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Abstract

Transdifferentiattion potential of mesenchymal stem cells (MSCs) into insulin-producing cells (IPCs) has been suggested
recently. In our recent works, we demonstrated the high performance of mouse neonate pancreas extract (MPE) in the
production of functional IPCs from carcinoma stem cells. In this study,MPEwas used to generate IPCs fromMSCs without any
genetic manipulation. To this end, bone marrow MSCs were isolated and characterized. In order to differentiate, MSCs were
induced by selection of nestin-expressing cells and treatment with 100mg/mLMPE.Morphological features of the differentiated
cells were confirmed by dithizone staining. Immunoreactivity to insulin receptor beta, proinsulin, insulin, and C-peptide was
observed by immunoflourescence.We also quantified glucose-dependent insulin production and secretion by ELISA. Real-time
PCR indicated the expressions of b cell-related genes, PDX-1, INS1, INS2, EP300, and CREB1, in IPC cells. Possible pathways
governed byCREB1, EP300, and PDX-1 transcription factors in differentiation ofMSCs to IPCswere determined based onGene
Set Enrichment (GSE) approach atP¼ 0.05. Pathway discovery highlighted the negative regulatory effects ofMIR124-2, HDAC5
protein, REST, and NR0B2 transcription factors on expression of CREB1, EP300, and PDX-1 and inhabitation of IPC
differentiations. In contrast, a crosstalk between FOXA2 and TCF7L2 transcription factors, DNA-PK complex, KAT2B protein
positively interacting with PDX-1, CREB1, EP300 resulted in the induction of IPC and following insulin production. In
conclusion, we report an efficient, simple, and easy method for production of functional IPCs from MSCs by MPE treatment.
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Introduction

Ex vivo differentiation systems using stem cells provide
valuable experimental tools to explore underlying regulatory
mechanisms of pancreatic b cell mass development, expan-
sion, and maintenance. To reach this goal, developing
appropriate and effective methods for differentiation and
maturation of stem cells into insulin-producing cells (IPCs)
are highly required. Different elicitors, such as fibroblast

growth factor (FGF), betacellulin, activin, and exendin-4, can
induce stem cell differentiation into IPCs (Yang et al., 2002;
Ackermann and Gannon, 2007; Chao et al., 2008; Jafary et al.,
2008). Interestingly, signals from mesenchymal stem cells
(MSCs) play a significant role in the development of normal
pancreas. Reddy et al. (2000) showed that administration of
whole pancreatic extract to non-obese diabetic (NOD) mice
inhibited autoimmune diabetes (Reddy et al., 2000).
Subcutaneous administration of pancreas extract to human
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decreased blood glucose and increased utilization of
carbohydrates (Banting et al., 1991). Cotransplantation of
differentiated human embryonic stem cells (hESCs) with
mouse embryonic pancreas under the kidney capsule resulted
in differentiation of b cell (Brol�en et al., 2005). Coculture of
MSCs with regenerating pancreas-conditioned medium
(Choi et al., 2005) or rabbit pancreas tissue (Chang et al.,
2007) remarkably stimulated the differentiation of the stem
cells to generate IPCs. It has been reported that the required
factors for pancreas regeneration either are secreted or exist
in pancreatic milieu (Kanitkar and Bhonde, 2004). Rat
regenerating pancreas extract (RPE) contains factors that
induce islet neogenesis in diabetic animals, as well as
transdifferentiation of MSCs into IPCs (Lee et al., 2008;
Zhang et al., 2012; Xie et al., 2013). Self-renewable MSCs can
be isolated from a range of adult tissues such as adipose,
pancreas, and bone marrow. They can be easily separated,
grown in culture, and transdifferentiated into awide variety of
cell types. MSCs from various tissues were induced to
differentiate into functional IPCs under the defined con-
ditions (Oh et al., 2004; Chao et al., 2008; Liu and Han, 2008;
Xie et al., 2013). However, the resulting IPCs appeared to be
not fully matured and functional (Xie et al., 2013).

We recently introduced two successful induction systems
using neonate mouse pancreas extract (MPE) (Ebrahimie
et al., 2014) and pancreas-conditioned medium (PCM)
(Mansouri et al., 2014) as natural native inducers to produce
IPCs fromP19 embryonal carcinoma (EC) cells. Based on our
observations, both MPE and PCM are able to efficiently
induce IPCdifferentiation. It should be emphasized that islets
of mouse pancreas are not fully formed before birth and
undergo further remodeling and development for 2–3 weeks
after birth (Habener et al., 2005). Numbers and mean sizes of
mouse pancreatic islets and b cells increase significantly
during postnatal life (Herbach et al., 2011). Therefore, we
hypothesized that neonatal MPE may also contain factors
similar to embryonic and regenerating pancreas able to
induce in vitro transdifferentiation of MSCs into pancreatic
lineages. Based on thementioned hypothesis, in this study, we
used whole pancreas extract to generate functional IPCs from
MSCs without any genetic manipulation. We showedMPE is
highly efficient for transdifferentiation of bone marrow-
derived MSCs into mature IPCs. The differentiated cells
expressed specific b cell markers. In addition, they were able
to make and secret insulin in response to glucose.

Materials and methods

Preparation of MPE

BALB/c pregnant mice were provided from Azad University
of Shahrekord (Shahrekord, Iran). Whole pancreas of
1–2-week-old neonate mice were carefully removed and

homogenized in PBS containing protease inhibitors (PMSF,
Roche, 10837 091 001). The homogenates were then
centrifuged and protein contents of the samples were
rapidly analyzed by Bradford method.

Isolation, culture, and expansion of MSCs

Isolation of MSCs from bone marrow was performed
according to previously described method (Peister et al.,
2004) with slight modifications. Briefly, the femurs and
tibiae of 2-month-old male mice were dissected away from
the attached tissues. Bone marrow cells were perfused and
cultured in Dulbecco’s modified Eagle medium (DMEM;
Gibco, 31600), 10% fetal bovine serum (FBS, Gibco, 10270-
106), penicillin (50mg/mL, Sigma, P3032), and streptomycin
(50mg/mL, Sigma, S1277). After 24 h, the nonadherent
hematopoietic cells were removed. At 80% confluency, the
cells were treated with 0.25% trypsin/0.04% EDTA and
seeded into fresh flasks.

Multipotency characterization of MSCs

The cells were cultured in a six-well plate and then treated
with osteogenic or adipogenic induction medium for
21 days. Alizarin red and oil red staining were used to
confirm the osteocytes and adipocytes differentiation,
respectively, as described previously (Peister et al., 2004).
Expressions of undifferentiated stem cell markers, including
Oct3/4, Sox-2, and Nanog in MSCs were detected using real-
time PCR (see below).

Phenotypic characterization of MSCs by fluorescence-
activated cell sorting (FACS)

FACS analysis of MSCs was performed as previously
described (Kobune et al., 2003). Briefly, cell suspension
was washed twice with 0.1% bovine serum albumin (BSA) in
PBS. 1� 106 cells were incubated with anti-CD44 (Abcam,
ab119348) or anti-CD45 (Abcam, ab10558) primary anti-
body. FITC-conjugated anti-mouse IgG (Sigma, St. Louis,
MO, F9137) was used as secondary antibody and resus-
pended for analysis.

Transdifferentiation of MSCs into IPCs

Outline of differentiation protocol is summarized in
Figure 1. Bone marrow MSCs were isolated and grown
in DMEM supplemented with 10% FBS (stage 1). Multi-
potency characterization of the cells was then carried
out (see above). To direct differentiation, cells were
cultured in DMEM supplemented with 3% FBS (stage 2)
and induced, based on selection of nestin-positive cells
(Lumelsky et al., 2001) (stage 3). To select nestin-positive
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cells, the media were changed with serum-free medium
including DMEM/F12 medium (DMEM nutrient mixture
F-12 HAM, Sigma, D8900) and 1mg/mL insulin-transfer-
rin-sodium selenite media supplement (ITSFn, Sigma,
I1884). Four to seven days later, the cultures were grown
in N2 medium (Stem Cell Technologies INC, 07152)
containing B27 (Invitrogen, 17504-044), 5mg/mL insulin,
10 ng/mL bFGF (FGF-Basic human, Sigma, F0291), and
10 ng/mL epidermal growth factor human (EGF, Sigma,
E9644) (stage 4). EGF and bFGF were then withdrawn and
10mmol/L nicotinamide (Sigma, N0636) was added for
the next 7–14 days (stage 5). For differentiation induction
of the cells into IPCs, MPE (100mg/mL) was added in this
stage. The cultures with no MPE were considered as
control.

Dithizone staining

To confirm the existence of MSCs-derived IPCs, we used
dithizone (DTZ) staining (Shiroi et al., 2005). Stock solution
of DTZ (diphenylthiocarbozone,Merck, DX2370-3) (50mg)
in dimethylsulfoxide (DMSO, Sigma, D2650) was prepared.
Staining was performed by working solution. After rinsing
with hank’s balanced salt solution (HBSS), clusters of

crimson red cells were tested by stereomicroscope. A cell
suspension was prepared after trypsinization following DTZ
staining. The cells were counted using a hemocytometer at
40� magnification. The assay was repeated at least three
times.

Immunoflourescence staining

The primary antibodies used in this study were as follows:
anti-nestin (Sigma, N5413), mouse monoclonal proinsulin
plus insulin, (Abcam, ab8304-50), rabbit polyclonal anti-C
peptide (Abcam, ab14181), and mouse monoclonal insulin
receptor beta (Abcam, ab8304-100) antibody. Cy5.29-
conjugated anti-rabbit IgG (Abcam, Cambridge, MA,
ab6564) and FITC-conjugated anti-mouse IgG (Sigma, St.
Louis, MO, F9137) were used as secondary antibodies. For
immunoflourescence, the cells were cultured in six-well
plates, fixed, and permeabilized. They were then treated by
normal goat serum (NGS, Sigma, G9023) to prevent
nonspecific binding. Then, the cells were incubated with
the primary antibody and relevant secondary antibody. All
of the antibodies were used at 1:1,000 dilutions. Glycerol
(70%) was used to mount the cover slips. Primary antibody
was removed as negative controls for immunostaining.

Figure 1 Schematic representation of six-stages protocol for differentiation of insulin-producing cells (IPCs) from mesenchymal stem cells
(MSCs) based on the selection of nestin-positive precursors. The right panel shows cell morphologies at different stages. DMEM, Dulbecco’s
modified Eagle medium; FBS, fetal bovine serum; ITSFn, insulin-transferrin-sodium selenite; bFGF, basic fibroblast growth factor; EGF, epidermal growth
factor; MPE, mouse pancreas extract.
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Enzyme-linked immunosorbent assay (ELISA) for
evaluating insulin content and secretion

IPCs and undifferentiated MSCs were grown in six-well
plates to assay the secreted and intracellular insulin. Before
the measurement, the cells were washed and incubated in
a fresh serum-free medium containing 0.5% BSA to
allow the detection of insulin secretion without fetal
serum interference. Sequential adding of serum-free media
containing low-glucose (5.5mmol/L) or high-glucose
(25mmol/L) was used for glucose challenge of the cells.
The conditioned media was frozen at �70�C until assay for
insulin content. Sonicating in acid–ethanol was used for
assessing intracellular insulin content of cell pellets. The
values were normalized regarding the total protein
content. ELISA was used on the conditioned media and
cell extract by insulin mouse ultrasensitive ELISA kit
(Alpco, 80-insmsu-E01). The assay was repeated at least
three times.

Real-time RT-PCR

Total RNA was extracted from IPCs and undifferentiated
MSCs using Qiazol lyses reagent (Qiagene, 79306). cDNAs
were made (Qiagene-QuantiTectRev_Transcription Kit,
205311) and RT-PCR assays were carried out (Qiagen,
Rotor-Gene, CA). Real-time of undifferentiated cell
markers, SRY (sex-determining region Y)-box 2 (Sox-2),
POU class 5 homeobox 1 (Oct3/4), and Nanog Homeobox
(Nanog), as well as pancreatic b cell genes, insulin 1 (INS1),
insulin 2 (INS2), pancreatic and duodenal homeobox 1
(PDX-1), E1A binding protein p300 (EP300), cAMP
responsive element binding protein 1 (CREB1), and a
housekeeping gene, b-2M (b2 microglobulin), were per-
formed using specific primers (Supplementary Table S1) and
SYBR Premix Ex Taq. RT samples and negative controls
(with no template) were run together with the test samples.
Standard curves were designed for each tested gene to
analyze the efficiency of the reaction. Values of the
expressions were normalized in relation to individual
b-2M as internal control. The profile was obtained by
plotting the relative gene expression levels compared to the
undifferentiated cells.

Statistical analysis

All the experiments were performed in triplicate. Statistical
differences were measured using Student’s t-test, in two
groups’ comparison. For more than two groups (treat-
ments), one-way analysis of variance (ANOVA) and
Duncan’s test were applied. The results were expressed as
the mean� standard deviation (SD) and P< 0.05 was
pointed out as statistically significant.

Subnetwork discovery based on Gene Set Enrichment
(GSE) approach

After the confirmation of the upregulation of CREB1,
EP300, and PDX-1 transcription factors as the major
regulators in differentiation of MSCs to IPCs by real-time
RT-PCR, these transcription factors, as well as insulin
protein, were subjected to subnetwork (pathway) discovery
based on Gene Set Enrichment (GSE) approach at P¼ 0.05
(Subramanian et al., 2005). Statistically significant subnet-
works determined the possible biological functions and
ultimate goals by which CREB1, EP300, and PDX-1 are
upregulated.

For running GSE algorithm, enriched mammalian
database of Pathway Studio 10 package (Elsevier), includ-
ing gene/protein/small RNA interaction, was employed
(Novichkova et al., 2003). Then, the contribution of CREB1,
EP300, and PDX-1 transcription factors and insulin to
different deposited pathways in Pathway Studio database
was measured by Fisher’s exact test. The deposited pathways
in Pathway Studio database (Mammal) are presented in
Supplementary Table S2. Pathway Studio is highly enriched
in terms of pathways, gene ontologies, and relationships,
which are constructed using literature (text) mining
of scientific publications of major domains (PubMed,
ScienceDirect, etc.) by Medscan language text mining
(Nikitin et al., 2003; Novichkova et al., 2003; Hosseinpour
et al., 2012). Medscan is able to efficiently mine the text
and convert that to biological interaction formula such
as promoter binding, expression/regulation, inhibitory
microRNA effect, etc.

Combining the subnetworks based on union selected
network algorithm

Union selected network algorithm was used to combine the
statistically significant subnetworks and form an integrated
network. Union selected subnetwork is an effective algo-
rithm in unraveling the key regulatory elements (ligands,
receptors, transcription factors, and microRNAs) (Nikitin
et al., 2003; Alanazi et al., 2013; Ebrahimie et al., 2014).
Transcription factors, ligands, receptors, and microRNAs
are the main coordinators in integrative networks, which
build crosstalk between different pathways and synchronize
them (Alisoltani et al., 2014).

Results

Isolation and characterization of MSCs

To obtain the adherent MSCs, cells from mouse bone
marrow were plated and cultured (Figure 2A). The
unattached cells were removed and the adherent MSCs
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were cultured. After subculture, the majority of adherent
cells had uniformly appearance. Figures 2B–2D show
morphological changes of undifferentiated MSCs. The
attached undifferentiated MSCs show fibroblast-like cell
morphology (Figures 2B and 2C). After 10 days of culturing,
the cells started to form cell clusters (Figure 2D). To
confirm the multipotency characters of MSCs, the cells
were incubated in osteogenic or adipogenic differentiation
medium for 21 days. Calcium depositions were detected by
Alizarin red in osteogenic-differentiated MSCs (Figure 2E).
The result of oil red staining showed the presence of lipid
droplets in adipogenic differentiated MSCs (Figure 2F).
Furthermore, MSCs markers were analyzed by FACS
(Figure 2G). The data indicated that the majority of the
cells were positive for CD44 (99.6%) and negative for CD45
(98.7%).

Selection of nestin-positive cells

In the first step of differentiation protocol, MSCs were
cultured in a serum-free medium to select nestin-positive
cells. Immunoflourescence analysis showed that the differ-
entiating cells express nestin at stage 3. Figure 3 shows
individual nestin-positive cells after staining with antibody
against nestin (Figure 3A). The nuclei were counterstained
by Hoechst (Figure 3B). Figure 3C shows combined picture
of nestin and Hoechst.

Morphological studies

DTZ was used to assess the presence of MSC-derived IPCs
after differentiation induction. The outcomes of DTZ-
staining are shown in Figures 4A–4E. During differentiation,

Figure 2 Isolation, culture, and characterization of bone marrowmesenchymal stem cell (MSCs) (A) Mouse MSCs were plated and cultured to
obtain the adherentmature cells. (B) About 10 days after culture, the cells show fibroblast-like cell morphology. (C) Subculture of undifferentiatedMSCs.
(D) A cell aggregate of MSCs. Representative micrographs of (E) osteogenic and (F) adipogenic differentiation, after incubation for 21 days in specific
medium. (G) Flow cytometry analysis of MSCs indicated that majority of the cells were positive for CD44 (99.6%) and negative for CD45 (98.7%).
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spindle fibroblast-shaped cells became round or oval-type
cells. Then, they organized into small clusters, and in final,
formation of islet-like aggregates happened (Figures 4A–
4C). Distinct DTZþ cells were observed in MPE-treated
MSCs, whereas they could not be seen at the intact
undifferentiated cells (Figure 4D). To estimate the frequency
of DTZþ cells, the number of crimson red cells in the
cultures was counted. Figure 4E shows the percentage of
DTZþ cells, which is significantly higher than that of the
untreated group (74.00� 5.09%, 15.20� 2.64%, respec-
tively; P< 0.05).

Protein analysis of MSC-derived IPCs

Nestin-positive cells were expanded by culturing in the
presence of bFGF and EGF and differentiated into IPCs by
supplementing the culture medium with nicotinamide and
100mg/mL concentration of MPE. Using this procedure,
cells that displayed expression of pancreatic b cell specific
proteins were obtained. Immunoflourescence evaluation of
the differentiated MSCs showed that these cells were
immunoreactive to insulin receptor beta (Figure 5B),
proinsulin plus insulin (Figure 5E), and C-peptide

Figure 3 Immunofluorescence for nestin. (A) Immunofluorescence staining with antibody against nestin reveals individual nestin-positive cells. (B)
The nuclei are counterstained by Hoechst. (C) Merged image of nestin and Hoechst.

Figure 4 Dithizone staining of transdifferentiated mesenchymal stem cells (MSCs). (A) During differentiation, spindle fibroblast-shaped cells
became round or oval-type cells (arrows). Then, they started to organize into small aggregates (arrowheads), and finally formed islet-like clusters
(asterisks). (B) Higher magnification of an islet-like cluster, shown in panel A. (C) DTZþ single cells distinctly stained crimson red by dithizone. (D)
Untreated MSCs are not stained by DTZ. (E) Percentage of DTZþ cells among total cells. MPE induced the differentiation of MSC cells at a higher mean
than that of the untreated group. The experiments were performed at least in triplicate. Each value represents mean� SD. The lowercase letters
represent statistical significance at P< 0.05. The values with different letters are statistically different at P< 0.05.
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(Figure 5H) after MPE treatment. The nuclei were counter-
stained by Hoechst (Figures 5A, 5D, 5G, and 5J). The
primary antibody was omitted in several groups as controls
for immunostaining (Figure 5K).

Insulin alterations responding to glucose challenge

To evaluate the functional differentiation of developed IPCs
in our culture system, we analyzed glucose-dependent insulin
released by ELISA. Glucose-inducible insulin secretion was
examined in undifferentiated MSCs and differentiated IPCs.
The results are presented in Figure 6. The statistical
differences between the groups revealed that compared

to MSCs, differentiated IPCs demonstrated an obvious
enhancement in secreted (Figure 6A) and intracellular
(Figure 6B) insulin, when normalized to the total protein
content. No significant insulin content or secretion was
observed in undifferentiated cells. The amount of secreted
and intracellular insulin in the treated cells was 4.6 and 3.9
times, respectively, over that in untreated cells (P< 0.05).

QPCR

To determine the effects of MPE on IPCs transdifferentia-
tion of MSCs, the expression of pancreas specific genes
was examined by qPCR. Untreated cells (with no MPE

Figure 5 Fluorescencemicrographs indicating the expression of pancreas b cell markers in insulin-producing cells (IPCs) derived fromMSCs.
Staining of IPCs with antibodies against insulin receptor beta (B), proinsulin plus insulin (E), and C-peptide (H) shows that most of the cells treated with
MPE express pancreatic b cell markers. The nuclei are counterstained by Hoechst. (C) Merged image of insulin receptor beta and Hoechst. (F) Merged
image of proinsulin plus insulin and Hoechst. (I) Merged image of C-peptide and Hoechst. (J and K) The primary antibody was omitted as control for
immunostaining.
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treatment) were also considered as control. The results of
representative experiments are presented in Figure 7. To
categorize MSC cells, a qPCR analysis was initially
performed on these undifferentiated cells and IPCs for
comparing undifferentiated marker gene expression includ-
ing Oct3/4, Sox-2, and Nanog (Figure 7A). Expression of
genes was significantly downregulated in IPC-differentiated
cells by 84, 15.38, and 1.44 times, respectively.

The data showed that in our culture system, mRNA
expression of pancreatic specific markers was significantly
increased in the differentiated cells (Figure 7B). The
expression levels of PDX-1, INS1, and INS2 in IPCs were
significantly higher than those of undifferentiated MSCs.

Differentiated cell markers, EP300 and CREB1, were also
selected and quantified in MSCs and IPCs. The results
indicated that during IPCs differentiation, the expressions of
EP300 and CREB1 transcription factors were increased by 5
and 9.7 times, respectively (Figure 7B).

Subnetwork discovery and network construction

Based on GSE approach (Subramanian et al., 2005), different
pathways (subnetworks) governed by upregulation of
CREB1, EP300, and PDX-1 transcription factors were
identified at P< 0.05 and are presented in Table 1 and Sup-
plementary Table S3. Some of these pathways are visualized
in Figure 8 and underpinning references are mentioned
in Supplementary Table S4. As presented in Figure 8, some
subnetworks have negative and some have positive
regulatory effect on CREB1, EP300, PDX-1, and insulin
production.

The first significant pathway belongs to MIR124-2. This
microRNA has negative regulatory effect on expression of
CREB1, and PDX-1, as well as insulin production (Figure 8).
Another regulatory subnetwork belongs to HDAC5.
HDAC5 is a nuclear protein, which downregulated
CREB1, EP300, PDX-1, and insulin production mechanism
(Figure 8). REST and NR0B2 transcription factors are the
other negative regulators of expression of CREB1, EP300,
and PDX-1 and inhibitors of IPC differentiations.

In contrast, FOXA2 and TCF7L2 transcription factors,
DNA-PK complex, KAT2B protein positively interact with
CREB1, EP300, PDX-1 and lead to differentiation of IPCs
and insulin production. Due to the ability of transcription
factors in activation of promoter regions of different genes
(Deihimi et al., 2012), transcription factors are the major
element establishing the link between different subnetworks.

Union selected subnetwork constructed an integrative
network based on the significant subnetworks (presented in
Supplementary Figure S5). Underlying relationships and
types of relationships can be retrieved from Supplementary
Table S6. Interestingly, SIRT1 is placed on mitochondria
contributes in IPCs differentiation.

Discussion

Adult bonemarrow-derivedMSCs are pluripotent stem cells
with the potential to differentiate into a wide variety of cell
types (Abdi et al., 2008). Some studies have reported that
MSCs isolated from various tissues are able to differentiate
into functional IPCs (Oh et al., 2004; Chang et al., 2007; Sun
et al., 2007; Chao et al., 2008; Liu andHan, 2008; Zhang et al.,
2009; Xie et al., 2013).We recently introduced two successful
induction systems using neonate MPE (Ebrahimie et al.,
2014) or PCM (Mansouri et al., 2014) as natural
native inducers to produce IPCs from P19 EC cells.
Our observations documented that both MPE and PCM

Figure 6 Detection of secreted (A) and intracellular versus secreted
(B) insulin in undifferentiated mesenchymal stem cells (MSCs) and
differentiated cells (IPCs). Significant insulin concentration was
observed in MPE-treated IPCs. To normalize the amount of insulin
secretion, total protein of the cells was measured by the Bradford
method. The experimentswere performed at least in triplicate. Each value
represents mean� SD. The lowercase letters represent statistical
significance at P< 0.05. The values with different letters are statistically
different at P< 0.05.
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efficiently induced IPC differentiation in this cell line. To the
best of our knowledge, this work is the first attempt
demonstrating that pancreatic extract from neonatal mouse
has the capacity to induce pancreatic differentiation of
MSCs. Here, we report that pluripotent MSCs similar to P19
cells efficiently respond to differentiation cues presented in
MPE through transdifferentiation into functional IPCs for
the first time.

MSCs can be easily separated, grown, and multiplied in
vitro. These cells are recognized by various criteria including
adherence to culture plastic, differentiation ability, and the
presence/absence of specific markers (Le Blanc and
Pittenger, 2005). Therefore, at the first part of the present
study, undifferentiated state of MSCs was assessed by (1)
adherence to plastic culture flasks: they were plastic-
adherent when maintained in expansion conditions, (2)
morphology: they indicated elongated spindle or fibroblast-
like shape, as well as a vortex-like growth (Xie et al., 2013),
(3) osteogenic and adipogenic differentiation potential of
MSCs, (4) positive and negative reaction for MSCs markers
CD44 and CD45, respectively, and finally (5) expression of
stem cell markers, including Oct3/4, Sox-2, and Nanog. In
line with the findings of this study, other investigators have
reported the expression of these three genes in MSCs (Lee
et al., 2008; Gade et al., 2013). Pierantozzi et al. (2011)
showed that Nanog, but not Oct-4 and Sox-2, is expressed in
cultured human adult MSCs (Pierantozzi et al., 2011). Our

results demonstrated that the expressions of these undiffer-
entiated stem cell markers were downregulated during
differentiation. Furthermore, results of FACS analysis
showed that isolated MSCs were positive for CD44 but
negative for CD45.

The extract utilized in our study derived from whole
pancreas of 1–2 weeks mouse neonate. Our hypothesis was
that MPE is able to provide a tissue-specific microenviron-
ment for pancreatic differentiation. It is well known that
tissue extract mimics tissue-specific microenvironment and
is able to stimulate the differentiation of bone marrowMSCs
to the target lineage (Liu et al., 2009). Human diabetic MSCs
(dBM-MSCs) exposed to fetal pancreatic extract (Phadnis
et al., 2009) or paracrine factors secreted from regenerating
pancreas (Phadnis et al., 2011) were differentiated into a
pancreatic lineage. Pancreatic tissue extract can effectively
improve transdifferentiation efficiency and maturity of IPCs
(Xie et al., 2013). Both insoluble and soluble factors from the
surrounding microenvironment influenced the fate of stem
cell differentiation (Phadnis et al., 2009). Differentiation
induction of ES cells into IPCs was observed by fetal soluble
factors, released during pancreas embryogenesis (Vaca et al.,
2006). Mouse pancreas undergoes further development for
2–3 weeks after birth (Habener et al., 2005). Therefore,
mouse neonate MPE probably contains some soluble factors
that are necessary for pancreas development. Soluble factors
act in upregulation of some of the pancreatic endocrine and

Figure 7 Real-time PCR of the genes involved in differentiation of mesenchymal stem cells (MSCs) into pancreatic cells. (A) Comparison of
expression of undifferentiated stem cell markers, Oct3/4, Sox-2, and Nanog, between MSCs and IPCs. Expression of these genes was significantly
downregulated in differentiated cells. (B) Relative gene expression of pancreas-specific genes, PDX-1, INS1, INS2, EP300, and CREB1, in MSCs-derived
IPCs. During differentiation of IPCs fromMSCs, the expression of these geneswas significantly increased in comparison to undifferentiated cells. The data
are expressed as relative gene expression to b-2M and are presented as mean� SD. The experiments were performed at least in triplicate. The lowercase
letters represent statistical significance at P< 0.05. The values with different letters are statistically different at P< 0.05.
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exocrine markers (Metrakos et al., 1993; Talavera-Adame
et al., 2011; Narayanan et al., 2014). Altogether, these
findings indicate that the developing pancreatic tissues
contained some important soluble factors that are able to
promote stem cells differentiate to b cells. This approach
provides new strategies for developing an efficient induction
method for differentiation of stem cells into IPCs.

To direct differentiation, MSCs were induced based
on nestin-expressing cell selection and treatment with
100mg/mLMPE. Differentiation of nestin-positive cells into
IPCs after treatment suggested that MPE could provide the
necessary cues for promoting pancreatic induction of MSCs.
In our earlier investigation using MPE, this native medium
could efficiently induce b cell features in P19 EC cells. The
peak response for pancreatic induction was at 100mg/mL
(Ebrahimie et al., 2014), which was used for further
investigation at the present study. According to some
reports, nestin as a neural stem cell marker may not be
specific for precursors of b cell (Yang et al., 2011). In
contrast, some studies have shown the expression of nestin
in islet progenitor cells (Kim et al., 2004, 2010). Our results
indicated that it is possible to generate IPCs from
undifferentiated mouse bone marrow MSCs with the
functional and molecular characteristics of pancreatic
b cells via nestin selection protocol plus MPE as an inducer.
These findings are consistent with the earlier demonstra-
tions that nestin-expressing cells can be differentiated into

IPCs (Kim et al., 2004, 2010; Fujikawa et al., 2005; Zulewski,
2006; Chao et al., 2008; Wei et al., 2013).

Pancreatic characterizations of the differentiated cells,
produced in our culture system, were analyzed by means of
morphology, insulin production and secretion assay, and
specific protein and gene expression analysis. DTZ staining
indicated that MSCs are able to form crimson red islet-like
clusters showing morphological features of pancreatic
b cells. DTZ stains b cells in the islet due to the presence
of zinc in insulin secretory granules (Latif et al., 1988).
Secreted and intracellular insulin was quantified in the
differentiated cells via glucose-dependent insulin release by
ELISA. An important feature of mature b cells is their ability
to sense blood glucose level and respond by synthesizing and
secretion of insulin (Ackermann and Gannon, 2007).
Furthermore, immunoreactivity for proinsulin along with
C-peptide in the current study exhibited the presence of
endogenously produced insulin. De novo synthesis and
processing of insulin as a feature of normal b cells was
reported previously (Brol�en et al., 2005; Zulewski, 2006;
Ebrahimie et al., 2014; Mansouri et al., 2014). In the current
study, insulin production by IPCs was confirmed by
immunoflourescence, ELISA, and real-time PCR analysis.
We found that twomature forms of insulin transcripts, INS1
and INS2, were expressed in IPCs. Brol�en et al. (2005) claim
that, “It is expected that cells, which synthesize and secrete
insulin, should express key b cell transcription factors which

Table 1 Statistically significant subnetworks, which CREB1, EP300, and PDX-1 transcription factors and insulin can contribute (generate) in
order to differentiatemesenchymal stem cells (MSCs) into functional insulin-producing cells (IPCs) under defined conditions based onGene
Set Enrichment (GSE) approach. Pathways deposited in database of Pathway Studio 10 (Elsevier) were used as the source of pathway
discovery.

Subnetwork (pathway)
Total number of

neighbors in subnetwork Number of overlap
Percent of overlap

(%) Overlapping entities P-value

Neighbors of MIR124-2 12 3 23 CREB1, INS, PDX-1 1.08E-10
Neighbors of HDAC5 211 4 1 CREB1, EP300, INS,PDX-1 7.70E-10
Neighbors of HIPK2 230 4 1 CREB1, EP300, INS,PDX-1 1.09E-09
Neighbors of PDX-1 336 4 1 CREB1, EP300, INS,PDX-1 4.97E-09
Neighbors of KAT2B 344 4 1 CREB1, EP300, INS,PDX-1 5.46E-09
Neighbors of HCFC1 48 3 6 EP300, INS, PDX-1 6.93E-09
Neighbors of DNA-PK 365 4 1 CREB1, EP300, INS,PDX-1 6.93E-09
Neighbors of REST 392 4 1 CREB1, EP300, INS,PDX-1 9.22E-09
Neighbors of NR0B2 400 4 0 CREB1, EP300, INS,PDX-1 1.00E-08
Neighbors of FOXA2 440 4 0 CREB1, EP300, INS,PDX-1 1.46E-08
Neighbors of TCF7L2 441 4 0 CREB1, EP300, INS,PDX-1 1.48E-08
Neighbors of ATF3 485 4 0 CREB1, EP300, INS,PDX-1 2.16E-08
Neighbors of GPR39 76 3 3 CREB1, INS, PDX-1 2.75E-08
Neighbors of MAFA 79 3 3 EP300, INS, PDX-1 3.09E-08
Neighbors of OGT 546 4 0 CREB1, EP300, INS, PDX-1 3.47E-08
Neighbors of SUMO1 546 4 0 CREB1, EP300, INS, PDX-1 3.47E-08
Neighbors of SIK2 87 3 3 CREB1, EP300, INS 4.12E-08
Neighbors of MIR296 89 3 3 CREB1, INS, PDX-1 4.41E-08
Neighbors of MAPK9 605 4 0 CREB1, EP300, INS, PDX-1 5.24E-08
Neighbors of PLAGL1 98 3 3 CREB1, EP300, INS 5.89E-08
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participate in the transcriptional regulation of b cell
differentiation and function” (Brol�en et al., 2005). Quanti-
tative PCR highlighted that IPCs produced in our culture
system could express pancreatic b cell-related genes, such as
INS1, INS2, PDX-1, EP300, and CREB1. PDX-1 is necessary
for maintaining function of mature b cell and plays a role in
the final differentiation of b cells by inducing expression of
insulin (Edlund, 2001; Ackermann and Gannon, 2007). It

has been reported that PDX-1, NeuroD1, andMafA promote
transcription of insulin gene via binding to its promoter
(Qing-Song et al., 2012). Expression of PDX-1 increases the
regeneration and proliferation of b cells (Park et al., 2010).
Based on our recent reports, INS2 and PDX-1 are the central
proteins for induction of IPCs. Furthermore, several
transcription factors, including EP300 and CREB1, have
positive regulatory effects on crosstalk and activation of

Figure 8 Statistically significant pathways (subnetworks) generated by upregulation of CREB1, EP300, and PDX1 transcription factors
(P¼ 0.05) during differentiation of mesenchymal stem cells to insulin-producing cells.
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PDX-1 and INS2 (Ebrahimie et al., 2014; Mansouri et al.,
2014).

The data presented here demonstrated that differentiated
MSCs could express insulin and insulin receptor beta after
treatment with MPE. As stated earlier in various reports,
MSCs treated with tissue extract secrete a variety of
cytokines and growth factors, such as IGF-1, VEGF, and
bFGF, that improve the glycometabolism of diabetic rats (Xu
et al., 2009; Park et al., 2010). These factors have both
paracrine and autocrine activities and stimulate mitosis and
differentiation of stem cells (Caplan and Dennis, 2006).
The transmembrane insulin receptor is activated by IGF-I,
IGF-II, and insulin (Ward and Lawrence, 2009). These
factors stimulate b cell hypertrophy and replication
(Rabinovitch et al., 1982; Swenne et al., 1987). Therefore,
IPC induction in our culture system may be operated via a
paracrine or an autocrine induction loop between insulin
receptor and its ligands, expressed by MSCs. The detail
mechanism of action of MPE on IPCs differentiation needs
further investigation in the future.

Possible pathways governed by CREB1, EP300, and PDX-
1 transcription factors in differentiation of MSCs to IPCs
were determined by subnetwork discovery based on Gene
Set Enrichment (GSE) approach at P¼ 0.05. Pathway
discovery highlighted the negative regulatory effects of
MIR124-2, HDAC5 protein, REST, and NR0B2 transcrip-
tion factors on expression of CREB1, EP300, and PDX-1 and
inhabitation of IPC differentiations. Contrasting, FOXA2
and TCF7L2 transcription factors, DNA-PK complex,
KAT2B protein positively interact with CREB1, EP300,
PDX-1 and lead to differentiation of IPC and insulin
production. This study documents the practicability of Gene
Set Enrichment (GSE) and union selected subnetwork in
unraveling the regulatory mechanism of insulin production
and discovery on new candidate genes.

The imported genes in constructed network were CREB1,
EP300, and PDX-1, which are the major regulators in
differentiation of MSCs to IPCs. Interestingly, we observed
the upregulation of these transcription factors at the
following two experiments: (1) Production of IPCs from
P19 EC stem cells under the treatment of PCM (Mansouri
et al., 2014), and (2) Production of IPCs from P19 EC stem
cells using mouse neonate pancreas extract (Ebrahimie et al.,
2014). Upregulation of CREB1, EP300, and PDX-1 tran-
scription factors in production of IPCs from different types
of stem cells, such as P19 EC stem cells andMSCs, and under
different inducers, such as PCM and mouse neonate
pancreas extract, confirms the key role of CREB1, EP300,
and PDX-1 in generation of IPCs. Consequently, it can be
expected that the networks governed by CREB1, EP300, and
PDX-1 to be present at successful generation of IPCs and
secretion of functional insulin irrespective of the input stem
cell and applied inducer.

Conclusion

In the present report, we aimed to verify the effects of MPE
on differentiation of MSCs from EC cells via nestin positive
selection. Our results demonstrated that MSCs have a high
potential to transdifferentiate into IPCs in response to MPE.
Furthermore, mouse neonate pancreas extract provides an
excellent native tissue specific microenvironment to induce
pancreas cell lineages.
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