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Abstract. Mesenchymal stem cells (MSCs) have significant
advantages over other stem cell types, and greater potential for
immediate clinical application. MSCs would be an interesting
cellular source for treatment of type 1 diabetes. In this study,
MSCs from human umbilical cord were differentiated into
functional insulin-producing cells in vitro by introduction
of the pancreatic and duodenal homeobox factor 1 (PDX1)
and in the presence of induction factors. The expressions of
cell surface antigens were detected by flow cytometry. After
induction in an adipogenic medium or an osteogenic medium,
the cells were observed by Oil Red O staining and alkaline
phosphatase staining. Recombinant adenovirus carrying the
PDX1 gene was constructed and MSCs were infected by the
recombinant adenovirus, then treated with several inducing
factors for differentiation into islet B-like cells. The expression
of the genes and protein related to islet B-cells was detected
by immunocytochemistry, RT-PCR and Western blot analysis.
Insulin and C-peptide secretion were assayed. Our results show
that the morphology and immunophenotype of MSCs from
human umbilical cord were similar to those present in human
bone marrow. The MSCs could be induced to differentiate
into osteocytes and adipocytes. After induction by recombined
adenovirus vector with induction factors, MSCs were aggre-
gated and presented islet-like bodies. Dithizone staining of these
cells was positive. The genes' expression related to islet [3-cells
was found. After induction, insulin and C-peptide secretion
in the supernatant were significantly increased. In conclusion,
our results demonstrated that PDX1 gene-modified human
umbilical cord mesenchymal stem cells could be differentiated
into insulin-producing cells in vitro.

Introduction
Recent studies have demonstrated the feasibility of generating

insulin-producing cells from stem cells and progenitor cells
of various cellular sources (1-6). Despite their promising

Correspondence to: Dr Dongmei He, Institute of Hematology,
Medical College, Jinan University, Guangzhou 510632, P.R. China
E-mail: thedm@jnu.edu.cn

Key words: pancreatic and duodenal homeobox factor 1, mesenchymal
stem cells, human, umbilical cord, 3-like cells

potential, it has proven to be difficult to obtain enough autolo-
gous adult stem cells. Meanwhile, the efficiency of inducing
cell differentiation into the insulin-producing cells needs to
be improved. Therefore, it is necessary to find other sources
for cellular differentiation into insulin-secreting cells and to
increase the efficiency of the differentiation. The expression
of pancreatic and duodenal homeobox factor 1 (PDX1), which
is the most important transcription factor in pancreatic differ-
entiation, can switch on the differentiation and development of
stem cells to pancreatic buds, and induce further differentiation
(7,8). Mesenchymal stem cells (MSCs) in the human umbilical
cord are easily obtained when compared with embryonic
and other stem cells. Recent studies described differentiation
protocols to produce insulin-positive cells from embryonic
stem cells (1,9), hepatic stem cells (10), bone marrow-derived
cells (11,12), umbilical cord blood cells (13), human umbilical
cord cells (14), or genetically modified stem cells using several
different pancreas-specific transcription factor genes (2,3,15).
However, the potential of human umbilical cord MSCs by
genetic manipulation combined with inducing factors to form
insulin-producing cells has not yet been evaluated. Therefore,
it is interesting to construct a genetic expression vector
carrying PDX1 and to investigate the effect of PDX1 combined
with inducing factors on the differentiation of MSCs into
insulin-producing cells. In this report, we present a multistep
differentiation protocol to generate insulin-producing cells.
Our results show that MSCs from human umbilical cord can
be induced to differentiate into islet B-like cells, which can
secrete insulin and C-peptide, and are sensitive to stimulation
with glucose.

Materials and methods

Construction of pAdxsi-CMV-PDX1 . The full-length human
PDX1 cDNA was kindly provided by Dr Tang Xiaolong
(Institute of Hematology, Medical College, Jinan University).
The human PDX1 gene was cloned into the pUC57 plasmid
(Gibco-Invitrogen, USA). The PDX1 was cut out of the
pUC57-PDX1 by Xhol enzyme and then the PDX1 gene was
integrated into Shuttle-CMV plasmid (Gibco-Invitrogen)
with green fluorescence protein (GFP) gene. The PDX1
gene from pShuttle-GFP-CMV-PDX1 was transferred into
adenoviral vector (pAdxsi) (Gibco-Invitrogen) and linearized
with I-Ceul + I-Scel enzyme. All sequences were confirmed
by DNA sequencing. The confirmed recombinant adenoviral
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construct pAdxsi-CMV-PDX1 was transfected into the 293
cell line using Lipofectamine 2000 (Gibco-Invitrogen). After
3 days of infection, the viruses were harvested. A virus titer
was determined as a multiplicity of infection (MOI) by a stan-
dard tissue culture infectious dose (TCID50) assay (refer to
the AdEasy™ Adenoviral Vector System method, Stratagene
Products, USA). The harvested viruses were filtered through
a 0.45 pym filter membrane (Millipore) and concentrated by a
Spin Column (Millipore).

Isolation of MSCs and analysis of MSC surface glycoprotein.
The use of human umbilical cord was approved by The First
Affiliated Hospital of Jinan University. All procedures were
conducted in accordance with the guidelines of the Medical
Ethics Committee of the Health Bureau of the Guangdong
Province, China. Umbilical cord specimens were care-
fully dissected. The harvested pieces of tissue were washed
several times in phosphate-buffered saline (PBS) and then
mechanically minced and enzymatically digested with 0.1%
collagenase II (Gibco-Invitrogen) for approximately 30 min
at 37°C. Digested tissue was filtered twice through a 100 pm
nylon membrane to eliminate undigested fragments. The
cell suspension was collected by Ficoll-Hypaque gradient
fractionation at 1000 r/min for 5 min. The mononuclear cells
were suspended in 5 ml Dulbecco's modified Eagle's medium/
F12 (DMEM/F12) (Gibco-Invitrogen) supplemented with
10% fetal bovine serum (FBS) (PAA Laboratories, Austria),
cultured at 37°C in 5% CO, in fully humidified air. When the
adherent cells reached 80% confluence, 50% of the medium
was replaced with fresh medium, followed by media changes
every 3-4 days. Cultured cells were harvested after four cell
passages. Cells were incubated with respective fluorochrome-
conjugated antibodies for cell surface glycoprotein: CD106,
CD45,CD34,CD29, CD44,CD14,CD31 (BD Biosciences, San
Diego, CA) and HLA-DR (Immunotech, Marseille, France).
These are commonly used for the positive and negative detec-
tion of MSCs. Cells were incubated with antibody for 30 min
on ice and immediately analyzed by flow cytometry (FACScan,
BD Biosciences).

Osteogenic and adipogenic differentiation of MSCs. Cultured
MSCs were assessed at the fourth passages. Osteogenic differ-
entiation was assessed by incubating the cells using DMEM/
F12 with 10% FBS, 0.1 ymol/l dexamethasone, 10 mmol/l
B-glycerophosphate and 50 pmol/l ascorbate acid (Sigma,
St. Louis, MO). Osteoblasts were identified by immunocyto-
chemical staining with alkaline phosphatase. Adipogenic
differentiation was assessed by using DMEM/F12 supplemented
with 100 ml/1 FBS, 1 pmol/l dexamethasone and 5 U/ml insulin
(Sigma). Adipogenic differentiation cells were determined by
the cellular accumulation of neutral lipid vacuoles stained with
Oil Red O (Sigma).

The pAdxsi-CMV-PDXI infection and induction of MSCs.
Our study was divided into four groups and three stages. The
four groups included the MSCs control group, pAdxsi-CMV-
PDX1 + induction factor group, vector group + induction
factor group, and induction factor group. To optimize the
induction protocol, differentiation of MSCs was carried out in
three stages. In stage 1, undifferentiated MSCs were infected
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Figure 1. Identification of recombinant adenoviruses pAdxsi-GFP-PDX1 by
digestion. (A) pShuttle-GFP-CMV-PDX1 was digested by Bg/II (lane 1); (B)
pAdxsi-GFP-PDX1 was digested by Xhol (lane 1); lane 2 marker showing
bands of 8,7,6,5,4,3,2,1.6 or 1 kb and 517, 396 and 230 bp.

with pAdxsi-CMV-PDX1 and then cultured for 7 days. In
stage 2, cells were cultured in 2% FBS/DMEM/F12 medium
and supplemented with 100 ng/ml epidermal growth factor
(EGF) and 2% B27 (Sigma) for 3 days. In stage 3, cells were
exposed to a cocktail of 10 ng/ml glucagons-like peptide-1
(GLP-1), 10 ng/ml betacellulin, 10 ng/ml hepatocyte growth
factor (HGF), 10 mmol/I nicotinamide, 2% B27, 0.1 mmol/l
[-mercaptoethanol (Sigma) for 7 days.

Dithizone staining. The induction cells and the uninduction
cells were collected and washed in PBS. Then, 0.1 ml 0.05%
(mg/1) Dithizone (Sigma) was added, stained and incubated at
37°C for 15 min. Then cells were examined under a microscope.

Immunocytochemistry and immunofluorescence analysis.
The induced and uninduced MSCs were collected. After
washing in PBS, cells were fixed with 4% paraformaldehyde
(pH 7.4) for 10 min and rinsed again with PBS. The cells were
permeabilized with 0.1% Tween-20 in PBS for 5 min and 3%
bovine serum albumin (BSA, Sigma) for 30 min. Then cells
were incubated overnight at 4°C with the primary anti-human
antibody, 1:100 (mouse anti-human PDX1/IgG, insulin/IgG,
rabbit anti-human C-peptide/IgG, Abcam, USA). Cells were
washed twice in PBS and incubated for 1.5 h with HRP-anti-
mouse/rabbit IgG, 1:300 (Sigma) or fluorescence-conjugated
second antibody, 1:300 (Dako, Denmark, Cy3, Cy5 and FITC).
DNA-specific fluorescent dye Hoechst 33258 (Abcam) stain
was used to detect cell nuclei. The cells were photographed
and visualized under a microscope (Leica, Germany).

Reverse transcription-polymerase chain reaction. RNA was
extracted from cultured cells using TRIzol extraction kit
(Invitrogen). Synthesis of cDNA was performed using AMV
reverse transcriptase (Takara, Japan) following the manu-
facturer's instruction. The primer sequence was as follow,
GAPDH, forward, 5'-~AGAAGGCTGGGGCTCATTTG-3' and
reverse,5'-AGGGGCCATCCACAGTCTTC-3',258 bp; PDX1,
forward, 5'-GGATGAAGTCTACCAAAGCTCACGC-3' and
reverse,5'-CCAGATCTTGATGTGTCTCTCGGTC-3',230bp;
insulin, forward, 5'-~AACCAACACCTGTGCGGCTCA-3' and
reverse, 5'-TGCCTGCGGGCTGCGTCTA-3', 271 bp; Glut-2,
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Figure 2. Morphology of MSCs in culture and the expression of PDXI1 in infected MSCs. MSCs isolated from human umbilical cord in culture for (A) 7 and
(B) 15 days or (C) after four cell passages. (D) GFP expression after pAdxsi-CMV-PDX1 infection at 24 h, (E) PDX1 expression by immunocytochemistry and
(G) immumofluorescence 48 h (Cy3, red) after pAdxsi-CMV-PDX1 infection; (F) MSCs stained to display the nuclear label Hoechst 33258 (blue). (H) Merged
nuclear images of double staining with PDX1 (Cy3) and Hoechst 33258; ,agnification: A, B and C, x100; D and E, x200; F-H, x400.

forward, 5'-GCGAATAAACAGGCAGGAGC-3' and reverse,
5'-GCTGGATACAGACAGGGACC-3', 392 bp. The GAPDH
gene served as an internal control. Polymerase chain reaction
(PCR) amplification was performed according to the following
cycling parameters: 95°C 30 sec, 60°C 30 sec, 72°C 60 sec for
40 cycles. PCR products were separated by electrophoresis on
a 1% agarose gel containing ethidium bromide.

Western blot analysis. Cells were washed with PBS (10 mM,
pH 7.4) and incubated in 200 ml of cell lysis buffer (50 mmol/l
Tris-HCl, 5 mmol/l EDTA, 25% sucrose, 0.6 ml of 100 mg/ml
phenylmethylsulphonyl fluoride, 2.4 ml 2-mercaptoethanol) on
ice for 30 min, and centrifuged at 13,000 x g for 45 min at
4°C. Proteins of the cell lysates were separated by 8% SDS
polyacrylamide gel electrophoresis and electrotransferred to
nitrocellulose membranes (Gibco-BRL, USA). The blot was
put in blocking buffer (10% non-fat dry milk, 1% Tween-20; in
20 mM Tris-buffered saline, pH 7.5) for 1 h at room temperature
and incubated with appropriate anti-human primary antibody,
1:100 (Abcam, mouse anti-human PDX1/IgG, insulin/IgG,
GAPDH, rabbit anti-human C-peptide/IgG) in blocking buffer
overnight at 4°C. The blots were incubated with anti-mouse/
rabbit horseradish peroxidase-conjugated secondary antibody
(1:200) for 1 h and detected by chemiluminescence using ECL
Hyperfilm.

Insulin and C-peptide secretion detection. After the induction
was completed, the culture supernatants were collected. For
the in vitro insulin secretion assay after hyperglycemic stimu-
lation, cell clusters were collected, washed with PBS 5 times
to prevent insulin assay cross-reaction with the medium. After
clusters were stimulated with 25 mM glucose, supernatants
were harvested for measurement with a human insulin RIA kit
and an ultrasensitive human C-peptide chemiluminescence kit
(Abbott AxSym System, USA).

Statistical analysis. The data quantitated are expressed as
mean + SE. The results were analyzed by one-way ANOVA.
P<0.05 was considered statistically significant.

Results

Identification of pShuttle-CMV-PDXI and pAdxsi-CMV-
PDX1. After the pShuttle-CMV-PDX1 plasmid was cut by
Bgl1I, two bands of 0.9 and 5.1 kb were detected. The pAdxsi-
CMV-PDX1 plasmid was cut by Xhol enzyme and the products
observed were seven bands of 14, 11.8, 3.5, 2.66, 2.47, 1.45
and 0.6 kb. These results indicate that PDX1 cDNA is inserted
into the pAdxsi vector and is correctly linked (Fig. 1). The
destination gene inserted into pShuttle-CMV-PDX1 vector
was confirmed to be completely identical with the sequence of
PDX1 (0.87 kb) cDNA.

The expression of MSC markers. Immunophenotype analysis
revealed MSCs from human umbilical cord to be positive for
CD44 (98.7%) and CD29 (99.6%). At the same time, MSCs were
low for CD14 (2.8%), CD45 (2.3%), CD34 (1.6%),CD106 (1.9%),
CD31 (2.5%) and HLA-DR (0.68%).

The induction of differentiation into osteocytes and adipocytes.
To verify that MSCs from human umbilical cord are multipo-
tent, we analyzed their ability to differentiate into osteocytes
and adipocytes. After 28 days of induction, it was shown that
the MSCs differentiated into osteocytes and adipocytes by
the increase of alkaline phosphatase and Oil Red O staining,
respectively, suggesting that MSCs could be induced to differ-
entiate into osteocytes and adipocytes (not shown).

Morphological characterization of MSCs and the expres-
sion of PDXI. Under an inverted microscope, after four cell
passages, undifferentiated MSCs were observed to be very flat,
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Figure 3. Morphological changes and insulin and C-peptide expression in inducing MSCs. (A) The morphological change of islet-like clusters after induction
(x400); (B) morphological, positive change of dithizone staining of islet-like clusters (x400); (C) insulin and (D) C-peptide immunocytochemistry of islet-like
clusters (x400); (E) Hochest 33258 for nucleus (x400); (F and G) C-peptide (FITC) and insulin (Cy5) expression in islet-like cluster after induction (x400); (H)

A merged image from E, F and G images (x400).
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Figure 4. Expression of insulin-related genes in MSCs induced by induction factors and infected with pAdxsi-CMV-PDX1. Lanes 1-5, expression after induc-
tion at Days 0, 7, 10 and 17 and on Day 17 day with high glucose. M, 100 bp DNA marker.

symmetrical, and spindle-shaped (Fig. 2A, B and C). To observe
the adenovirus infection efficiency in MSCs, the expression of
GFP protein was determined under an inverted fluorescence
microscope. GFP protein was expressed at a high level after
pAdxsi-CMV-PDX1 infection at 24 h (Fig. 2D). After pAdxsi-
CMV-PDXI1 transfection at 24 h, PDX1 protein was detected
by immunocytochemistry and immumofluorescence, and was
localized in the nucleus. (Fig. 2E-H). The cells in the vector
control transfection did not express PDX1 protein (not shown).

Morphological changes and protein expression of induced
MSCs. The MSCs appearance began to change after infec-
tion of pAdxsi-CMV-PDXI1 with induction factor. The shape
of the cells became round and cells gathered gradually to
form islet-like clusters (Fig. 3A). The zinc-chelating agent
Dithizone is known to selectively stain pancreatic f-cells,
which contain relatively high levels of zinc, crimson red (15).
We previously demonstrated that Dithizone stain could also

Insulin
500bp

M 1 2 3 4 5
SOObp- u

NKXG6.1

be applied for the detection of MSC-derived insulin-producing
cells. In our study, Dithizone-positive cellular clusters were
identified by the Dithizone staining, which suggests that the
induced cells contain substantial amounts of zinc (Fig. 3B).
Immunocytochemical staining indicated that insulin and
C-peptide were expressed mainly in stage 3 of MSCs differ-
entiation (Fig. 3C and D). Immunofluorescence analysis
demonstrated the expression of insulin (Fig. 3G) in the second
stage and of C-peptide in the third stage (Fig. 3F). The cells in
all three control groups showed a small change in shape and no
expression of insulin and C-peptide.

RT-PCR and Western blot analysis. PAdxsi-CMV-PDX1-
transfected MSCs expressed the transcription factor PDX1
at 24 h and until 3 weeks (not shown). As shown in Fig. 4,
expression of the -cell related gene Ngn3 was first detected
on Day 7. Expression of the insulin gene was first observed in
the second stage. In this stage, the p-cell-related gene Glut-2
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Figure 5. Insulin protein expression in induced MSCs. Lanes 1-5, protein
expression after induction on Days 0, 7, 10 and 17 and on Day 17 with the
addition of high glucose. M, 100 bp DNA marker.

was also detected. When the induction cells were stimulated
with high glucose, the expression of insulin and of the Glut-2
gene increased. The PDX1 protein was detected at the second
day after infection with recombinant adenovirus and was
stable for 21 days (Fig. 5). Protein expression of NKX6.1 and
insulin was observed on Day 10 of induction. The expression
of insulin was increased on Day 17 and in the stage with the
hyperglycemic stimulation. The cells without transfection by
pAdxsi-CMV-PDX1 or with only the addition of induction
factors did not express these genes (not shown).

Insulin and C-peptide detection by chemiluminescence. The
insulin level was maintained at 4.1+5.9 mU/I prior to induction.
After induction on Days 10 and 17, a very high insulin secre-
tion in the supernatant was detected and the levels reached
255.8+24.9 and 473.1£51.5 mU/1 respectively, a significant
difference in comparison with all three control groups (P<0.05).
An especially high insulin concentration was observed when
glucose (25 mmol/l) (Fig. 6) was added to the medium on
Day 17. Insulin levels reached 3539.8+245.1 mU/I. However, no
significant differences in insulin concentration were observed
in the control groups. On Days 10 and 17 of induction, the levels
of C-peptide secretion were 0.13+0.04 and 1.61+0.41 ng/ml. The
levels of C-peptide secretion were 3.72+1.52 ng/ml at 1 h after
stimulation with 25 mmol/I glucose. The cells in all three control
groups did not release a measurable amount of C-peptide into
the medium. These results indicate that the induced cells gener-
ated by our protocol were able to secrete insulin and C-peptide
in response to a high concentration of glucose.

Discussion

Our results indicate that MSCs from human umbilical cord
were similar to those present in adult human bone marrow.
Their morphology and immunophenotype were similar to
those of adult bone marrow MSCs. Like human bone marrow-
derived MSCs, human umbilical cord MSCs also expresses
a large number of adhesion molecules, including CD29 and
CD44. In order to prove that what we isolated from human
umbilical cord was MSCs, the isolated cells were also induced
to differentiate into adipocytes and osteoblasts. Our results
suggest that the isolated cells had the characteristics of MSCs.

Our results show that the expression of PDX1 and inducing
factors, such as EGF, B27 and GLP-1, could induce MSCs
from human umbilical cord to form pancreatic islet-like cell
clusters in vitro. These islet-like cell clusters were shown to
release human insulin and C-peptide. Insulin gene transcrip-
tion-regulating mechanism of pancreatic 3-cells is extremely
complicated. PDX1 has been proven to play an important role
in regulating insulin gene expression and in the activation
of the differentiation process of pancreas precursor cells to
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Figure 6. Secretion of insulin from MSCs after induction at different times.
Values represent the mean + SE of five independent experiments. Cell super-
natants were collected for insulin release analysis at Days 0, 7, 10 and 17 of
induction. 17d*, at Day 17 of induction glucose (25 mmol/l) was added to the
medium for an additional one hour.

pancreas cells, including exocrine and endocrine cells. Our
results show that PDX1 or the induction factors alone failed
to induce cell differentiation. PDX1 combined with a series
of induction factors can control and limit the differentiation
of MSCs to B-like cells. These insulin-producing cells are
responsive under the medium containing high glucose. It
suggested the combination of PDX1 with induction factors
may be an effective method to induce the MSCs into insulin-
producing cells. Accordingly, our findings suggest that the
synergistic effect of PDX1 and induction factors is beneficial
to the differentiation of [3-cells.

In the present study, in order to further optimize the protocol
of induction, besides transferring of PDX1, we also chose to
use a combination of various factors, including B27, GLP-1,
human betacellulin, HGF and p-mercaptoethanol, as well as
HGF and EGF, in which EGF can induced stem cell differen-
tiation to pancreatic precursor cells called nestin-positive cells
(1,16). The induction factors GLP-1, human betacellulin, HGF
and B-mercaptoethanol also influence f-cell development
and functions. Among these factors, GLP-1 promotes fetal
pancreatic precursor cell differentiation to [3-cells through
interaction with the receptor GLP-1R (17,18). Nicotinic amide
combined with betacellulin promotes the differentiation from
stem cells to -cells. Furthermore, betacellulin has the ability
of promoting the differentiation of (-cells and speeding up
the formation of pancreatic cell clusters (19-21). In addition,
nicotinamide promotes the differentiation of fetal pancreatic
precursor cells and increases the amount of (-cells (22,23).
p-mercaptoethanol is defined as a more strong oxidant
inducing the change of cellular morphology from fusiform
cells to round or nearly round cells through the variation of
the cellular oxidation condition. These events are favorable for
cell aggregation (24). The association of these factors provides
a microenvironment that favors the maturation and function of
B-cells. After 3 days induction, the MSCs changed to a round
type, gathered and formed the pancreatic corpuscular.

In our study, a sequential expression of the key transcrip-
tion factors linked to pancreas development emerged. Besides
PDXI, the sequential appearance of Ngn3 and Nkx6.1, insulin
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and Glut-2 suggests that the induction of p-like cells followed
a progression similar to that of in vivo pancreas development
(25). Our finding is consistent with the reports in which PDX1
expression results in increased Ngn3 expression (7,26), in which
PDX1, Ngn3 and Nkx6.1 are important for differentiation of
pancreatic endocrine cells and especially of -cells (27,28).

In summary, our findings indicated that MSCs from human
umbilical cord could be induced to differentiate into mature
islet-like cell clusters, which possess insulin-producing ability
in vitro. Therefore, MSCs from the human umbilical cord have
the potential to become an excellent candidate in (3-cell replace-
ment therapy of diabetes. However, the functional stability of
the islet-like cells in vivo needs further investigation.
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