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Abstract Diabetes mellitus, which is the result of autoimmune destruction of the insulin-
producing {3 cells, occurs by loss of insulin-secreting capacity. The insufficient source of
insulin-producing cells (IPCs) is the major obstacle for using transplantation as diabetes
treatment method. The present study suggests a method to form islet-like clusters of IPCs
derived from mouse embryonic stem cells (mESCs). This protocol consists of several steps.
Before starting this protocol, embryoid bodies (EBs) should be cultured in suspension in
conditioned medium of isolated mouse pancreatic islet in combination with activing A to be
induced. Then differentiated mESCs were replaced with dishes supplemented with basic
fibroblast growth factor (bFGF). Next, bFGF was withdrawn, and cyclopamine and noggin
were added. Then the cells were treated with B27, nicotinamide, and islet-conditioned medium
for maturation. mESCs, as the control group, were cultured without any treatment. An
enhanced expression of pancreatic-specific genes was detected by qRT-PCR and immunoflu-
orescence in the differentiated mESCs. The differentiated mESCsco express other markers of
pancreatic islet cells as well as insulin. This method exhibited higher insulin generation and
further improvement in IPCs protocol that may result in an unlimited source of ES cells
suitable for transplantation. The results indicated that conditioned medium, just as critical
components of the stem cell niche associated with other factors, had high potential to
differentiate mESCs into IPCs.
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Introduction

The cell therapy, as a treatment strategy for many diseases and damaged organs, can enhance
the biological function of body by replacing or repairing the impaired tissues. This approach
can be achieved by obtaining favorite stem cells from various organs [2].

Embryonic stem cells (ESCs) with self-renewing capability are pluripotent cells
established from the inner cell mass [33]. The major properties of these cells are their
in vitro and in vivo differentiation ability into all of embryonic three-layer lineages [5,
18]. For differentiation, the isolated ESCs grow in suspension to form the embryoid
bodies (EBs), which is an important step in differentiation process. According to the
mentioned characteristics, mESCs are the desired candidates for transplantation therapies
such as diabetes treatment [9, 16]. Diabetes mellitus is the most common metabolic
disorder that is currently known as the dominant cause of death in the world [1, 27].
Diabetes is associated with different effects such as diabetic retinopathy, nephropathy,
and neuropathy and currently, there is no effective cure for this disease [3, 15, 24, 29,
36]. Today, islet cell transplantation is considered as a treatment for diabetic patients.
However, several problems might be induced due to the application of this procedure.
Therefore, researchers try to use stem cells therapeutically [8, 13, 14, 29]. ESCs could
potentially be accounted as the unbound number of IPCs for transplantation into patients
with diabetes mellitus [13].

Pancreatic organogenesis is a complex and multistep process, which is controlled by
genes, key transcriptional regulators, and environment. Among them, Pdx1, a pancreas
duodenum homeodomain transcription factor; FOXA2, as a candidate gene for familial
hyperinsulinism; Ptfla, a bHLH transcription factor; Ngn3, a transiently expressed
transcription factor; and C-peptide, as an indicator of beta cell secretary function, are
important for pancreatic specification [12, 21, 35]. During embryogenesis, various
signaling factors such as activing/nodal, beta fibroblast growth factor (bFGF), retonoic
acid (RA), Shh, ... engage in the development of pancreas, many of which are produced
by pancreases itself and its surrounding environment [28, 32]. Furthermore, the use of
co-culture techniques is considerably efficient in improving the differentiation of ES cells
towards a desirable direction and also in studying the developmentally signaling inter-
actions between two adjacent organs. Conditioned medium is prepared by collecting
desirable secreted factors that can directly or indirectly play an effective role in cells
specification [10, 11].

A co-culture system associated with signaling factors to generate insulin-producing cells
(IPCs) from mESCs was described in the present study. The aim of this study was to
demonstrate the protocol’s four steps for definitive endoderm (DE), primitive gut (PG), and
pancreatic epithelium (PE) induction to simplify the IPCs protocols.

Materials and Methods

Laboratory Animals

Male NMRI mice (25-30 g) were purchased from the animal house of Ahvaz Jundishapur
University of Medical Science (Ahvaz, Iran). Mice were housed in the standard cages on a

12:12-h light-dark cycle and were supplied with sterile feed and water.
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Isolation and Culture of Mice Pancreatic Islets

Pancreatic islets were isolated from male NMRI mice and digested with collagenase.
In summary, the pancreas was removed from an adult mouse and washed with PBS
and floated in collagenase IV (ICN Biomedicals, USA) for 15 min. Then they were
cultured in DMEM/F12 (Gibco, USA) with 3% FBS (Gibco), 100 U/ml pen/strep
(Sigma, USA), and 5 mM D-glucose. Every day, the supernatant was collected and
centrifuged with the 2000g (Hettich, Germany, Rotofix32A) for 5 min, and stored in
—80 °C [30].

Isolation and Culture MEF

In this study, the 13-day-old embryos of NMRI mice were used for isolating and culturing
MEF by an enzymatic method. Isolated cells were cultured in a high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (vol/vol) FBS, 2 mM 1 glutamine, and
pen/strep until passage 3. MEFs were inactivated by mitomycin C (Sigma) treatment and were
used as a feeder layer for mESCs.

Embryonic Stem Cell Culture

Mouse ESCs were maintained on precoated gelatin (0.1%, Sigma) dishes containing
mitomycin C-inactivated feeder layer of primary cultures of MEFs in DMEM supple-
mented with 15% FBS, 2 mM glutamine (Gibco, USA), 0.1 mM beta-mercaptoethanol
(Sigma, USA), 1% nonessential amino acid stock (Gibco, USA), 1% penicillin and
streptomycin stock, and 1000 TU/ml leukemia inhibitory factor (LIF, Chemicon,
ESGRO). Cultures were grown and passaged in 5% CO2 and 95% humidity every
2 days.

In vitro Differentiation Procedure

Prior to differentiation, mESCs were subjected to EBs formation in 6-well nontreated
plate at a density of 1 x 10> cells/well in DMEM supplemented with 3% FBS. After 2—
4 days of culture, 40-50 EBs were plated in 24-well plate for differentiation. Differen-
tiation of IPCs was carried out in four stages. The first stage was the induction of DE.
For this purpose, the undifferentiated mESCs were induced by three different protocols:
(a) mESCs were cultured in conditioned medium (obtained from pancreatic islets)
containing 30 ng/ml activin A (R&D) for 6 days. (b) mESCs were cultured in DMEM
containing 100 ng/ml activin A (R&D) associated 25 ng/ml Wnt3a for 6 days. (¢) mESCs
were only cultured in conditioned medium for 6 days. The second stage was PG
induction. In this stage, the DE-induced cells (which earned from stage 1 by protocol
A) were treated with DMEM supplemented with 2 ng/ml bFGF (Invitrogen) and the cells
were fed with fresh medium every 2-3 days for 7 days. In stage 3, the PE induction was
carried out. The cells (which were earned from stage 2) were cultured in suspension in
DMEM supplemented with cyclopamine (0.2 pM) and noggin (50 ng/ml) for 7 days.
IPCs maturity was the last stage. To do this, the cell clusters (which earned from stage 3)
were cultured with condition medium containing B27 1% and nicotinamide (10 mM) for
6 days. Then the differentiated cells were analyzed.
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Relative Reverse Transcription Polymerase Chain Reaction Analysis

The mRNA expression levels were measured by relative reverse transcription polymer-
ase chain reaction (qQRT-PCR). In sum, the extraction of total RNA was done by
sinaclon (IRAN). Using the TagMan Reverse Transcription Kit (Genall, Ampliqon,
Denmark) containing random hexamer primer mix based on the manufacturer’s instruc-
tions, RNA (2-5 pg) was reverse transcribed. Briefly, RNA sample and primers were
mixed in a sterile RNase-free microfuge tube and incubated 5 min at 65 °C. Then the
buffer, reverse transcriptase enzyme, and RNase inhibitor were added and incubated at
42 °C for 1 hour. Quantitative RT-PCR reactions were carried out in the 48-well optical
reaction plates on StepOne™ RT- PCR System. The resulting cDNA (30 ng) was
subjected to qRT-PCR for each reaction through mixing with 10 uL of Power SYBER
Green master mixture (Ampliqon, Denmark), 0.5 uM of each primer (Table 1) in a total
volume of 20 pL at the annealing temperature. The threshold cycle (Ct) of each sample
was obtained from StepOne software (Applied Biosystems). The samples were normal-
ized via GAPDH as a housekeeping gene. QRT-PCR was performed on a master cycler
(ABI 2720, Applied Biosystems, USA). In this study, the un-induced cells were
presented as control samples.

Table 1 Primers sequence for qRT-PCR

Gene Sequence

Mus musculus forkhead box A2 (FoxA2) F 5’ - TTTTAAACCGCCATGCACTCG - 3’
R 5" - CGTTCATGTTGCTCACGGAA - 3'

Mus musculus pancreatic and duodenal homeobox 1 (Pdx1) F 5" - CCTTTCCCGAATGGAACCGA - 3’
R 5 - GGGCCGGGAGATGTATTTGT - 3’

Mus musculus SRY (sex-determining region Y)-box 17 F 5" CCGCTCCGGATGTTTGCTTC - 3’

(Sox17) R 5" - TTCAGATGICTGGAGGTGCTG - 3'
Mus musculus Nanog homeobox (NANOG) F 5" - CCTCAGCCTCCAGCAGATGC- 3’
R 5’ - CCGCTTGCACTTCACCCITTG - 3'
Mus musculus POU class 5 homeobox 1 (POUSF1) F 5" -CAGTGGGGCGGTTTTGAGTA - 3’

R 5" - AAGCGACAGATGGTGGTCTG- 3'
Mus musculus SRY (sex-determining region Y)-box7 (Sox7) F 5'- ATGCTGGGAAAGTCATGGAAG- 3'
R 5" - CGTGTTCTGGTCACGAGAGA- 3’

Mus musculus SRY (sex-determining region Y)-box 1 F 5" -ATACCGCAATCCCCTCTGAG- 3’
(Sox1) R 5"- ACAACATCCGACTCCTCCTCTTCC - 3'
Mus musculus brachyury homolog (mouse) [T] F 5" - GACTTCGTGACGGCTGACAA - 3'
R 5' - GACTTCGTGACGGCTGACAA- 3’
Mus musculus neurogenin3 (Neurog3) F 5" -AGCTTTTCTACGACTTCCAG- 3’
R 5' -GGAAPAGGTIGTTGTGTCTC -3'
Mus musculus hepatic nuclear factor 4, alpha (Hnf4a) F 5" = CCCTGGAGTTTGAAAATGTG- 3'
F 5" = CATTGTCGGCTAAACCTGC- 3’
Mus musculus NK2 homeobox 2 (Nkx2-2) F 5" -TCTTCTCCAAAGCGCAGACC- 3’
R 5" -TCCACCTTGCGGACACTATG - 3’
Mus musculus insulin II (Ins2) F 5" - TCCGCTACAATCAAAAAC CA-3'
R 5' -CTCCAGTIGTOCCACTTGT - 3’
GAPDH F 5 - GGTGAAGGTCGGTGTGAAC- 3’
R 5" -GACTGTGCCGTTGAATTTG - 3’
Mus musculus glucagon F 5" - CATTCACAGGGCACATTCACC- 3'

R 5" -CCAGCCCAAGCAATGAATTCC - 3’

@ Springer


http://physiolgenomics.physiology.org/content/21/3/389.short

Appl Biochem Biotechnol (2018) 186:371-383 375

Fluorescent Immunostaining

F immunostaining was initiated with rinsing of the differentiated cells by phosphate-buffered
saline (PBS) and fixed for 20 min in 4% paraformaldehyde. Then the cells were permeabilized
using 0.5% Triton X-100 in PBS/1% serum albumin and were incubated in 0.1 M PBS
containing 10% normal goat serum as a blocking buffer for 45 and after that incubated
overnight with the primary antibody mouse monoclonal anti-FoxA2 (1/100 dilution, Abcam;
ab60721), mouse monoclonal anti-Sox17 (1/500, Abcam; ab191699), mouse monoclonal anti-
Pdx1 (1/500, Abcam; ab47267), mouse monoclonal anti-HNF4a (1/500, Abcam; ab41898),
mouse monoclonal anti-NKX2.2 (1/500, Abcam; ab191077), mouse monoclonal anti-
Neurogenin3 (1/500, Abcam; ab38548), mouse monoclonal anti-Insulin (1/500, Abcam;
ab8304), mouse monoclonal anti-C-peptide (1/500, Abcam; ab14181), and mouse monoclonal
anti-Glucagon (1/500, Abcam; ab10988). After rinsing the secondary Donkey Anti-Rabbit IgG
H&L Alexa Fluor (1/200 dilution, Abcam; 150108), Donkey Anti-Mouse IgG H&L Alexa
Fluor (1/200 dilution, Abcam;150073) were added to the samples, which were then incubated
for an additional hour. Finally, the cells’ nucleus were stained with DAPI (Sigma, USA) and
then analyzed with the fluorescence microscope (Olympus, BX51, Japan).

DTZ Staining

A DTZ (Merck) stock solution was prepared with 50 mg of DTZ in 5 ml of DMSO and then
this solution was diluted in culture medium and stored at —20 °C. Briefly, the differentiated
clusters were incubated at 37 °C for 15 min in the DTZ solution with the concentration of
10 mM. After that, the clusters were rinsed three times with PBS and observed by microscopy.

Statistical Analysis

Data expression is performed by SPSS as mean + SEM. Following Tukey’s test, one-way
analysis of variance (ANOVA) was applied to compare the data obtained from different
groups. In fact, A p value <0.05 was considered as a significant difference statistically.

Results

Condition Medium and Low Concentration of Activin A Induce Definitive
Endoderm Formation from mESCs

In this study, we used three protocols for inducing DE populations. As shown in Fig. la,
results of qRT-PCR show that among three protocols, condition medium plus activin A with
the concentration of 30 ng/ml was significantly more effective than others. Also, activin A
associated Wnt3a was significantly more effective than condition medium alone.

Condition medium plus low concentration of activin A treatment of mESCs induced
differentiation of DE populations, as assessed by marker gene analysis. qRT-PCR
analysis of day 6 endoderm cells identified mRNAs including Foxa2, Sox17, and
GSC, which were induced in activin A and condition medium-treated muk3 mESCs on
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Fig. 1 a Quantitative expression analysis of definitive endoderm derived from mESC:s after 6 days. Results were
collected from 3 independent experiments with 2 internal replicates per experiment. Differences were statistically
significant if p <0.05. Increase in expression of the definitive endoderm marker (FoxA2 and Sox17) and decrease
in expression of non-endodermal markers (Brachyury, Sox7 and Sox1) and pluripotency-related genes (Nanog
and Oct4). b Differentiation of mESCs into DE cells. Immunofluorescence analysis of Sox17 (in green) and
FoxA2 (in red) expression after 6 days. Scale bar=50 um. ¢ Quantitative expression analysis of definitive
endoderm derived from mESCs by three different protocols after 6 days; CM conditioned media, AA Activin A

Sox17

day 6 (Fig. 1). In addition, we observed a significant decrease in the expression of
Brachyury, a mesendoderm marker; Sox1, an ectoderm marker; and Sox7, a visceral
endoderm marker; Nanog and Oct4, as pluripotent markers, were compared to a control
experiment without any induction (Fig. 1b). In this study, the control group did not
express mRNAs of the DE genes.

Also, we performed immunocytochemical analysis on the mESC derived from
endoderm population. The majority of the endoderm cells expressed Foxa2 and
Sox17 transcription factors, with expression localized within the nucleus. Taken togeth-
er, these data indicated that treatment with low concentration of activin A and condition
medium efficiently induced DE and other cells were rare in our differentiated endoderm
population (Fig. 1c).

Survey Expression of Pdx1 in Pancreatic Endoderm After Stage 3
MESC-derived definitive endoderm cells were treated with bFGF, cyclopamine, and noggin
supplement (stages 2 and 3) for 14 days. After that, the differentiated cells were tested for Pdx1

and Foxa2 by immunocytochemistry and qRT-PCR. Also, we verified high expression of
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pancreas-related genes including Hnf4o, Ngn3, and Nkx2.2 in pancreatic endoderm compar-
ing with the control samples in this stage (Fig. 2). Also, Nanog and Oct4, as pluripotent
markers, were drastically downregulated in comparison with nontreated cultures (Fig. 2).
These results confirmed that treatment with this protocol could induce significant differenti-
ation of mESCs into pancreatic endoderm cells in these stages.

IPCs Maturity
In the final stage, differentiation of clusters was continued. Eventually, we harvested the cells

that produced the pancreatic hormones including C-peptide, insulin, and glucagon after
26 days. These maturated cells were stained with immunocytochemistry and analyzed with
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Fig. 2 a Quantitative expression analysis of pancreatic endoderm derived from DE cells after 7 days. Results
were collected from 3 independent experiments with 2 internal replicates per experiment. Differences were
statistically significant if p <0.05. Increase in expression of the pancreatic endoderm marker (Pdx1, Foxa2,
HNF4«x, Ngn3, Nkx2.2) and decrease in expression of pluripotency-related genes (Nanog and Oct4). b
Differentiation of DE cells into pancreatic endoderm cells. b Immunofluorescence analysis of Pdx1 (in red),
Foxa2 (in red), HNF4« (in red), Ngn3 (in green), and Nkx2.2 (in green) expression after 7 days. Scale bar =
50 pm
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Fig. 3 a Quantitative expression analysis of IPCs derived from pancreatic endoderm cells after 13 days. Results
were collected from 3 independent experiments with 2 internal replicates per experiment. Differences were
statistically significant if p <0.05. Increase in expression of the IPCs marker (C-peptide, insulin, and glucagon)
and decrease in expression of pluripotency-related genes (Nanog and Oct4). b Differentiation of DE cells into
IPCs. b Immunofluorescence analysis of glucagon (in red), C-peptide (in green), and insulin (in green) expression
after 13 days. Scale bar=50 pm

gRT-PCR and these data are presented in Fig. 3. The results showed that the majority of
maturated cells expressed C-peptide, insulin, and glucagon.

Light Microscopy of Cultured Islets and DTZ Staining

Cultured cells, EBs formation, and islets had regular cellular structures under the inverted
microscope. In addition, no disintegrated islets were observed in islet preparations (Fig. 4).
Owing to the presence of zinc in insulin-containing secretory granules, regions of pancreatic
endocrine cells in the cultures could be specifically labeled with the zinc-chelating dye
dithizone (DTZ), which efficiently stains beta cells in the islet (Latif et al. 1988). Using this
characteristic of DTZ, IPCs were identified in differentiated cells derived from ESCs as
cellular clusters. We observed discrete areas of DTZ staining in stage 4 cultures (Fig. 5).
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Fig. 4 Inverted microscope of morphology. a Mouse embryonic fibroblast (MEF) b Mouse embryonic stem
cells (mESCs) on MEF. ¢ mESCs with higher magnification. d Embryoid bodies (EBs). e Treated mESCs after
7 days. f Treated mESCs after 14 days g Treated mESCs after 20 days. h Treated mESCs after 26 days

Cell Viability

MTT results indicated that in the last stage, the IPCs had cell viability higher than 70%. As
shown in Fig. 6, until day 7, cell viability of cells was around 98% and decreased into 81% on
day 14, 74% on day 20, and eventually 70% on day 26.

Discussion

In this study, we have described an efficient protocol to differentiate mESCs through DE, PG,
PE, and endocrine populations to ultimately generate IPCs expressing C-peptide, insulin, and
glucagon. Taken together, our results showed that mESC-derived IPCs contained C-peptide,
insulin, and glucagon-producing cells similar to pancreatic islets. Mature cells also express
Pdx1, as a pancreas-specific transcription factor, which regulates expression of the insulin
gene. In the current protocol, we choose a combination of various factors, including activin A
and a transforming growth factor TGF-3 gene family member, as well as bFGF, noggin, and
condition medium at specific stages of differentiation.

Fig. 5 Dithizone (DTZ) staining. a Differentiated cells (IPCs) after 26 days. b Control sample
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Fig. 6 MTT assay. Percent of cell viability from the treated mESCs during 26 days (n =3)

We used a low concentration of activin A, in combination with conditioned medium, during
the early stages of endoderm formation. Previous studies showed that high concentration of
activin A required inducing differentiation of ES cells to IPCs [15, 19] and in this protocol, we
could reduce the concentration of this factor. To date, we have observed considerable
percentage of endoderm cells expressing Sox17 and Foxa2. In the present study, we used
noggin to induce differentiation of pancreatic lineage by enhancing Pdx1 gene expression. As
previous studies showed, treatment with inhibitors of bone morphogenetic protein (BMP)
signaling such as noggin can induce Pdx1 cells from DE cells [17, 23]. In later steps, we
removed bFGF to facilitate pancreatic differentiation and prevent hepatic differentiation [26].
We have chosen nicotinamide and condition medium, which could induce maturation of
pancreatic endocrine cells. Condition medium alone was largely ineffective in inducing
endoderm formation in mESCs [11]. Activin A treatment alone caused induction of
endoderm-specific genes, but the condition medium and activin A combination induced higher
levels of Sox17 and Foxa2 expression in muk3 mESCs.

Here, we declare that factors from the mouse pancreatic islets induced differentiation of
mESCs into IPCs. The islets released soluble signals that are responsible for in vitro IPCs
differentiation from mESCs. Similar to our study, Lee et al. demonstrated that the pancreatic
extracts induced differentiation of human adipose tissue-derived stem cells into IPCs [20].
Also, Chang et al reported that BM-MSCs were differentiated into IPCs by the use of rabbit
pancreatic pieces [4].

Here, we observed that under the current culture conditions, mESCs could directly differ-
entiate into definitive endoderm and, later, into pancreatic endoderm cells with Pdx1 expres-
sion. Recently, D’Amour et al. have reported on generating pancreatic insulin-producing cells
from hESCs [6, 7]. They and others declared that the formation of definitive endoderm cells,
before induction of prepancreatic cells, plays an important role in pancreatic cells development
[6, 25]. Therefore, we used this idea in our differentiation protocol.

Generally, during the in vitro experiment, the events related to real development have been
followed up such as the expression pattern of transcription factor genes. In the present study,
we analyzed sequential expression of transcription factors involved in pancreas development.
The continuous appearance of Sox17, Foxa2, Pdx1, Hnf4a, Ngn3, and Nkx2.2, followed by
islet hormones, insulin, glucagon, and C-peptide, clearly suggested that the mESCs followed a
progression similar to that of in vivo pancreas development. We also have tested the expression
of other developmentally regulated genes including sox7 as a visceral endodermal marker,
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Brachyury as a mesodermal marker, Sox1 as an ectodermal marker, Nanog and Oct4 as
pluripotent markers, and AFP as a hepatocyte marker. Our results showed that these markers
were downregulated following induction at various stages of IPCs generation. It is a further
confirmation for the efficiency of this protocol.

So far, mESCs were used in various studies in order to obtain IPCs, as an example Soria
et al. in 2000 introduced their insulin-secreting cell production which was made using the
multistep differentiation protocol [31]. Also, Lumelsky et al. utilized a modified approach to
generate nestin-positive cells and it was demonstrated that they induced islet-like clusters from
mESCs. They declared that these clusters were able to secrete insulin but their efficiency was
significantly lower than the normal cells [22]. Therefore, we tried to improve our efficiency,
for example, we provided embryoid bodies (EBs) before initiation of differentiation. Previ-
ously, it has been demonstrated that cell to cell communication can improve cell viability and
differentiation [34]. Therefore, the use of EBs is a helpful idea for long-term in vitro mainte-
nance of embryonic cells. In addition, the formation of EBs in the nest steps can increase the
percentage of the insulin expressing cells and can improve their survivability.

Conclusion

In this study, we utilized the pancreatic extract to differentiate mESCs into IPCs. The contact
between cells and condition medium associated with signals initiated the differentiation. This
approach and the other ones are useful in the development of considerable methods to generate
functional IPCs from stem cells. It is worth mentioning that further changes of the protocol
may lead to an increase in insulin expression and secretion.
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