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Autoimmune destruction of pancreatic beta cells causes absolute insulin deficiency and
results in type 1 diabetes mellitus (T1DM). The substitution of healthy pancreatic beta
cells for damaged cells would be the ideal treatment for T1DM; thus, the generation
of pancreatic beta cells from adult stem cells represents an attractive avenue for
research. In this study, a cocktail of factors was used to induce the differentiation of
pancreatic beta cells from mesenchymal stem cells (MSCs). The differentiation program
was divided into five stages, and the roles of the cocktail factors used during each
stage were systematically elucidated. Activin A was found to phosphorylate Smad2
and Smad3 in stage III, thereby activating the TGF-β/Smad pathway. Meanwhile, the
endocrine-specific transcription factor, Ngn3, and the pancreas-specific miRNAs, miR-
375 and miR-26a, were dramatically elevated in stage III. We next demonstrated that
Smad4, an important transcription factor in the TGF-β/Smad pathway, could bind to
the promoter sequences of target genes and enhance their transcription to initiate the
differentiation of beta cells. Use of SB-431542, an inhibitor of the TGF-β/Smad pathway,
demonstrated in vivo and in vitro that this pathway plays a critical role in the production
of pancreatic beta cells and in modulating insulin secretion. Thus, the TGF-β/Smad
pathway is involved in the production of beta cells from adult stem cells by enhancing
the transcription of Ngn3, miR-375, and miR-26a. These findings further underline the
significant promise of cell transplant therapies for type 1 diabetes mellitus.

Keywords: pancreatic beta cells, stem cells, TGF-β/Smad pathway, Ngn3, microRNAs

INTRODUCTION

Pancreatic beta cells regulate blood glucose homeostasis through their production of insulin. Type
1 diabetes mellitus (T1DM) results from the autoimmune destruction of pancreatic beta cells. The
replacement of these beta cells with healthy cells would be the ideal therapy for T1DM; thus,
the production of pancreatic beta cells from adult stem cells or embryonic stem cells offers a
promising avenue for research. Mesenchymal stem cells (MSCs) are attractive donor cells for cell
transplantation, as they are multipotent and exert a strong immunoregulatory effect. Umbilical cord
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tissue is readily obtained from discarded term placentae without
any risk to the donors. Umbilical cord MSCs are typical adult
MSCs but with the added advantages of being easy to culture
in vitro and of simpler ethical access compared with other stem
cells. Therefore, umbilical cord MSCs are a promising candidate
for cell therapy.

Genome-encoded microRNAs (miRNAs) regulate gene
expression post-transcriptionally. These non-coding small RNAs
(18–25 nt) regulate gene expression through binding to the
3′-untranslated regions of specific mRNAs and inhibiting their
translation. The role of miRNAs in the regulation of beta cell
differentiation has been demonstrated by the generation of a
mouse model with beta cell-specific ablation of Dicer1 (Plaisance
et al., 2014; Bai et al., 2016), and disruption of Dicer1 in rats
with the use of a insulin promoter 2 (RIP)-Cre transgene results
in changed islet morphology, reduced pancreatic beta cell
numbers, and dysregulated glucose-induced insulin secretion
(GSIS) (Kalis et al., 2011). Many miRNAs have been shown to
be important regulators in the differentiation and function of
pancreatic beta cells, including let-7 (Krek et al., 2005; Lovis
et al., 2008), miR-223, miR-21 (Du Rieu et al., 2010; Bai et al.,
2016), miR-200, miR-30d, miR-124a (Tang et al., 2009), miR-26
(Bai et al., 2017a), miR-24, miR-148 (Melkman-Zehavi et al.,
2011), miR-204 (Roldo et al., 2006), and miR-375 (Poy et al.,
2004), as well as miR-146a, miR-15a, miR-29a, miR-9, miR-16,
and miR-34 (Rosero et al., 2010; Bai et al., 2017b). However, as
yet, there have been no reports regarding the role of induction
factors in promoting the transcription of pancreatic miRNAs
during beta cell differentiation from stem cells, and the molecular
mechanisms underlying this process remain unclear.

The TGF-β superfamily of secreted polypeptide growth
factors plays an important role in a variety of pathophysiologic
processes, including vascular remodeling, angiogenesis, and
atherogenesis, as well as in regulating cellular responses such
as differentiation, proliferation, growth, adhesion, migration,
survival, and the specification of developmental fate. Apart from
TGF-β, this superfamily also includes the activins and the BMPs
(bone morphogenetic proteins). Activins are dimeric proteins
composed of either two βA subunits (activin A), two βB subunits
(activin B) or a βA and βB subunit (activin AB). Activin A is
extensively involved in the production of beta cells from stem
cells (Shi et al., 2005; Pagliuca et al., 2014; Bai et al., 2017a) but the
functions of the TGF-β pathway in beta cell differentiation and
pancreatic miRNA expression have not been fully investigated.

In this study, we used a segmented induction method to
produce beta cells from mouse umbilical cord MSCs, and we
detected the expression of pancreatic miRNAs and the activation
of the TGF-β/Smad pathway by examining quantitative reverse
transcription PCR (RT-qPCR) and western blotting results of
each stage of beta cell production. Combining our data with those
from previous reports, we found that the pancreatic miRNAs,
miR-26a and miR-375, play an important role in the formation
of beta cells and in their secretion of insulin (Bai et al., 2017a,b),
and that the TGF-β/Smad pathway plays an important role in
regulating the transcription of these pancreatic miRNAs. To
elucidate the mechanisms of transcriptional regulation during the
production of beta cells and to better understand the interaction

of the TGF-β/Smad pathway with pancreatic miRNAs expressed
during the differentiation of beta cells from mouse umbilical
cord MSCs, we tested both the activation and suppression of this
pathway in vitro. The results confirmed the critical role of the
TGF-β/Smad pathway during pancreatic beta cell differentiation.

MATERIALS AND METHODS

Ethics Statement
This study was approved by the Committee on the Ethics of
Animal Experiments of Jining Medical University (License ID:
2017-JZ-003). All surgery was performed under pentobarbital
anesthesia, and all efforts were made to minimize suffering.

Umbilical Cord MSC Culture and
Differentiation Into Beta Cells
Wharton’s Jelly was selected from 16-old-day mice embryos
and digested with collagenase type IV (Sigma-Aldrich,
MO, United States) under sterile conditions to isolate the
umbilical cord MSCs. Umbilical cord MSCs were cultured in
complete medium containing L-DMEM (Gibco, Carlsbad, CA,
United States), 10% FBS (Gibco), 100 mg/mL streptomycin, and
100 U/mL penicillin. Positive markers of MSCs, CD44 (1:500;
ab157107, Abcam, Cambridge, MA, United States), CD90 (1:800;
ab3105, Abcam), CD105 (1:500; ab107595, Abcam), and negative
markers of MSCs, Ngn3 (1:500; ab216885, Abcam) and Pdx1
(1:800; ab47267, Abcam) were analyzed using flow cytometry
(Bai et al., 2017b).

For the production of beta cells, we used the classical
cocktail factor method, and the cocktail factors included 1
µM 5-aza-2′-deoxycytidine (5-AZA; Sigma-Aldrich), 0.1 mM
β-mercaptoethanol (Sigma-Aldrich), 1 mM non-essential amino
acids (Gibco), 15 ng/mL activin A (Sigma-Aldrich), 10 mM all-
trans retinoic acid (ATRA; Sigma-Aldrich), 1% B27 (Gibco), 10
ng/mL bFGF (Peprotech, Rocky Hill, TX, United States), 10 mM
nicotinamide, and 1% ITS (Gibco). In brief, umbilical cord MSCs
were exposed to 1 µM 5-AZA for 18 h before induction. The
cells were then cultured in low-glucose DMEM containing 10%
FBS, 0.1 mM β-mercaptoethanol, and 1 mM non-essential amino
acids. On day 5, the medium was supplemented with 15 ng/mL
activin A. On day 7, 10 mM ATRA was added. On day 9, the
medium was replaced with fresh medium supplemented with
1% B27, 10 ng/mL bFGF, 10 mM nicotinamide, and 1% ITS
to encourage further differentiation (Bai et al., 2017a). On day
16, the cocktail factors were used to induce MSCs to achieve
terminal beta cell differentiation, and the culture media was then
replaced with beta cell media (DMEM medium containing 25
mM glucose, 70 µM β-mercaptoethanol, and 4 mM L-glutamine,
and supplemented with 15% FBS).

Glucose-Stimulated Insulin Secretion
(GSIS)
GSIS was tested according to a previously reported procedure
(Bai et al., 2016). Briefly, beta cells derived from MSCs were
washed with Krebs buffer and then pre-incubated in Krebs
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buffer containing 2.5 mM glucose for 2 h to remove residual
insulin. The cells were washed three times using Krebs buffer,
incubated again in 2.5 mM glucose-Krebs buffer for 30 min, and
the supernatant was selected. Next, the cells were washed three
times and incubated in 20.5 mM glucose-Krebs buffer for 30
min, after which the supernatant was selected. This experiment
was repeated four times. Finally, cell clusters were incubated
in Krebs buffer containing 2.5 mM glucose. Cell supernatants
containing secreted insulin were analyzed with an insulin ELISA
test kit (EZRMI-13K; Millipore, Billerica, MA, United States)
(Bai et al., 2017b).

Flow Cytometry (FCM)
To analyze the expression of specific markers in the umbilical
cord MSCs and pancreatic beta cells, these cells were analyzed
using a Beckman Coulter FC500 flow cytometer (Beckman
Coulter, Brea, CA, United States). Briefly, cells were selected using
0.125% (w/v) trypsin, separated into 500 µL aliquots, and labeled
with FITC- or Cy5-conjugated antibodies against CD44 (1:500;
ab157107, Abcam), CD90 (1:800; ab3105, Abcam), CD105 (1:500;
ab107595, Abcam), Ngn3 (1:500; ab216885, Abcam), and Pdx1
(1:800; ab47267, Abcam) as per the manufacturer’s instructions
(Hackstein et al., 2003). The FCM data were analyzed with CXP
software (Beckman Coulter). Mean fluorescence intensity was
analyzed after subtraction of the negative control signal.

Immunofluorescence Detection
The MSCs or differentiated beta cells were fixed with 4% PFA
(paraformaldehyde) for 20 min at room temperature and then
incubated in 0.15% Triton X-100 for 10 min at room temperature.
Next, PBS containing 4% (w/v) goat serum was applied for 30 min
at room temperature or 2 h at 4◦C. The cells were then incubated
with the primary antibody overnight at 4◦C. The FITC- or Cy5-
labeled secondary antibody (Bioss, Beijing, China) was applied at
a concentration of 10 µg/mL. Primary antibodies included anti-
Ngn 3 (1:100; ab216885, Abcam) and anti-Pdx1 (1:1000; ab47267,
Abcam). Photomicrographs were taken with a Nikon TE2000
confocal microscope with an attached Nikon ZE-1-C1 digital
camera system (Nikon, Tokyo, Japan).

Western Blotting
Ngn3, Pdx1, the Smads, Sox6, Bhlhe22, Mtpn, and Gapdh
were analyzed using western blotting following the activation
or suppression of the TGF-β/Smad pathway in umbilical
cord MSCs. Cells were lysed using the Protein Extraction
Reagent (Beyotime, Beijing, China) supplemented with a PI
(protease inhibitor, Beyotime) to obtain whole-cell lysates.
Nuclear extracts from umbilical cord MSCs were prepared
as described previously using the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime) (Bai et al., 2019). Protein
concentrations of the extracts were measured with the BCA
assay (Beyotime) and equalized with extraction reagent.
Extracts of equivalent total protein content were loaded
and subjected to SDS-PAGE, followed by transfer onto 0.2
µm nitrocellulose membranes. Primary antibodies against
Ngn3 (1:500); Pdx1 (1:1,000); p-Smad2 (1:400; 18338, Cell
Signaling Technology, Danvers, MA, United States); p-Smad3

(1:500; 9520, Cell Signaling Technology); Smad2/3 (1:1,000;
8685, Cell Signaling Technology); Smad4 (1:500; 46535, Cell
Signaling Technology); Sox6 (1:1,000; ab30455, Abcam); Bhlhe22
(1:2,000; ab204791, Abcam); Mtpn (1:1,000; ab241982, Abcam);
Gapdh (1:5,000; ab181602, Abcam); and Histone (1:2,000;
ab1791, Abcam) were used together with HRP (horseradish
peroxidase)-coupled secondary antibodies (1:3,000; A0216
and A0208, Beyotime). Signals were developed using ECL
(enhanced chemiluminescence) detection reagents on the
nitrocellulose membranes. Gapdh and Histone were used as
internal controls. Protein abundance was calculated and analyzed
with ImageJ tools.

MiRNA Quantitative
Reverse-Transcription PCR (RT-qPCR)
MiRNA RT-qPCR was used to analyze the expression of
pancreatic miRNAs during the differentiation of beta cells
from umbilical cord MSCs. Twenty-two miRNAs, known to
be involved in either pancreatic development and/or the
maintenance of the function of beta cells, were selected for
analysis after induction. These were miR-26a, miR-375, miR-100,
miR-99, miR-125b, miR-181a, miR-92, miR-30, miR-221, miR-21,
miR-19b, miR-33-5p, miR-142-3p, miR-30d, miR-33-3p, miR-
27, miR-142-5p, miR-429, miR-29a, miR-222, miR-200, miR-128,
miR-204, miR-223, miR-146a, miR-15, miR-21, miR-34, and miR-
212/132. The miRNAs were obtained from umbilical cord MSCs
and induced MSCs with the miRcute miRNA Isolation Kit V1.0
(Tiangen, Beijing, China), and the isolated miRNAs were then
poly(A)-tailed and reverse-transcribed with the miRcute miRNA
complementary DNA (cDNA) kit v2.0 (Tiangen). Quantitative
PCR of these miRNAs cDNA was performed with the SYBR
Green method using the miRcute miRNA quantitative PCR
Detection Kit v2.0 (Tiangen) on the Roche Light Cycler 480
system and under the following conditions: 95◦C for 15 min; 5
cycles at 94◦C for 20 s, 65◦C for 30 s, and 72◦C for 34 s; 40 cycles at
94◦C for 20 s, and 60◦C for 34 s. The small nuclear RNA, U6, was
used as an internal control for normalization. All miRNA primers
were purchased from the miRNA primer bank of Tangen Biotech
(Beijing, China). Each experiment was performed in duplicate
and repeated three times. The relative expression of the miRNAs
was calculated with the comparative threshold cycle (CT) method
as 2−11CT. Changes in miRNA expression were illustrated with a
heat map prepared using Mev-tm41 and assessed with the t-test.
A value for p< 0.05 was considered statistically significant.

In situ PLA
Umbilical cord MSCs and induced MSCs were fixed with pre-
chilled 4% PFA for 15 min. The cells were washed three times
with PBS and then permeabilized with 0.15% (v/v) Triton X-
100 for 10 min at room temperature. The cells were blocked
for 0.5 h at room temperature or for 2 h at 4◦C with 4%
(w/v) bovine serum albumin (BSA; Gibco) containing 0.1%
(v/v) Tween 20, and incubated with the antibody pairs (Smad
3 and Smad 4, or Smad 2 and Smad 4) for 1 h at 37◦C.
Duolink In situ PLA (Sigma-Aldrich) was performed according

1http://mev.tm4.org/
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to previous reports (Bai et al., 2019). Images were scanned
with a Nikon TE2000-E inverted confocal microscope (Nikon,
Yokohama, Japan).

ChIP-PCR Assessment
ChIP was executed with the ChIP assay kit (Beyotime) using
the Smad 4 antibody, Smad 4, and anti-IgG antibodies (Cell
Signaling Technology). The ChIP DNA was extracted with
the DNA Purification Kit (Beyotime) and the samples were
then subjected to qPCR amplification with primers spanning
the protein-binding sites. The primers used were for miR-26a
(F: 5′-GAGGCCTGATGGAGCCGTGGGGACC-3′, R: 5′-AGAG
CCACAGCAGGCGGAAAGCCAGATGCCACAGG-3′), miR-
375 (F: 5′-TTTCCTAGAACTGCTGTCTTGTCCCATCGCC
CACA-3′, R: 5′-AAGAACCCACCCTTTCCTCATCAGAACCAC
TTTGC-3′), and Ngn3 (F: 5′-TTAGGCTTTGGATTCTTCATAG
TTCTGATAGGATTTGC-3′, R: 5′-AAGTGTCTTCTGGTCCC
AGGAATGGAGGCGTAAGG-3′).

EMSA (Electrophoretic Mobility Shift
Assay)
Nuclei from induced MSCs were obtained according to previous
reports (Bai et al., 2019) using the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime). The protein concentrations
were tested using the bicinchoninic acid method. The probes used
for EMSA are shown in Supplementary Table S1. Gel-shift assays
were executed using the EMSA/Gel-Shift Kit (Beyotime). The
supershifting antibody against Smad4 (46535, ChIP Grade) was
purchased from Cell Signaling Technology.

Transplantation in vivo
Transplantation in vivo was executed as previously described
(Shi et al., 2005; Bai et al., 2017a). All animal procedures
were approved by the Institutional Animal Care and Use
Committee of the Jining Medical University. Streptozocin
(STZ, optimal concentration of 50 mg/kg) was intraperitoneally
injected each day for 5 days into 100 mice at 6 weeks of
age. The Blood glucose of mice were measured from snipped
tails every day after injection by GlucoTREND (Roche), the
hyperglycemia (> 13.9 mM) was found after 7 days, and
stabilized after 10 days. When the blood glucose levels of
the mice rose above 13.9 mM, either 1 × 106 normal
MSCs, induced MSCs or SB-431542-treated induced MSCs
were seeded into the renal capsule of the mice. For the
sham control, cells were replaced with PBS. The blood
glucose in the peripheral blood was measured every 4 days
after transplantation.

Statistical Analysis
All experiments were performed at least three times
independently and repeated in triplicate. All data were
analyzed using SPSS 16.0. All results represent the mean ± SD
(standard deviation). The differences in the data were
assessed with the Student’s t-test. P < 0.05 were considered
statistically significant.

RESULTS

Cocktail Factors Induce the
Differentiation of Beta Cells From
Umbilical Cord MSCs
Mice umbilical cord MSCs expanded rapidly to exhibit classical
“fusiform” morphology after isolation from Wharton’s Jelly. The
expression of specific markers in these cells, including CD44,
CD90, CD105, Ngn3, and Pdx1, was then analyzed (Figure 1).
Based on flow cytometry (FCM), the mice umbilical cord
MSCs were positive for specific markers of MSCs including
CD44, CD90, and CD105 (Figure 1A) but negative for specific

FIGURE 1 | Expression of specific markers in uninduced and induced mice
umbilical cord MSCs. (A) The isolated MSCs were positive for the MSC
surface markers, CD44, CD90, and CD105, based on flow cytometry.
(B) Mice umbilical cord MSCs were induced to differentiate into pancreatic
beta cells with the use of a cocktail of factors, following which, the expression
of the islet hormones, Pdx1 and insulin, was confirmed with
immunofluorescence microscopy. (C) Based on western blotting, the induced
MSCs exhibited expression of the islet hormones, Ngn3, Pdx1, and insulin,
while the uninduced MSCs showed no expression. (D) Glucose-induced
insulin secretion (GSIS) as measured by ELISA indicated that the insulin
secretion of induced MSCs but not uninduced MSCs increased when treated
with increasing glucose concentrations (n = 20; paired two-tailed t-test).
(E) Expression of the islet markers, Pdx1 and Ngn3, in the induced MSCs was
confirmed by flow cytometry.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 December 2019 | Volume 7 | Article 351

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00351 November 2, 2020 Time: 19:6 # 5

Gao et al. TGF-β/Smad Pathway in Beta Cell Differentiation

markers of pancreatic beta cells including insulin, Ngn3,
and Pdx1 based on immunofluorescence assays and western
blotting (Figures 1B,C). We then used cocktail factors to
induce the differentiation of beta cells from umbilical cord
MSCs. Immunofluorescence microscopy and western blotting
confirmed the expression of the islet hormones, Ngn3, Pdx1, and
insulin in the induced MSCs (Figures 1B,C), with approximately
80% of the induced MSCs showing positive for both insulin
and Pdx1 and the remainder showing negative for these islet
hormones (Figure 1B). FCM confirmed the expression of Ngn3
and Pdx1 in the induced MSCs with no expression observed in
the uninduced MSCs (Figure 1E). Insulin release is an important
function of pancreatic beta cells, and GSIS as detected by ELISA
demonstrated that the induced MSCs released insulin when

treated with 5.5 and 20.5 mM glucose, while the uninduced MSCs
did not release insulin in vitro (Figure 1D).

The Expression of Specific Genes in the
Five Stages of MSC Differentiation
Differentiation of umbilical cord MSCs into beta cells was
induced by treatment with 5-AZA, β-mercaptoethanol, non-
essential amino acids, ATRA, TSA, and nicotinamide. To
elucidate the molecular mechanisms of beta cell differentiation
from MSCs, the differentiation program was divided into five
stages (Figure 2A). Ngn3 (Neurogenin3) is a member of the
bHLH (basic helix-loop-helix) family of transcription factors
involved in the development of neural stem cells in the

FIGURE 2 | Specific genes were significantly up-regulated during stage III of beta cell differentiation from MSCs. (A) Schematic diagram of the differentiation
program. The program was divided into five stages according to the order in which the induction factors were added. (B) Flow cytometry analysis of the expression
of Ngn3 and Pdx1 during each stage of differentiation. (C) Immunofluorescence microscopy was used to determine the expression of Pdx1 and insulin during each
stage of differentiation. (D) Western blotting was used to analyze the expression of proteins during each stage, including the islet hormones, Ngn3 and Pdx1, and the
main members of the TGF-β/Smad pathway, namely p-Smad2, p-Smad3, and Smad4. The data showed that these proteins were markedly elevated from stage III,
implying that the TGF-β/Smad pathway plays an important role in beta cell differentiation. Values represent the mean ± SEM, n = 3. The paired two-tailed t-test was
used for comparisons (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). Gapdh and Histone were used as endogenous controls in the lysate and nuclear fractions, respectively.
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neuroectoderm, and it is expressed in scattered cells throughout
the embryonic pancreas (Gradwohl et al., 2000). During the
generation of the pancreas, Ngn3 is required for the development
of pancreatic endocrine cells and it is considered a marker
for islet precursor cells (Habener et al., 2005). The Pdx1
(pancreatic and duodenal homeobox 1) gene is also known
as Ipf1 (insulin promoter factor 1) or Idx1 (islet/duodenum
homeobox 1), and it is selectively expressed in islet beta cells
where it binds to the promoter region of the insulin gene in the
mouse. Therefore, in the present study, the expression of Ngn3
and Pdx1 was determined at each stage of the differentiation
program using FCM, immunofluorescence microscopy, and
western blotting. The data showed that Ngn3 and Pdx1 were
significantly elevated from stage III and insulin was elevated
from stage IV (Figures 2B–D). Activin A is a member of the
Activin family, which is a major branch of the TGF-β superfamily.
In stage III, activin A was added to the MSCs to continue the
induction of their differentiation into beta cells. The expression
of the main members of the TGF-β superfamily, Smad2/3,
Smad4, phosphorylated (p-)Smad2, and p-Smad3, was also
determined using western blotting. The results demonstrated that
cytoplasmic levels of p-Smad2 and p-Smad3 and the nuclear level
of Smad4 were significantly up-regulated from Stage III following
activin A treatment (Figure 2D). These data implied that the
TGF-β/Smad pathway plays an important role in inducing the
formation of beta cells from stem cells.

Pancreatic miRNAs Also Exhibited
Increased Expression From Stage III of
MSC Differentiation
MicroRNAs in mammals exhibit developmental stage-specific or
tissue-specific expression, implying that miRNAs play important
roles in development processes. Several miRNAs regulate the
development of beta cells and their secretion of insulin, including
miR-375, miR-124a, and miR-26a. In the present study, we
reviewed previous reports to identify the miRNAs expressed in
developing or adult pancreatic tissue and/or that play a functional
role in islet or insulinoma cells (Supplementary Table S2).
To determine whether these miRNAs were up-regulated in the
induced MSCs, we performed RT-qPCR at every stage of beta
cell differentiation. The data were analyzed with the 2−11CT

method and illustrated with a heat map (Figure 3A). The results
indicated that specific miRNAs were dramatically elevated from
stage III to V, with miR-375 and miR-26a being among those
exhibiting the greatest increase in expression. The expression
levels of miR-375 and miR-26a were positively correlated with
those of Ngn3 and Pdx1 (determined in the previous section) for
the normal MSCs and induced MSCs (p < 0.05). To determine
whether the expression of miR-375 and miR-26a could induce
the differentiation of beta cells from normal MSCs without
cocktail factor treatment, we synthesized miR-375 and miR-26a
mimics for co-transfection into normal MSCs, however, Pdx1
and proinsulin remained negative for expression after 16 days
post-transfection (Supplementary Figure S1).

In our previous report (Bai et al., 2017a), miR-375 and
miR-26a combined with niacinamide were shown to promote

beta cell differentiation from MSCs. We, therefore, determined
the protein levels of the targets of miR-375 and miR-26a, namely
Sox6, Bhlhe22, and Mtpn, and found these proteins to be
markedly down-regulated after cocktail factor treatment, while
the opposite trend was observed when the expression of miR-
375 and miR-26a was inhibited in induced MSCs (Figure 3B).
We next investigated the role of miR-375 and miR-26a in
insulin secretion in induced MSCs with the GSIS method. Our
results demonstrated that when miR-375 or miR-26a were over-
expressed in combination or singly in induced MSCs, the beta
cells derived from these MSCs exhibited normal promotion
of insulin secretion, while the single or combined expression
of miR-26a and miR-375 or its inhibitors decreased insulin
secretion under the treatment of 20.5 mM glucose (Figure 3C).
These results indicated that the TGF-β/Smad pathway plays
an important role in the expression of these miRNAs, but the
mechanisms by which the TGF-β/Smad pathway regulate miRNA
transcription to promote beta cell differentiation from MSCs
remain poorly understood.

TGF-β/Smad Pathway Enhances the
Transcription of miR-375, miR-26a, and
Ngn3, Thereby Promoting Beta Cell
Differentiation in Stage III
Activin A is an activator of the TGF-β/Smad pathway. In
earlier experiments, this protein was found to significantly
elevate the levels of p-Smad2 and p-Smad3 in the whole-cell
lysates of induced MSCs, as well as the nuclear expression of
Smad4, from differentiation stage III onward. Phosphorylated
Smad2 and Smad3 form a complex with Smad4 to translocate
it into the nucleus, wherein it regulates the transcription
of its target genes. To determine the mechanisms causing
the elevated levels of specific genes from differentiation stage
III, the ALGGEN-PROMO (version 8.3) (Farre et al., 2003)
and JASPAR (version 7.0) (Khan et al., 2017, 2018) tools
were used to screen for potential Smad4-binding sites in
the promoter regions of these genes. PROMO is a classic
bioinformatics tool for the selection of putative transcription
factor-binding sites in promoter sequences of target genes
and it makes use of the TRANSFAC database. Transcription
factor-binding sites defined in the TRANSFAC database are
used to construct specific binding site weight matrices for
transcription factor-binding site prediction. JASPAR is an
open-access database of curated, transcription factor binding
profiles stored as position frequency matrices and transcription
factor flexible models for transcription factors across multiple
species in six taxonomic groups. By combining these tools,
we found many putative Smad4-binding motifs within the
promoter regions of miR-375, miR-26a, and Ngn3 but none
were identified for Pdx1 (Figures 4A,D,G). Ngn3 is the earliest
factor that specifically regulates the development of the endocrine
compartment in the embryonic pancreas, and it regulates the
transcription of many beta cell genes (Habener et al., 2005;
Sancho et al., 2014).

Interactions between transcript factors and nucleic acids
are usually tested using EMSA. In this study, to investigate
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FIGURE 3 | Roles of specific miRNAs in beta cell differentiation from MSCs. (A) A heat map was used to represent the fold change in the expression of specific
miRNAs during the five stages of differentiation of beta cells from MSCs based on RT-qPCR. MiR-375 and miR-26a were among those exhibiting the greatest
increase in expression. (B) Western blotting analysis of targets of miR-375 and miR-26a in induced MSCs following the overexpression of miR-375 and miR-26a or
that of their inhibitors (in). Over-expression of miR-375 and miR-26a inhibited the endogenous expression of Sox 6, Bhlhe22, and Mtpn, while the over-expression of
miR-375 and miR-26a inhibitors enhanced the expression of these targets. Gapdh was used as an endogenous control. Values represent the mean ± SEM, n = 3.
(C) Glucose-stimulated insulin secretion (GSIS) analysis of induced MSCs following the overexpression of miR-375 and miR-26a or that of their inhibitors (in). The
data show that insulin secretion of all groups of induced MSCs decreased when the cells were treated with a higher glucose concentration except when miR-375
and miR-26a were over-expressed (n = 30; paired two-tailed t-test).

the interactions predicted by bioinformatic analysis, probes
for EMSA were designed for Smad4 based on the putative
binding sites within the promoter sequences of its target genes
with the highest probability score for Smad4 binding. The
EMSA data demonstrated that Smad4 did indeed bind to the
predicted binding sites (Figures 4B,E,H). The specificity of
protein binding to these sites was further verified by competition
with a 100–200-fold molar excess of unlabeled EMSA probe.
Supershifted bands were also observed following incubation
with the Smad4 antibody (ChIP grade). To accurately compare
the quantities of Smad4 enriched in the promoter region after
induction, ChIP was combined with qPCR analysis. The input
sample (whole lysate) was used as a positive control, and non-
specific IgG was used as a negative control. The quantities of
immunoprecipitated chromatin were dramatically changed in the
induced MSCs compared to the uninduced MSCs, with a fold
change in occupancy of 8.36, 7.89, and 6.61 for miR-375, miR-26a,
and Ngn3, respectively (Figures 4C,F,I).

To further illuminate the role of the TGF-β/Smad pathway
in the differentiation of beta cells from MSCs, SB-431542 (a
TGF-β/Smad pathway inhibitor) was added to the cocktail
of factors. The levels of p-Smad2, p-Smad3, and intranuclear
Smad4, as well as the interactions of Smad2 or Smad3 with
Smad4, were analyzed using Duolink PLA and western blotting.
The data showed that the number of PLA-positive cells was
dramatically increased under treatment with the cocktail factors
compared with the uninduced MSCs, while treatment with
SB-43152 produced much fewer PLA-positive cells relative to the
induced MSCs alone (Figures 5A,B). We then performed western
blotting of SB-431542-treated induced MSCs using specific
antibodies against p-Smad2, p-Smad3, and intranuclear Smad4.
The results showed that SB-431542 down-regulated p-Smad2 and
p-Smad3, which led to decreased levels of intranuclear Smad4
(Figures 5C). To test for beta cell differentiation after SB-431542
treatment, the percentage of Pdx1- and Ngn3-positive cells, the
expression levels of miR-375 and miR-26a, and the level of insulin
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FIGURE 4 | EMSA and ChIP-qPCR assay of the physical binding of Smad4 to the promoter regions of miR-375, miR-26a, and Ngn3. (A,D,G) Diagrams indicating
the predicted binding sites for Smad4 within the promoters of miR-375, miR-26a, and Ngn3. (B,E,H) EMSA of the physical binding of Smad4 to the promoter
regions of miR-375, miR-26a, and Ngn3. The promoter Smad4-binding sites with the highest scores based on bioinformatic predictions were selected for EMSA
probe design. Following induction, cell nuclear extracts were prepared and incubated with the specific biotinylated EMSA probe for Smad4. Non-biotinylated EMSA
probes were used as competitor probes. Smad4 was observed to bind to each of the three predicted binding sites incorporated into the EMSA probes.
Furthermore, incubation with specific antibodies against Smad4 clearly resulted in supershifted bands. Probes containing mutated binding sites (mS4BS) were
unable to compete for binding. S4BS, Smad4-binding site. (C,F,I) The amounts of Smad4 enriched within the promoter regions of miR-375, miR-26a, and Ngn3 in
uninduced and induced MSCs were quantified by ChIP-coupled real-time qPCR. The percentages of input were calculated according to the threshold cycle values
(CT). Non-specific IgG was used as the negative control. The amounts of immunoprecipitated chromatin were significantly higher for the induced MSCs than the
uninduced MSCs, with a fold change in occupancy of 8.36, 7.89, and 6.61 for miR-375, miR-26a, and Ngn3, respectively. Values represent the mean ± SEM, n = 3.

secretion after treatment were verified using FCM, qPCR, and
the GSIS method, respectively. The results showed that all three
measures were dramatically decreased after SB-431542 treatment
(Figures 5D–F). These data confirmed that the TGF-β/Smad
pathway plays an important role in beta cell differentiation.

Transplantation in vivo
To confirm the in vivo function of beta cells differentiated
from MSCs, we transplanted MSCs, induced MSCs, and SB-
431542-treated induced MSCs under the kidney capsule of

STZ-treated diabetic mice (n = 10). After transplantation, the
sham group and MSC-transplanted mice all died within 16
and 20 days due to persistent metabolic acidosis, respectively.
The survival probability of induced MSC-transplanted mice
was approximately three times higher than that of SB-431542-
treated induced MSC-transplanted mice (Figure 6C). Twenty
days after transplantation, the blood glucose of the induced
MSC-transplanted mice decreased to a normal level (less
than 13.9 mM). In contrast, the blood glucose of the SB-
431542-treated induced MSC-transplanted mice remained above
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FIGURE 5 | SB-431542 inhibits beta cell differentiation from MSCs by blocking the TGF-β/Smad pathway. (A,B) Duolink PLA fluorescence assay of the interactions
of p-Smad2 or p-Smad3 with Smad4 in MSCs following different treatments. Colocalization of p-Smad2 or p-Smad3 with Smad4 around and within nuclear foci is
shown in the upper panel, which corroborated the interaction of these proteins in uninduced and induced MSCs (scale bar = 50 µm). The percentages of
PLA-positive cells following the different treatments are shown in the bottom panel. The number of positive cells was significantly elevated after treatment with the
cocktail of factors compared with uninduced MSCs or SB-431542-treated induced MSCs. (C) Western blotting showed that SB-431542 down-regulated p-Smad2
and p-Smad3, which led to decreased levels of intranuclear Smad4. (D) Flow cytometry analysis of Pdx1 and Ngn3 expression showed that the percentage of Pdx1-
and Ngn3-positive induced MSCs was markedly decreased after SB-431542 treatment. (E) RT-qPCR demonstrated that SB-431542 prevented activation of the
TGF-β/Smad pathway leading to reduced expression of miR-375 and miR-26a. (F) Glucose-stimulated insulin secretion (GSIS) of induced MSCs after SB-431542
treatment indicated that insulin secretion under conditions of 20.5 mM glucose increased to a much smaller degree than that in cells not treated with the inhibitor
(n = 30; paired two-tailed t-test).
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13.9 mM (Figure 6D). At 40 days post-transplantation, the mice
were sacrificed and the engrafted kidneys underwent histologic
analysis. Hematoxylin and eosin staining revealed the presence
of pancreatic beta cells adjacent to the mice kidney in the
induced MSC-transplanted mice and SB-431542-treated induced
MSC-transplanted mice, while none were observed in the MSC-
transplanted mice (Figure 6A). IHC showed the presence of
pancreas islet-like structures adjacent to the mouse kidney
(Figures 6B). These data revealed that the induced MSCs, when
transplanted into the renal capsule, could improve blood glucose
control and functionally rescue the STZ-treated diabetic mice,
while SB-431542 treatment of the induced MSCs did not have this
beneficial effect.

FIGURE 6 | Beta cells differentiated from MSCs were transplanted below the
renal capsule of STZ-treated diabetic mice. (A) Hematoxylin and eosin
staining of a graft at day 40 after transplantation. Higher numbers of islet-like
structures were observed in induced MSCs than in SB-431542-treated
induced MSCs (red circles). The MSC-transplanted group did not exhibit any
of these structures in the graft 18 days after transplantation.
(B) Immunofluorescence images of a graft at day 40 after transplantation,
stained for insulin and glucagon to confirm the presence of engrafted islets
(scale bar = 50 µm). (C) Survival curves of diabetic mice following
transplantation. Induced MSC-transplanted diabetic mice (n = 10) survived the
longest with a survival probability reaching 60%, while the survival probability
of SB-431542-treated induced MSC-transplanted diabetic mice (n = 10) only
reached 20%, and that of the sham control and MSC-transplanted groups
(n = 10) was 0%. (D) Blood glucose analysis of the various transplantation
groups showed that the induced MSC-transplanted diabetic mice recovered
to normal glucose levels (<13.9 mM) after 20 days. The other groups retained
high levels of blood glucose (>13.9 mM) over the 40 days observation period.

Taken together, our data revealed that activin A activates
the TGF-β/Smad pathway through phosphorylation of Smad2
and Smad3 during beta cell differentiation from MSCs, and
that phosphorylated Smad2 and Smad3 then interacts with
Smad4 to form a transcription complex that enters the nucleus.
This complex combines with the promotor sequences of the
endocrine-specific transcription factor, Ngn3, and the pancreas-
specific miRNAs, miR-375, and miR-26a, to enhance their
transcription in stage III and thereby initiate MSC differentiation
into beta cells (Figure 7).

DISCUSSION

The TGF-β superfamily is a component of a critical pathway
involved in cell-to-cell signaling during a multitude of processes,
including cell proliferation in somatic tissues, specification of cell
fate during embryogenesis, cell differentiation, and cell death.
Apart from TGF-β, the superfamily also includes the activins
and the bone morphogenetic proteins (BMPs). In particular,
activin A phosphorylates Smad2 and Smad3 to activate the TGF-
β/Smad pathway, and this activin has been extensively used
in the production of beta cells from stem cells (Shi et al.,
2005; Pagliuca et al., 2014; Bai et al., 2017a) as it is important
for early definitive endoderm development. Activin A binds
to cell surface receptors to induce the expression of specific
targets, including mix11 and goosecoid, thereby regulating the
differentiation of pancreatic beta cells. In addition, activin A also
promotes insulin secretion to maintain its function in cultured
pancreatic islets (Florio et al., 2000; Li et al., 2004; Shi et al.,
2005). However, there have been no reports to date regarding the
mechanism by which activin A directly regulates the expression
of pancreatic genes.

The endocrine-specific transcription factor, Ngn3, plays an
important role in the production of beta cells from other

FIGURE 7 | Schematic of the factors promoting pancreatic beta differentiation
from mesenchymal stem cells.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 December 2019 | Volume 7 | Article 351

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00351 November 2, 2020 Time: 19:6 # 11

Gao et al. TGF-β/Smad Pathway in Beta Cell Differentiation

pancreatic cells through cell reprogramming, including exocrine
cells (Zhou et al., 2008) and ductal cells (Sancho et al., 2014). In
pancreatic exocrine cells in mice, Ngn3 works in concert with
two other transcription factors, Pdx1 and Mafa, to reprogram
this differentiation to form cells that are indistinguishable from
endogenous islet beta cells in size, shape, and ultrastructure.
The ubiquitin ligase, Fbxw7, normally destabilizes Ngn3; genetic
deletion of Fbxw7 in pancreatic ductal cells, a type of stem
cell in the pancreas, stimulates the direct conversion of these
cells into endocrine β-cells (Sancho et al., 2014; Seifert and
Xiong, 2014). In the present study, activin A was added into the
differentiation program of beta cells in stage III, which activated
the TGF-β/Smad pathway. Our results revealed that activin A
enhanced the transcription of Ngn3 through Smad4 binding of
the promoter region of Ngn3. Therefore, activin A plays an
important role in the transcription of endocrine-specific genes
during beta cell differentiation from MSCs.

MicroRNAs play an important role in the regulation of
gene expression at the post-transcriptional level (Bartel, 2004;
Tang et al., 2007, 2009; Bai et al., 2017b). Many studies have
investigated the expression and function of miRNAs in the
formation of pancreatic beta cells from stem cells, but studies
on the transcription of specific miRNAs during the formation
of pancreatic beta cells from stem cells are limited. MiR-375
is a pancreas-specific miRNA that acts in endocrine tissues
and is highly expressed in the pancreas (Poy et al., 2004;
Avnit-Sagi et al., 2009; Bai et al., 2017a). Knockout of miR-
375 disrupts islet morphogenesis and reduces endocrine cell
differentiation. MiR-375 can induce the formation of pancreatic
beta cells from adult or embryonic stem cells. Furthermore, miR-
375 can also directly induce the differentiation of pancreatic
beta cells from induced pluripotent stem cells (Poy et al.,
2009; Bai et al., 2017a), however, the mechanism underlying
this process remains unclear (Lahmy et al., 2014). MiR-26a
was shown to be highly enriched in pancreatic beta cells
in the current study, and it is known to be upregulated in
response to glucose-stimulated repression of Sox6 and Bhlhe22
expression (Melkman-Zehavi et al., 2011). Furthermore, miR-
26a can promote pancreatic cell differentiation both in vitro
and in vivo by targeting the TET family of proteins (Fu et al.,
2013). In our previous research, miR-375 and miR-26a were
found to be dramatically elevated following the differentiation of
pancreatic beta cells from MSCs (Bai et al., 2017a). The functions
of miR-375 and miR-26a during this process lie not only in the
promotion of differentiation but also in their effect on insulin
secretion under glucose stimulation. However, the upstream
mechanisms by which cocktail factors elevate the expression
of miR-375 and miR-26a to promote the differentiation of
pancreatic beta cells remain to be elucidated. In the present study,
to investigate the expression of pancreatic-specific miRNAs
during the differentiation of pancreatic beta cells from MSCs,
we divided the differentiation program into five stages and
tested the expression of specific miRNAs at each stage using
RT-qPCR. The data showed that these miRNAs, particularly miR-
375 and miR-26a, exhibited increased expression from stage III.
We further demonstrated that the promoter regions of miR-
375 and miR-26a were bound by activin A-activated Smad4,

which enhanced their transcription and thereby promoted the
differentiation of pancreatic beta cells from MSCs and increased
their insulin secretion.

CONCLUSION

In conclusion, we systematically elucidated the important role
of activin A in inducing the differentiation of pancreatic beta
cells from MSCs. Activin A phosphorylates Smad2 and Smad3
to activate the TGF-β/Smad pathway, thereby enhancing the
transcription of the endocrine-specific transcription factor, Ngn3,
which, in turn, promotes the differentiation of pancreatic beta
cells. Additionally, miR-26a and miR-375, important miRNAs in
the formation of beta cells and in modulating their secretion of
insulin, are up-regulated by Smad4. In vivo and in vitro addition
of an inhibitor of the TGF-β/Smad pathway, SB-431542, during
the differentiation of the beta cells further demonstrated the
critical role of the TGF-β/Smad pathway in the differentiation of
beta cells and in insulin secretion. Our study, which particularly
focused on the transcription of specific genes involved in beta cell
formation from stem cells, may assist in the future development
of effective cell transplant therapies for the treatment of type I
diabetes mellitus.

DATA AVAILABILITY STATEMENT

The raw data used to support the conclusions of this article will
be made available by the corresponding authors, without undue
reservation, to any qualified researcher.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of Jining Medical University.

AUTHOR CONTRIBUTIONS

YG performed the cell differentiation, western blotting, and FCM,
and drafted the manuscript. CB, SD, XZ, and RZ prepared the
cell cultures. CB performed the RNAi assays. XL and CB analyzed
the data and reviewed the manuscript. All authors contributed to
manuscript revision, read and approved the submitted version.

FUNDING

This research was supported by the National Natural Science
Foundation of China (Grant Nos. 81700685 and 31972755
to CB, 81801463 to YG), Shandong Provincial Natural
Science Foundation, China (Grant No. ZR2017BH105 to
YG, ZR2017BH002 to CB), Project of Shandong Province
Higher Educational Science and Technology Program
(Grant No. J17KA229 to YG), Project of Shandong Province

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 December 2019 | Volume 7 | Article 351

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00351 November 2, 2020 Time: 19:6 # 12

Gao et al. TGF-β/Smad Pathway in Beta Cell Differentiation

Higher Educational Youth Innovation Program (Grant No.
2019KJK010 to CB), Supporting Fund for Teachers’ Research
from Jining Medical University (Grant No. JY2017KJ027
to CB), and Faculty Start-up Funds from Jining Medical
University (to CB and YG).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2019.00351/
full#supplementary-material

REFERENCES
Avnit-Sagi, T., Kantorovich, L., Kredo-Russo, S., Hornstein, E., and Walker, M. D.

(2009). The promoter of the pri-miR-375 gene directs expression selectively to
the endocrine pancreas. PLoS One 4:e5033. doi: 10.1371/journal.pone.0005033

Bai, C., Gao, Y., Li, X., Wang, K., Xiong, H., Shan, Z., et al. (2017a). MicroRNAs
can effectively induce formation of insulin-producing cells from mesenchymal
stem cells. J. Tissue Eng. Regen. Med. 11, 3457–3468. doi: 10.1002/term.2259

Bai, C., Gao, Y., Zhang, X., Yang, W., and Guan, W. (2017b). MicroRNA-34c acts
as a bidirectional switch in the maturation of insulin-producing cells derived
from mesenchymal stem cells. Oncotarget 8, 106844–106857. doi: 10.18632/
oncotarget.21883

Bai, C., Li, X., Gao, Y., Wang, K., Fan, Y., Zhang, S., et al. (2016). Role of microRNA-
21 in the formation of insulin-producing cells from pancreatic progenitor cells.
Biochim. Biophys. Acta 1859, 280–293. doi: 10.1016/j.bbagrm.2015.12.001

Bai, C., Zhang, H., Zhang, X., Yang, W., Li, X., and Gao, Y. (2019). MiR-15/16
mediate crosstalk between the MAPK and Wnt/beta-catenin pathways during
hepatocyte differentiation from amniotic epithelial cells. Biochim. Biophys. Acta
Gene. Regul. Mech. 1862, 567–581. doi: 10.1016/j.bbagrm.2019.02.003

Barbato, C., Ruberti, F., Pieri, M., Vilardo, E., Costanzo, M., Ciotti, M. T., et al.
(2010). MicroRNA-92 modulates K(+) Cl(-) co-transporter KCC2 expression
in cerebellar granule neurons. J. Neurochem. 113, 591–600. doi: 10.1111/j.1471-
4159.2009.06560.x

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281–297.

Chabot, A., Meus, M. A., Naud, P., Hertig, V., Dupuis, J., Villeneuve, L., et al.
(2015). Nestin is a marker of lung remodeling secondary to myocardial
infarction and type I diabetes in the rat. J. Cell Physiol. 230, 170–179. doi:
10.1002/jcp.24696

Chen, Z., Sangwan, V., Banerjee, S., Mackenzie, T., Dudeja, V., Li, X., et al. (2013).
miR-204 mediated loss of Myeloid cell leukemia-1 results in pancreatic cancer
cell death. Mol. Cancer 12:105. doi: 10.1186/1476-4598-12-105

Chinchilla, A., Lozano, E., Daimi, H., Esteban, F. J., Crist, C., Aranega, A. E.,
et al. (2011). MicroRNA profiling during mouse ventricular maturation: a role
for miR-27 modulating Mef2c expression. Cardiovasc. Res. 89, 98–108. doi:
10.1093/cvr/cvq264

Du Rieu, M. C., Torrisani, J., Selves, J., Al Saati, T., Souque, A., Dufresne, M., et al.
(2010). MicroRNA-21 is induced early in pancreatic ductal adenocarcinoma
precursor lesions. Clin. Chem. 56, 603–612. doi: 10.1373/clinchem.2009.137364

Farre, D., Roset, R., Huerta, M., Adsuara, J. E., Rosello, L., Alba, M. M., et al.
(2003). Identification of patterns in biological sequences at the ALGGEN server:
PROMO and MALGEN. Nucleic Acids Res. 31, 3651–3653. doi: 10.1093/nar/
gkg605

Florio, P., Luisi, S., Marchetti, P., Lupi, R., Cobellis, L., Falaschi, C., et al. (2000).
Activin A stimulates insulin secretion in cultured human pancreatic islets.
J. Endocrinol. Invest. 23, 231–234. doi: 10.1007/bf03343713

Fu, X., Jin, L., Wang, X., Luo, A., Hu, J., Zheng, X., et al. (2013). MicroRNA-26a
targets ten eleven translocation enzymes and is regulated during pancreatic cell
differentiation. Proc. Natl. Acad. Sci. U.S.A. 110, 17892–17897. doi: 10.1073/
pnas.1317397110

Gradwohl, G., Dierich, A., Lemeur, M., and Guillemot, F. (2000). neurogenin3
is required for the development of the four endocrine cell lineages of the
pancreas. Proc. Natl. Acad. Sci. U.S.A. 97, 1607–1611. doi: 10.1073/pnas.97.4.
1607

Habener, J. F., Kemp, D. M., and Thomas, M. K. (2005). Minireview: transcriptional
regulation in pancreatic development. Endocrinology 146, 1025–1034. doi:
10.1210/en.2004-1576

Hackstein, H., Taner, T., Zahorchak, A. F., Morelli, A. E., Logar, A. J., Gessner, A.,
et al. (2003). Rapamycin inhibits IL-4–induced dendritic cell maturation in vitro

and dendritic cell mobilization and function in vivo. Blood 101, 4457–4463.
doi: 10.1182/blood-2002-11-3370

Hasuwa, H., Ueda, J., Ikawa, M., and Okabe, M. (2013). miR-200b and miR-429
function in mouse ovulation and are essential for female fertility. Science 341,
71–73. doi: 10.1126/science.1237999

Huang, J. C., Babak, T., Corson, T. W., Chua, G., Khan, S., Gallie, B. L., et al.
(2007). Using expression profiling data to identify human microRNA targets.
Nat. Methods 4, 1045–1049. doi: 10.1038/nmeth1130

Joglekar, M. V., Parekh, V. S., Mehta, S., Bhonde, R. R., and Hardikar, A. A.
(2007). MicroRNA profiling of developing and regenerating pancreas reveal
post-transcriptional regulation of neurogenin3. Dev. Biol. 311, 603–612. doi:
10.1016/j.ydbio.2007.09.008

Joglekar, M. V., Patil, D., Joglekar, V. M., Rao, G. V., Reddy, D. N., Mitnala, S., et al.
(2009). The miR-30 family microRNAs confer epithelial phenotype to human
pancreatic cells. Islets 1, 137–147. doi: 10.4161/isl.1.2.9578

Kalis, M., Bolmeson, C., Esguerra, J. L., Gupta, S., Edlund, A., Tormo-Badia, N.,
et al. (2011). Beta-cell specific deletion of Dicer1 leads to defective insulin
secretion and diabetes mellitus. PLoS One 6:e29166. doi: 10.1371/journal.pone.
0029166

Khan, A., Fornes, O., Stigliani, A., Gheorghe, M., Castro-Mondragon, J. A., Van
Der Lee, R., et al. (2017). JASPAR 2018: update of the open-access database of
transcription factor binding profiles and its web framework. Nucleic Acids Res.
46, D260–D266.

Khan, A., Fornes, O., Stigliani, A., Gheorghe, M., Castro-Mondragon, J. A., Van
Der Lee, R., et al. (2018). JASPAR 2018: update of the open-access database of
transcription factor binding profiles and its web framework. Nucleic Acids Res,
46:D1284.

Krek, A., Grun, D., Poy, M. N., Wolf, R., Rosenberg, L., Epstein, E. J., et al.
(2005). Combinatorial microRNA target predictions. Nat. Genet. 37, 495–500.
doi: 10.1038/ng1536

Lahmy, R., Soleimani, M., Sanati, M. H., Behmanesh, M., Kouhkan, F., and
Mobarra, N. (2014). MiRNA-375 promotes beta pancreatic differentiation in
human induced pluripotent stem (hiPS) cells. Mol. Biol. Rep. 41, 2055–2066.
doi: 10.1007/s11033-014-3054-4

Lee, C., He, H., Jiang, Y., Di, Y., Yang, F., Li, J., et al. (2013). Elevated expression of
tumor miR-222 in pancreatic cancer is associated with Ki67 and poor prognosis.
Med. Oncol. 30:700. doi: 10.1007/s12032-013-0700-y

Lewis, B. P., Shih, I. H., Jones-Rhoades, M. W., Bartel, D. P., and Burge, C. B.
(2003). Prediction of mammalian microRNA targets. Cell 115, 787–798. doi:
10.1016/s0092-8674(03)01018-3

Li, L., Yi, Z., Seno, M., and Kojima, I. (2004). Activin A and betacellulin: effect
on regeneration of pancreatic beta-cells in neonatal streptozotocin-treated rats.
Diabetes 53, 608–615. doi: 10.2337/diabetes.53.3.608

Lim, L. P., Lau, N. C., Garrett-Engele, P., Grimson, A., Schelter, J. M., Castle, J.,
et al. (2005). Microarray analysis shows that some microRNAs downregulate
large numbers of target mRNAs. Nature 433, 769–773.

Lin, Q., Gao, Z., Alarcon, R. M., Ye, J., and Yun, Z. (2009). A role of miR-27 in the
regulation of adipogenesis. FEBS J. 276, 2348–2358.

Liu, J., Xu, D., Wang, Q., Zheng, D., Jiang, X., and Xu, L. (2014). LPS induced
miR-181a promotes pancreatic cancer cell migration via targeting PTEN and
MAP2K4. Dig. Dis. Sci. 59, 1452–1460. doi: 10.1007/s10620-014-3049-y

Lovis, P., Gattesco, S., and Regazzi, R. (2008). Regulation of the expression
of components of the exocytotic machinery of insulin-secreting cells by
microRNAs. Biol. Chem. 389, 305–312. doi: 10.1515/BC.2008.026

Ma, J., Cheng, L., Liu, H., Zhang, J., Shi, Y., Zeng, F., et al. (2013). Genistein down-
regulates miR-223 expression in pancreatic cancer cells. Curr. Drug Targets 14,
1150–1156. doi: 10.2174/13894501113149990187

Mackenzie, T. N., Mujumdar, N., Banerjee, S., Sangwan, V., Sarver, A., Vickers,
S., et al. (2013). Triptolide induces the expression of miR-142-3p: a negative

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 December 2019 | Volume 7 | Article 351

https://www.frontiersin.org/articles/10.3389/fcell.2019.00351/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2019.00351/full#supplementary-material
https://doi.org/10.1371/journal.pone.0005033
https://doi.org/10.1002/term.2259
https://doi.org/10.18632/oncotarget.21883
https://doi.org/10.18632/oncotarget.21883
https://doi.org/10.1016/j.bbagrm.2015.12.001
https://doi.org/10.1016/j.bbagrm.2019.02.003
https://doi.org/10.1111/j.1471-4159.2009.06560.x
https://doi.org/10.1111/j.1471-4159.2009.06560.x
https://doi.org/10.1002/jcp.24696
https://doi.org/10.1002/jcp.24696
https://doi.org/10.1186/1476-4598-12-105
https://doi.org/10.1093/cvr/cvq264
https://doi.org/10.1093/cvr/cvq264
https://doi.org/10.1373/clinchem.2009.137364
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1007/bf03343713
https://doi.org/10.1073/pnas.1317397110
https://doi.org/10.1073/pnas.1317397110
https://doi.org/10.1073/pnas.97.4.1607
https://doi.org/10.1073/pnas.97.4.1607
https://doi.org/10.1210/en.2004-1576
https://doi.org/10.1210/en.2004-1576
https://doi.org/10.1182/blood-2002-11-3370
https://doi.org/10.1126/science.1237999
https://doi.org/10.1038/nmeth1130
https://doi.org/10.1016/j.ydbio.2007.09.008
https://doi.org/10.1016/j.ydbio.2007.09.008
https://doi.org/10.4161/isl.1.2.9578
https://doi.org/10.1371/journal.pone.0029166
https://doi.org/10.1371/journal.pone.0029166
https://doi.org/10.1038/ng1536
https://doi.org/10.1007/s11033-014-3054-4
https://doi.org/10.1007/s12032-013-0700-y
https://doi.org/10.1016/s0092-8674(03)01018-3
https://doi.org/10.1016/s0092-8674(03)01018-3
https://doi.org/10.2337/diabetes.53.3.608
https://doi.org/10.1007/s10620-014-3049-y
https://doi.org/10.1515/BC.2008.026
https://doi.org/10.2174/13894501113149990187
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00351 November 2, 2020 Time: 19:6 # 13

Gao et al. TGF-β/Smad Pathway in Beta Cell Differentiation

regulator of heat shock protein 70 and pancreatic cancer cell proliferation. Mol.
Cancer Ther. 12, 1266–1275. doi: 10.1158/1535-7163.MCT-12-1231

Melkman-Zehavi, T., Oren, R., Kredo-Russo, S., Shapira, T., Mandelbaum, A. D.,
Rivkin, N., et al. (2011). miRNAs control insulin content in pancreatic beta-
cells via downregulation of transcriptional repressors. EMBO J. 30, 835–845.
doi: 10.1038/emboj.2010.361

Morais, D. R., Reis, S. T., Viana, N., Piantino, C. B., Massoco, C., Moura, C.,
et al. (2014). The involvement of miR-100 in bladder urothelial carcinogenesis
changing the expression levels of mRNA and proteins of genes related to cell
proliferation, survival, apoptosis and chromosomal stability. Cancer Cell Int.
14:119. doi: 10.1186/s12935-014-0119-3

Pagliuca, F. W., Millman, J. R., Gurtler, M., Segel, M., Van Dervort, A., Ryu, J. H.,
et al. (2014). Generation of functional human pancreatic beta cells in vitro. Cell
159, 428–439. doi: 10.1016/j.cell.2014.09.040

Plaisance, V., Waeber, G., Regazzi, R., and Abderrahmani, A. (2014).
Role of microRNAs in islet beta-cell compensation and failure
during diabetes. J. Diabetes Res. 2014, 618652. doi: 10.1155/2014/
618652

Poy, M. N., Eliasson, L., Krutzfeldt, J., Kuwajima, S., Ma, X., Macdonald, P. E., et al.
(2004). A pancreatic islet-specific microRNA regulates insulin secretion. Nature
432, 226–230. doi: 10.1038/nature03076

Poy, M. N., Hausser, J., Trajkovski, M., Braun, M., Collins, S., Rorsman, P.,
et al. (2009). miR-375 maintains normal pancreatic alpha- and beta-cell
mass. Proc. Natl. Acad. Sci. U.S.A. 106, 5813–5818. doi: 10.1073/pnas.081055
0106

Roldo, C., Missiaglia, E., Hagan, J. P., Falconi, M., Capelli, P., Bersani, S.,
et al. (2006). MicroRNA expression abnormalities in pancreatic endocrine
and acinar tumors are associated with distinctive pathologic features and
clinical behavior. J. Clin. Oncol. 24, 4677–4684. doi: 10.1200/jco.2005.05.
5194

Rosero, S., Bravo-Egana, V., Jiang, Z., Khuri, S., Tsinoremas, N., Klein, D.,
et al. (2010). MicroRNA signature of the human developing pancreas. BMC
Genomics 11:509. doi: 10.1186/1471-2164-11-509

Sancho, R., Gruber, R., Gu, G., and Behrens, A. (2014). Loss of Fbw7 reprograms
adult pancreatic ductal cells into alpha, delta, and beta cells. Cell Stem Cell 15,
139–153. doi: 10.1016/j.stem.2014.06.019

Seifert, B. A., and Xiong, Y. (2014). Out of the F-box: reawakening
the pancreas. Cell Stem Cell 15, 111–112. doi: 10.1016/j.stem.2014.
07.006

Shang, J., Li, J., Keller, M. P., Hohmeier, H. E., Wang, Y., Feng, Y., et al. (2015).
Induction of miR-132 and miR-212 Expression by Glucagon-Like Peptide 1
(GLP-1) in Rodent and Human Pancreatic beta-Cells. Mol. Endocrinol. 29,
1243–1253. doi: 10.1210/me.2014-1335

Shi, Y., Hou, L., Tang, F., Jiang, W., Wang, P., Ding, M., et al. (2005). Inducing
embryonic stem cells to differentiate into pancreatic beta cells by a novel three-
step approach with activin A and all-trans retinoic acid. Stem Cells 23, 656–662.
doi: 10.1634/stemcells.2004-0241

Shi, Z., Zhao, C., Guo, X., Ding, H., Cui, Y., Shen, R., et al. (2014). Differential
expression of microRNAs in omental adipose tissue from gestational diabetes
mellitus subjects reveals miR-222 as a regulator of ERalpha expression in
estrogen-induced insulin resistance. Endocrinology 155, 1982–1990. doi: 10.
1210/en.2013-2046

Soubani, O., Ali, A. S., Logna, F., Ali, S., Philip, P. A., and Sarkar, F. H. (2012).
Re-expression of miR-200 by novel approaches regulates the expression of
PTEN and MT1-MMP in pancreatic cancer. Carcinogenesis 33, 1563–1571.
doi: 10.1093/carcin/bgs189

Tang, X., Gal, J., Zhuang, X., Wang, W., Zhu, H., and Tang, G. (2007). A simple
array platform for microRNA analysis and its application in mouse tissues. RNA
13, 1803–1822. doi: 10.1261/rna.498607

Tang, X., Muniappan, L., Tang, G., and Ozcan, S. (2009). Identification of glucose-
regulated miRNAs from pancreatic {beta} cells reveals a role for miR-30d in
insulin transcription. RNA 15, 287–293. doi: 10.1261/rna.1211209

Wang, T., and Xu, Z. (2010). miR-27 promotes osteoblast differentiation by
modulating Wnt signaling. Biochem. Biophys. Res. Commun. 402, 186–189.
doi: 10.1016/j.bbrc.2010.08.031

Woo, H. H., Laszlo, C. F., Greco, S., and Chambers, S. K. (2012). Regulation of
colony stimulating factor-1 expression and ovarian cancer cell behavior in vitro
by miR-128 and miR-152. Mol. Cancer 11:58. doi: 10.1186/1476-4598-11-58

Zhou, B., Li, C., Qi, W., Zhang, Y., Zhang, F., Wu, J. X., et al. (2012).
Downregulation of miR-181a upregulates sirtuin-1 (SIRT1) and improves
hepatic insulin sensitivity. Diabetologia 55, 2032–2043. doi: 10.1007/s00125-
012-2539-8

Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J., and Melton, D. A. (2008). In vivo
reprogramming of adult pancreatic exocrine cells to beta-cells. Nature 455,
627–632. doi: 10.1038/nature07314

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Gao, Zhang, Dai, Zhang, Li and Bai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 December 2019 | Volume 7 | Article 351

https://doi.org/10.1158/1535-7163.MCT-12-1231
https://doi.org/10.1038/emboj.2010.361
https://doi.org/10.1186/s12935-014-0119-3
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.1155/2014/618652
https://doi.org/10.1155/2014/618652
https://doi.org/10.1038/nature03076
https://doi.org/10.1073/pnas.0810550106
https://doi.org/10.1073/pnas.0810550106
https://doi.org/10.1200/jco.2005.05.5194
https://doi.org/10.1200/jco.2005.05.5194
https://doi.org/10.1186/1471-2164-11-509
https://doi.org/10.1016/j.stem.2014.06.019
https://doi.org/10.1016/j.stem.2014.07.006
https://doi.org/10.1016/j.stem.2014.07.006
https://doi.org/10.1210/me.2014-1335
https://doi.org/10.1634/stemcells.2004-0241
https://doi.org/10.1210/en.2013-2046
https://doi.org/10.1210/en.2013-2046
https://doi.org/10.1093/carcin/bgs189
https://doi.org/10.1261/rna.498607
https://doi.org/10.1261/rna.1211209
https://doi.org/10.1016/j.bbrc.2010.08.031
https://doi.org/10.1186/1476-4598-11-58
https://doi.org/10.1007/s00125-012-2539-8
https://doi.org/10.1007/s00125-012-2539-8
https://doi.org/10.1038/nature07314
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Role of TGF-β/Smad Pathway in the Transcription of Pancreas-Specific Genes During Beta Cell Differentiation
	Introduction
	Materials and Methods
	Ethics Statement
	Umbilical Cord MSC Culture and Differentiation Into Beta Cells
	Glucose-Stimulated Insulin Secretion (GSIS)
	Flow Cytometry (FCM)
	Immunofluorescence Detection
	Western Blotting
	MiRNA Quantitative Reverse-Transcription PCR (RT-qPCR)
	In situ PLA
	ChIP-PCR Assessment
	EMSA (Electrophoretic Mobility Shift Assay)
	Transplantation in vivo
	Statistical Analysis

	Results
	Cocktail Factors Induce the Differentiation of Beta Cells From Umbilical Cord MSCs
	The Expression of Specific Genes in the Five Stages of MSC Differentiation
	Pancreatic miRNAs Also Exhibited Increased Expression From Stage III of MSC Differentiation
	TGF-β/Smad Pathway Enhances the Transcription of miR-375, miR-26a, and Ngn3, Thereby Promoting Beta Cell Differentiation in Stage III
	Transplantation in vivo

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


