Figure 2B). In mixed cultures, mainly
mesenchymal cells attached to the culture substratum,
whereas hepatocytes attached to the mesenchymal cell layer
forming clusters (Figure 2C). Hepatocytes were smaller in
size compared to mesenchymal stem cells. From the second
week on wards big polygonal shaped diploid (Figure 2D)
cells were observed in the attached cell layer. As revealed
by morphological studies, attached and adjacent cells were
still viable after 21 d in the cocultures.

Gene-expression of GFP+ rMSC
GFP-transduced rat MSC (≥P9) showed no expression of
the liver specific genes, CK-18, CK-19, albumin, or AFP,
as detected by RT-PCR (Figure 3, lanes M). In contrast,
fetal liver cells as positive control cells revealed a constant

Figure 2  Light-microscopic pictures of cultured cells. Cultured rMSC (A), hepatocyte
controls (B), or cocultures of rMSC with hepatocytes (C + enlargement D) after 3
wk. Cultured rMSC grew adherent and adopted a polygonal cell morphology
after weeks in culture (A). Hepatocytes formed clumps of rounded cells, and
few viable cells were observed after 3 wk in culture (B). In mixed cultures,

mainly MSC attached to the substratum, whereas hepatocytes grew over the
MSC-layer forming clusters (C). Binucleated cells were found within the attached
layer of the cultured MSC beginning with 1 wk in culture. Shown is one example
at wk 2 out of three experiments. Original magnification ×200.

Figure 3  RT-PCR analysis of cloned GFP+ rMSC. rMSC (M) and liver control
cells (C) were investigated before differentiat ion. GAPDH showed a strong
signal in both liver controls and rMSC, whereas no liver specific genes (AFP,

CK-19, CK-18, and albumin ALB) were expressed in GFP+rMSC (results from
one out of three experiments).

RT-PCR of GFP-transduced rMSC at passage 9

GAPDH AFP CK-19 CK-18 ALB

C       M C       M C       M C       M C       M

A

C D

B

4500          ISSN 1007-9327     CN 14-1219/ R     World J Gastroenterol     August  7, 2005   Volume 11   Number 29



expression of all markers analyzed (Figure 3, lanes C).
FAC sorting of cocultured cells
The sorting strategy aimed at maximal purity of  GFP+
cells to exclude contamination with hepatocyte-derived
RNA used in the RT-PCR. A representative example for
FACS-sorting 2 wk after coculture from 1 out of  3
experiments is shown in Figure 4. First, the viable cells
were gated according to forward and side scatter properties
(Figure 4A). Two populations were seen, which varied in
size and granulation. GFP-expression of this gated cells
were detected in two populations, differing in granulation
(Figure 4B) and were gated as P2. From these P2-cells,
the contaminating GFP-cells were sorted out (Figure 4C).
All non-P1, non-P2 and non-GFP cells were collected as
GFP-cells.

Comparing the number of seeded cells set as 100%,
recovered cell numbers were decreased at all three time
points in two experiments (Figure 5). In one experiment,
cocultured cells proliferated between wk 1 and 2 leading to
a non-significant increase at d 14 in the mean of all
experiments. An identical picture was observed for sorted
GFP+ and GFP- cells: in 2 wk a slight increase in the number
of GFP-cells and the maintenance of GFP+ counts could
be observed. It is important to note that the GFP-cell
population contained not only hepatocytes but also all dead/

dying cells as well as conflicting events.
Gene-expression of Thy1 in GFP+ rMSC cocultured with
hepatocytes
GFP+ and GFP-cells from cocultures showed a stable
Thy1 gene-expression (Figure 6A) over the whole observation
period (lanes GFP-or GFP+ cocultures). Also, in cultures
of  rMSC, a stable Thy1 expression was observed (lane
rMSC), whereas hepatocytes showed no Thy1 expression
(Figure 6A, lane rHep).

Liver specific gene-expression (AFP, CK-19, CK-18, albumin)
GAPDH expression in cultured rMSC, hepatocytes, GFP+
and GFP-FACS-sorted cells was similar at all time points
(not shown). Although we used the same amounts of cDNA
for all analyses, we found slightly different signals. Therefore,
only semiquantitative assessments were possible. Cultures of
rMSC alone showed no expression for AFP, CK-19, CK-18,
or albumin (Figure 6B-E, lane rMSC). Cultured hepatocytes
were found to express AFP and CK-19 weakly, and CK-18
and albumin stable over the whole culture period (Figure 6
B-E, lane rHep). In mixed cultures, the GFP-cells (lane
GFP-cocultures) showed a strong expression of AFP
(Figure 6B), albumin (Figure 6E) and CK-19 (Figure 6C),
and a weak expression of CK-18 (Figure 6D). The GFP+ cells
(lane GFP+ cocultures) showed a stable expression of AFP
(Figure 6B), CK-18 (Figure 6D), and albumin (Figure 6E),
and weak expression of CK-19 (Figure 6C), respectively.
Negative controls without template were negative at all times
and probes (not shown).

DISCUSSION

In this study, cloned GFP+ rMSC from passage ≥9 were
used to analyze hepatic differentiation potential of MSC.
For liver specific differentiation, cells were cultured on a
fibronectin matrix in serum-free medium containing the
hepatocytic growth factors- HGF, EGF, FGF-4, and the
stem cell growth factor- SCF. The impact of liver cells on
hepatic differentiation was assessed in cocultures of GFP+
rMSC with freshly isolated rat hepatocytes (GFP-negative)
and was compared to pure cultures of rMSC or hepatocytes,
respectively. For gene-expression analysis, cells from
cocultures were separated in GFP+ or GFP-cells by

Figure 4  FACS-pictograms. One example out of three experiments from
sort ing of GFP+ and GFP- cells of cocultures at wk 2 is shown. A: Viable
cells were gated as P1; B: P1 cells were gated in GFP- or GFP+ (P2); C :
For highest purif icat ion of GFP+ cells, P2 was analyzed and only GFP+

cells were sorted in the sample tube for PCR-analysis (dark gray peak).
80.8% of cells from P2 were GFP+(sorted into the GFP+ test tube) and
19.2% were GFP-.

Figure 5  Recovery of cultured cells in cocultures. Recovery of seeded cells
decreased from 91.6±28.8 % in the 1st wk towards 56.7±8.6 % in the 3rd wk
(data from 3 experiments). Recovery of GFP+ cells decreased from 72.2 ± 38.5%
to 46.3±41.6%, and recovery of GFP-cells from 81.9±38.2 % to 71.5±24.3 %
from the 1st to the 3rd wk in culture, respectively.
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FACS-sorting before RT-PCR analysis (Figure 1).
AFP in the liver is a marker of immature (e.g. fetal)

liver cells or oval cells in adult liver[36]. CK19 has been shown
to be expressed on hepatic oval cells as well as on adult
biliary epithelial cells. Albumin is a typical marker of
mature hepatocytes, whereas CK18 is expressed by several
liver cells types, including biliary epithelial cells and
hepatic oval cells[37]. Our data indicated, that rMSC possess
a differentiation potential towards hepatocytic cells in vitro;
expression of the liver specific genes CK-18, albumin,
CK-19, and AFP was demonstrated in GFP+ cells of the
cocultures for the observation period of  3 wk. Thy1 is a
marker for CD34-positive stem cells, activated endothelial
cells and fetal liver cells[38,39]. In the adult liver, Thy1 is
expressed on oval cells but not on mature hepatocytes[37,40].
It has also been found on mesenchymal stem cells generated
from rat bone marrow[41,42]. Expression of Thy1 in cultured
MSC suggests that the rMSC should have the potential to
differentiate toward hepatic cells by exhibition of a liver
stem cell-like gene expression profile, as it is found in
adult liver stem cells (oval cells). Oval cells are tissue
residing liver stem cells, which possess a bipotential ability
to generate biliary and hepatocytic cells, which can clonally
repopulate the regenerating liver under certain conditions
(reviewed in Ref.[37]). Also, for other multipotential stem cell
types from bone marrow, a hepatocytic differentiation
potential was shown: sorted hematopoietic stem cells[14,23],
side population cells in the liver derived from bone marrow[43],
or multipotential adult progenitor cells[30] were found to
express liver specific genes, when cultured in the presence
of certain growth factors. Previous studies in our laboratory
have shown the tri-lineage different-ation potential of the
cloned rMSC used, e.g. into adipogenic, chondrogenic, or
osteogenic cells[41]. In the present study, an additional
differentiation potential towards hepatic progenitor cells
was shown for the first time for clonally derived MSC.
Thus, MSC seem to possess a multilineage differentiation
potential, including a potential to differentiate into hepatocyte-
like cells at least in vitro.

In our study, we found that hepatocyte-specific gene
expression was induced by the coculture of isolated
hepatocytes. Cultured rMSC alone did not express any of
the liver specific genes studied in the presence of a
FN-coating and hepatic growth factors, suggesting that the
added growth factors are not sufficient to induce hepatic
differentiation. In contrast, a hepatocyte-like gene expression
profile was observed in rMSC-derived cells in cocultures
with hepatocytes. Additionally, we found binucleated
GFP+ cells beginning with wk 1 (in the adult rat liver ≈10%
are binucleated cells). Very recently, a first report described
the differentiation of rMSC into hepatocytic cells induced
by growth factors. However, the authors used non-clonal
cells of early passages. According to our experience, MSC
isolated from bone marrow of rodents in early passages
still contain hematopoietic cells. Thus, in these experiments
a differentiation of contaminating cells into hepatic lineages
cannot be conclusively excluded. In our experiments, a
differentiation of MSC into hepatic cells without coculture
was not successful. This could be due to either an impaired
differentiation capability of the chosen clonal MSC or the
high purity of MSC without contamination of HSC.

It has been shown that MSC express HGF as well as
the respective receptor, c-met[44]. Thus, MSC should be
accessible for differentiation induction via this pathway.
Furthermore, cocultured liver cells (GFP-) also showed a
stable liver specific gene expression and viability over the
whole observation period, whereas the hepatocyte controls
rapidly lost cell viability and differentiation within the first
week of culture. This is consistent with findings of other
groups that investigated the differentiation of stem cells
into hepatic lineages using coculture models. A positive
influence for the induction of hepatocyte-specific genes in
stem cells was found to be dependent on the presence of
hepatocytes, even in cultures with separation of the cells by
a semi-permeable membrane[23,24]. A coculture of  hepatocytes
with stromal bone marrow cells allowing cell-cell contacts
was first established by Mizuguchi et al[45]. They found that
in cocultures the proliferation of hepatocytes and small

Figure 6  Gene expression profile. Cultured rMSC, hepatocytes (rHep), and
GFP+ or GFP- cells of the cocultures after 1-3 wk were investigated for their
expression of the stem cell marker Thy1 (A) and of the liver specific markers
AFP (B), CK-19 (C), CK-18 (D), or albumin (E). Results from one out of three
experiments are shown. rMSC (lane rMSC), GFP- (lane GFP- cocultures) or
GFP+ (lane GFP+ cocultures) cells showed a stable Thy1 gene expression
over the whole observation period, whereas hepatocytes (lane rHep) showed
no signal for Thy1 gene expression in the RT-PCR analysis (A). In cultures of
hepatocytes, GFP- or GFP+ cells show, the expression of the studied liver

markers was observed, whereas in cultured rMSC none of the studied liver
specific genes was observed at all time points (B-E). Cultured hepatocytes
expressed AFP and CK-19 weakly (B and C), and CK-18 (D) and albumin (E)
stable. GFP- cells from cocultures showed a stable expression of AFP (B),
CK-19 (C) or albumin (E), and a weak signal for CK-18 expression (D). The
GFP+ cells showed a stable expression of the liver specific genes AFP (B),
CK-18 (D), and albumin (E), and a weak expression of CK-19 (C) over the
whole observation period.
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hepatocytes was significantly enhanced by marrow stromal
cells compared to controls. Furthermore, a prolonged
hepatocyte-specific gene expression was demonstrated by
analysis of the markers, albumin[45] and tryptophan-
dioxygenase, and activated hepatocyte-specific transcription
factors were revealed by Northern blot analysis. By
immunolabeling, the presence of  Jagged1 protein was
found in the cocultured marrow stromal cells[24] and it was
suggested to mediate differentiation events via the Notch
signal pathway. However, no analysis of differentiation of
the cocultured MSC was performed. Okumoto et al[24],
highlighted the role of  the Jagged1 and Notch expression
as one pathway of bone marrow cell differentiation towards
hepatocytic cells. Thus, a liver-specific differentiation of
stroma cells might be possible but remained unknown from
these studies. The cells used in our study were similarly
generated from bone marrow, at  least they were
characterized by plastic adherence and clonal expansion. It
is important to note, that the coculture of MSC and
hepatocytes seemed also to improve the viability of the
cultured hepatocytes.

Our in vitro data indicate that mesenchymal stem cells
from rat bone marrow possess a differentiation capacity
towards hepatocytic cells in vitro. Furthermore, we showed
a strong influence of cocultures with isolated liver cells
permitting cell-to-cell contacts for the induction of  liver
specific gene expression of cultured stem cells. Bone
marrow-derived liver stem cells, and herein the MSC are
promising candidates for new cell-based approaches for the
treatment of liver diseases[46]: (1) these cells can easily be
harvested from adult bone marrow and expanded
tremendiously in vitro; (2) transduction of MSC may result
in the expansion of “cured” daughter cells; (3) the use of
adult stem cells is favorable over other stem cells, such as
embryonic stem cells or fetal stem cells, regarding ethical
issues; (4) MSC have been proven to suppress T-cell
activation in unrelated donor-recipient situations and seem
to be an alternative in some areas of tissue regeneration[47].
The differentiation of such cells toward liver cells by
cocultures may permit the generation of  artificial liver
tissue for tissue engineering of the liver or liver cell
transplantation[48]. In our experiments, we have not
investigated the influence of fusion on differentiation of
MSC into hepatic cells. Still, the debate about fusion or
true “transdifferentiation” continues. For liver cells, fusion
seems to be a common process. However, for our experimental
setting the mechanism remains to be explored in future.
But even in the case of fusion, the generated cells would be
equipped with two new informations: expansion and hepatic
differentiation. Thus, the potential of MSC to differentiate
towards potential liver cells should be of high interest for
new cell-based therapies. Therefore, coculture of rMSC
with hepatocytes is a model worth studying for further
characterization of the mechanisms underlying a differentiation
of stem cell into the hepatocytic lineage.
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