
Abstract. We have recently established a clonal mesenchymal
stem cell line (rBM25/S3) from adult rat bone marrow. The
cells have practically unlimited proliferation capacity (over
300 PDL), maintaining multipotency for differentiation. In
the present study, we examined the potential for rBM25/S3
cells to differentiate into insulin-secreting cells. When cultured
in the presence of HGF and FGF-4 on Matrigel, rBM25/S3
cells expressed genes specific to pancreatic ß-cells as well as
those specific to hepatocytes. They still maintained proliferation
capacity with a doubling time of ~30 h. These hepato-pancreatic
intermediate progenitor cells, but not the original undifferent-
iated rBM25/S3 cells, were induced by the overexpression of
PDX-1 to produce significant amounts of insulin in a manner
responding to glucose concentration in medium. The present
culture system indicates a direction for further studies aimed
at the realization of cell transplantation therapy for type I
diabetes mellitus.

Introduction

Type I diabetes is a disorder characterized by autoimmune-
mediated destruction of insulin-producing ß-cells in the
pancreas. Islet cell transplantation is a promising strategy for
treatment of this disease (1), but its application is limited by
the shortage of donor pancreata. Therefore, development of a

cell source for supplying a large quantity of insulin-producing
cells is a prerequisite for successful cell therapy. In this respect,
stem cells have been attracting much attention due to the high
proliferation potential and multiple differentiation potency,
including differentiation into pancreatic ß-cell lineage (2-7).
Due to its easy accessibility, the bone marrow would be the
most suitable source of stem cells for practical application if
the efficiency of differentiation into insulin-producing cells is
sufficiently high (6,7).

In normal embryonic development, the liver and pancreas
share common precursor cells. In accordance with this, it has
been reported that hepatic stem cells (8), fetal liver cells
(9,10), and adult hepatocytes (11) can be converted or trans-
differentiated into insulin-producing cells. Yang et al (5)
demonstrated that highly purified rat hepatic oval cells, when
cultured in a high-glucose environment, can trans-differentiate
into functional insulin-producing cells. Since the conditions
for bone marrow-derived stem cells to differentiate into
hepatocyte-like cells have been well established (12,13), it
may be efficient to induce ß-cells via hepatogenic progenitor
cells or common precursor cells.

We recently established a clonal mesenchymal stem cell
line (rBM25/S3) from adult rat bone marrow (14). The cells
grew rapidly (doubling time, ~24 h) over 300 population
doubling levels (PDLs), maintaining the normal diploid
karyotype and multipotency for differentiation. rBM25/S3
cells can be induced to differentiate into hepatocyte-like cells
with an extremely high efficiency, i.e., almost 100% of the cells
expressed albumin and other hepatocyte-specific markers
within 5 days when cultured in the presence of HGF and
FGF-4 on Matrigel. In the present study, we compared original
rBM25/S3 cells with the hepatogenic derivatives in terms of
ß-cell-specific gene expression by the overexpression of
PDX-1. PDX-1 (pancreatic and duodenal homeobox gene 1) is
a major pancreatic fate-determining transcription factor (15).
Ferber et al (16) found that ectopic expression of PDX-1
induced insulin in the liver of mice. We found that the
hepatogenic derivatives of rBM25/S3 were induced to
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produce insulin by overexpressed PDX-1 at a much higher
level than that produced by the original undifferentiated clone.

Materials and methods

Cytokines, matrix proteins and enzymes. Epidermal growth
factor (EGF), platelet-derived growth factor (PDGF)-BB
(Sigma-Aldrich, St. Louis, MO), and fibroblast growth factor
(FGF)-4 (R&D Systems, Minneapolis, MN) were commercially
obtained. HGF (Δ5 variant, a mature two-chain form: 17) was
kindly provided by Daiichi Pharmaceutical (Tokyo, Japan).
Fibronectin and Matrigel were purchased from Sigma-Aldrich
and BD Sciences (Bedford, MA), respectively. Type I collagen
was prepared from rat-tail tendon as described previously (13).
Trypsin (1:250) was purchased from Difco Laboratories
(Detroit, MI).

Cell culture. rBM25/S3 cells (14) were maintained in fibronectin
(1 μg/cm2)-coated dishes containing multipotent adult pro-
genitor cell (MAPC) medium supplemented with 2% FBS,
pyruvate (0.11 mg/ml), EGF (10 ng/ml) and PDGF-BB
(10 ng/ml). Thereafter, cells were continuously subcultured at
an interval of 3 or 4 days. For the induction of hepatocyte-
like cells, rBM25/S3 cells were inoculated into 1% Matrigel-
coated dishes containing MAPC medium supplemented with
HGF (20 ng/ml) and FGF-4 (10 ng/ml) and cultured for 4-7
days (14).

Immunostaining of cells. Cultured cells were fixed with 4%
paraformaldehyde and treated with an anti-human albumin
(Dako, Denmark), anti-synthetic peptide corresponding to the
carboxy-terminal of mouse/rat PDX-1 (Chemikon), anti-swine
insulin (Dako, Denmark) or anti-rat C-peptide antibody (Linco
Research) followed by a TRITC- (Sigma), Cy2- or Cy3-
conjugated second antibody (Amersham Bioscience). The
samples were mounted with Vectashield (Vector Laboratories,
Burlingame, CA) and observed under a confocal laser scanning
microscope (LSM510; Carl Zeiss) or a fluorescence microscope
(Olympus).

RT-PCR. Total RNA was extracted from cells using TRI
Reagent (Sigma) and pretreated with DNase I (Invitrogen).
cDNA was synthesized from 5 μg of RNA samples with
SuperScript II RNaseH-reverse transcriptase (Invitrogen) and
amplified under the following conditions: initial incubation at
94˚C for 4 min followed by 30 cycles at 94˚C for 30 sec,
55˚C for 30 sec, 72˚C for 30 sec, and then a final step at 72˚C
for 5 min. Samples without reverse transcription were used as
a negative control. The primers and expected lengths of products
were as follows: (albumin), 503 bp, sense strand: 5'-gacaacatt
cctgccgatct-3', antisense strand: 5'-agcacacacagacggttcag-3';
(insulin 1), 331 bp, sense strand: 5'-atggccctgtggatgcgctt-3',
antisense strand: 5'-tagttgcagtagttctccagct-3'; (insulin 2),
245 bp, sense strand: 5-atggccctgtggatccgctt-3, antisense
strand: 5'-tgccaaggtctgaaggtcac-3'; [glucose transporter 2
(GLUT-2)], 345 bp, sense strand: 5'-ttagcaactgggtctgcaat-3',
antisense strand: 5'-ggtgtagtcctacactcatg-3'; [glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH)], 440 bp, sense strand:
5'-atgggaagctggtcatcaac-3', antisense strand: 5'-ggatgcaggg
atgatgttct-3'. GAPDH was used as an internal control. The

amplified products were subjected to electrophoresis in 1.5%
agarose gels and stained with ethidium bromide.

Adenovirus constructs. An adenovirus vector carrying human
PDX-1 gene (Ad-PDX-1) was prepared by using BD Adeno-X
Expression System 2 (BD Biosciences) under the conditions
recommended by the manufacturer. An adenovirus vector
carrying LacZ gene (Ad-LacZ) was similarly prepared and
used as a negative control.

Quantitation of insulin secreted into the medium. Cells were
plated at 2.5x103 cells/cm2 in 24-well plates and cultured for
7 days. After washing with phosphate-buffered saline, cells
were pre-incubated for 30 min in a glucose-free Krebs-Ringer
bicarbonate (KRB) buffer (Sigma) and then incubated in the
same buffer supplemented with 10 mM or 25 mM glucose for
1 h. A concentration of insulin secreted into the buffer solution
was measured using an ELISA kit for rat insulin (Shibayagi,
Gumma, Japan).

Statistical analysis. All experiments were repeated a minimum
of three times independently, and the results were expressed
as a mean ±SD. Statistical difference was determined by the
unpaired Student's t-test, and p≤0.05 was considered statistically
significant.

Results

We previously established a clonal cell line (rBM25/S3) from
rat bone marrow (14). The cells, small and asteroid in shape
(Fig. 1A-1), were maintained in the presence of EGF and
PDGF-BB on a fibronectin substratum. When cultured with
HGF (20 ng/ml) and FGF-4 (10 ng/ml) on Matrigel, rBM25/S3
cells efficiently (~100%) differentiated within 7 days into
hepatocyte-like cells that expressed albumin (Fig. 1A-2,-3).
By using RT-PCR analysis, albumin mRNA was detected as
early as day 4 and increased until day 7 (Fig. 1B). In addition,
these cells were shown in our previous study (14) to express
α-fetoprotein (AFP), glucose-6-phosphatase (G6Pase),
triptophan-2,3-dioxygenase (TO), tyrosine amino-transferase
(TAT), cytochrome P450 (CYP)1A1, CYP1A2, cytokeratin
(CK)-8 and CK-18.

We examined the growth of the differentiated rBM25/S3
cells for ≥7 days, the observation period in our previous study
(14). As shown in Fig. 2, rBM25/S3 cells, under the conditions
for hepatogenic differentiation, grew continuously over a period
of 60 days with a doubling time of 30.8 h, indicating that the
differentiated rBM25/S3 cells retained stable growth capacity,
though at a lower rate than that of the undifferentiated cells
(doubling time: 17.5 h). Since stem cells generally lose their
proliferation capacity when induced to fully differentiate, we
assumed that the differentiated rBM25/S3 cells, under the
conditions described previously, were not terminally-
differentiated hepatocytes but were at an intermediate stage.
This was verified by the results of the experiment, shown in
Fig. 3, in which the expression of insulin 1 and GLUT-2 was
detected in the differentiated rBM25/S3 cells but not in the
undifferentiated rBM25/S3 cells.

Since PDX-1 is known to play a crucial role in inducing
differentiation and maintaining the function of ß-cells (15,18),
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we examined the effect of overexpression of the PDX-1 gene
in undifferentiated and differentiated rBM25/S3 cells.
Infection of Ad-PDX-1 two days prior to harvest induced the
differentiated rBM25/S3 cells to express insulin 2 in addition
to insulin 1 and GLUT-2 (Fig. 3). In contrast, the undifferen-
tiated rBM25/S3 cells expressed no ß-cell-specific genes
even after infection with Ad-PDX-1. Immunostaining
demonstrated that insulin protein was present at a detectable

level in the cytoplasm of PDX-1-positive rBM25/S3 cells
cultured under the differentiation conditions but not in Ad-
LacZ-infected cells (Fig. 4A). All of the insulin-positive cells
were also stained for PDX-1, which localized in the nuclei.
Under similar conditions, C-peptide was detected in PDX-1-
positive rBM25/S3 cells (Fig. 4B). This observation excluded
the possibility that insulin protein shown in Fig. A-5 was of
exogenous origin taken up from the medium.
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Figure 1. Differentiation of rBM25/S3 cells into hepatocyte-like cells in vitro. (A-1) Morphology of rBM25/S3 cells cultured under conditions for maintenance
propagation, i.e., in the presence of EGF (10 ng/ml) and PDGF-BB (10 ng/ml) on fibronectin (EGF/PDGF/FN). (A-2) Hepatogenic differentiation of rBM25/S3
cells cultured for 7 days on Matrigel with HGF (20 ng/ml) and FGF-4 (10 ng/ml) (HGF/FGF-4/MG). (A-3) Immunostaining for albumin in the cells shown in A-2.
Scale bars, 50 μm. (B) RT-PCR for albumin mRNA. rBM25/S3 cells cultured under designated conditions. d, days. GAPDH was used to present applied amounts
of the samples.

Figure 2. Growth curves and the hepatogenically differentiated derivative of
rBM25/S3 cells. rBM25/S3 cells were transferred at 224.7 PDL into culture
conditions for differentiation, i.e., on Matrigel with HGF (20 ng/ml) and
FGF-4 (10 ng/ml). d.t., doubling time.

Figure 3. Expression of ß-cell-specific genes in differentiated rBM25/S3
cells and effect of over-expression of PDX-1. RT-PCR for rat insulin 1,
insulin 2 and GLUT-2 mRNAs. rBM25 cells were cultured under designated
conditions (Fig. legend 1) for 7 days. An adenovirus carrying LacZ (Ad-
LacZ) or PDX-1 (Ad-PDX-1) was infected at 10 MOI two days before
harvest. Water and mRNA from rat pancreas were used as negative and
positive controls.
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Finally, we quantitated the amounts of insulin and C-peptide
secreted by rBM25/S3 cells into the medium (Fig. 5).
Undifferentiated rBM25/S3 cells secreted no significant

amounts of insulin or C-peptide, while the differentiated cells
cultured with HGF and FGF-4 on Matrigel secreted remarkable
amounts of the two proteins, ~0.4 ng/105 cells/h insulin and
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Figure 4. Expression of insulin and C-peptide in differentiated rBM25/S3 cells transduced with PDX-1 using an adenovirus. rBM25/S3 cells were cultivated
in the presence of HGF (20 ng/ml) and FGF-4 (10 ng/ml) on Matrigel for 7 days. Ad-PDX-1 was applied on culture day 5. (A) Immunostaining for PDX-1 (in green)
and insulin (in red) in the differentiated rBM25/S3 cells without (panels A-1 to 3) or with (panels A-4 to 6) overexpression of PDX-1. Scale bar (20 μm) is
applicable to all panels. (B) Immunostaining for PDX-1 (in green) and C-peptide (in red) in differentiated rBM25/S3 cells without (panels B-1,2) or with
(panels B-3,4) overexpression of PDX-1. Scale bar (20 μm) is applicable to all panels.

Figure 5. Quantification of secreted insulin (A upper panel, B) and C-peptide
(A lower panel) by ELISA. (A) rBM25/S3 cells were induced to differentiate
under conditions described in Fig. legend 4. Ad-LacZ was used as a control.
On culture day 7, the cells were incubated for 1 h in KRB buffer with 25 mM
glucose and the proteins in the buffer were determined by ELISA. (B) The
effects of glucose concentration in the incubation buffer on insulin secretion
by rBM25/S3 cells that were cultured under differentiation conditions
(HGF/FGF-4/MG) and infected with Ad-PDX-1.
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~0.3 ng/105 cells/h C-peptide (Fig. 5A). Infection of the
differentiated cells with Ad-PDX-1 further increased the
secreted amounts of insulin and C-peptide, ~1.6 ng/105 cells/h
insulin and ~0.45 ng/105 cells/h C-peptide. The Ad-PDX-1-
infected differentiated rBM25/S3 cells were responsive to
glucose concentration in the incubation buffer, i.e., ~2-fold
larger amount of insulin was secreted into the buffer at 25 mM
glucose than that at 10 mM glucose (Fig. 5B).

Discussion

As previously reported (14), rBM25/S3 cells isolated from
rat bone marrow express CD29, CD44, CD49b, CD90,
vimentin and fibronectin but not CD45, indicating that they
are of mesenchymal cell origin. When cultured in the presence
of HGF and FGF-4 on Matrigel, the cells expressed AFP,
albumin, CYP1A1, CYP1A2, G6Pase, TO, TAT, CK-8, and
CK-18. The differentiated cells, when intrasplenically trans-
planted, prevented otherwise fatal liver failure in 90% hepa-
tectomized rats. From the above results, we assumed
rBM25/S3 cells cultured with HGF and FGF-4 on Matrigel to
be hepatocyte-like cells. In the present study, however, it was
evident that the differentiated rBM25/S3 cells still retained
stable proliferation capacity over 60 days with a doubling time
of 30.8 h (Fig. 2). In addition, the cells expressed genes
specific to pancreatic ß-cells such as insulin 1 and GLUT-2
(Fig. 3). GLUT-2 is known to be expressed also in hepatocytes.
It is probably more appropriate, therefore, to regard the
rBM25/S3 cells differentiated with HGF and FGF-4 on
Matrigel as hepato-pancreatic intermediate progenitor cells.

The homeodomain transcription factor, PDX-1, is a key
regulator of pancreatic development and insulin expression in
ß-cells (15,16). Although expression of insulin 1 and GLUT-2
was demonstrated in the differentiated rBM25/S3 cells by
RT-PCR (Fig. 3), insulin protein was undetectable by
immunostaining and no significant secretion of insulin was
observed (Figs. 4 and 5). This indicates that the functional
level of the differentiated rBM25/S3 cells as ß-cells was
extremely low. Adenovirus-mediated transfer of PDX-1
induced expression of insulin 2 mRNA and remarkable
production of insulin in the differentiated rBM25/S3 cells. It
should be noted that Ad-PDX-1 can not induce any ß-cell-
specific gene expression in the undifferentiated rBM25/S3
cells (Fig. 3).

The liver and pancreas are closely related organs in
embryonic development. Highly purified adult rat hepatic
oval cells, which are capable of differentiating into hepatocytes
and biliary ductal cells, were shown to also differentiate into
insulin-producing cells when cultured in a high-glucose
environment (5). Nakajima-Nagata et al (19) showed that
forced expression of mouse PDX-1 induced insulin production
as well as the expression of endogenous rat PDX-1 and insulin
2 mRNA in small hepatocytes derived from adult rat liver. Oval
cells were indicated to be of bone marrow origin (20). rBM25/S3
cells differentiated with HGF and FGF-4 on Matrigel may
correspond to oval cells that are observed in the liver.

Stem cell-based therapy is a promising strategy for treating
insulin-dependent diabetes mellitus because of the serious
shortage of donor pancreata or isolated pancreatic islets for
transplantation. Previously, Oh et al (21) showed that

insulin-secreting cells trans-differentiated from bone marrow
cells can maintain serum glucose level, upon subcapsular
renal transplantation into hyperglycemic mice, for 90 days.
However, the availability of highly functional cells in large
quantities remains a major challenge. rBM25/S3 cells have
the following properties: 1) they grow rapidly with a doubling
time of ~24 h at least until PDL 300, 2) they stably retain
cellular phenotypes including the diploid karyotype, 3) they
differentiate into hepatocyte-like cells (or hepato-pancreatic
progenitor cells as indicated in the present study) at practically
100% efficiency within one week (1), and 4) the induced
hepatocyte-like cells produce insulin according to adenovirus-
mediated transfer of PDX-1. Thus, the present culture system
indicates a direction for further studies aimed at the realization
of cell transplantation therapy for type I diabetes mellitus.
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