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Identifying molecular mechanisms that regulate insulin ex-
pression in bone marrow-derived mesenchymal stem cells
(bmMSCs) can provide clues on how to stimulate the differen-
tiation of bmMSCs into insulin-producing cells (IPCs), which
can be used as a therapeutic approach against type 1 diabetes
(T1D). As repression factors may inhibit differentiation, the
efficiency of this process is insufficient for cell transplantation.
In this study, we used the mouse insulin 2 (Ins2) promoter
sequence and performed a DNA affinity precipitation assay
combined with liquid chromatography-mass spectrometry to
identify the transcription factor, chicken ovalbumin upstream
promoter transcriptional factor I (COUP-TFI). Functionally,
bmMSCs were reprogrammed into IPCs via COUP-TFI sup-
pression and MafA overexpression. The differentiated cells ex-
pressed higher levels of genes specific for islet endocrine cells,
and they released C-peptide and insulin in response to glucose
stimulation. Transplantation of IPCs into streptozotocin-
induced diabetic mice caused a reduction in hyperglycemia.
Mechanistically, COUP-TFI bound to the DR1 (direct repeats
with 1 spacer) element in the Ins2 promoter, thereby negatively
regulating promoter activity. Taken together, the data provide
a novel mechanism by which COUP-TFI acts as a negative regu-
lator in the Ins2 promoter. The differentiation of bmMSCs into
IPCs could be improved by knockdown of COUP-TFI, which
may provide a novel stem cell-based therapy for T1D.
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INTRODUCTION
Type 1 diabetes (T1D) is an insulin-dependent disease, resulting from
destruction of b cells of the pancreatic islets.1 Modern treatment plans
for patients with T1D involve regular administration of insulin injec-
tions.2 Although other therapeutic strategies have been used in clin-
ical practice (e.g., pancreatic islet transplantation), the lack of a cell
source remains challenging.3 Recently, stem cell therapies have shown
promise as treatments for neurodegenerative disorders,4 spinal cord
injury,5,6 stimulation of hematopoiesis,7,8 and other applications.
Bone marrow-derived mesenchymal stem cells (bmMSCs) can be
obtained from autologous bone marrow and induced to differentiate
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into insulin-producing cells (IPCs) in vitro as a potential therapy for
T1D.9–11 Therefore, it is critical to identify the factors that regulate the
differentiation of bmMSCs into IPCs.

The transcriptional activators NeuroD/BETA2, MafA, Ngn3, and
Pdx1 bind to special sites within 300–400 bp from the transcription
start site of the insulin promoter and they interact synergisti-
cally.12–15 Previous reports have shown that bmMSCs can be differen-
tiated into IPCs by single or combined transfection of these transcrip-
tional activators.10,16,17 However, most differentiated cells cannot
secrete sufficient amounts of insulin.18 Therefore, other regulatory
mechanisms may exist, which may impact the differentiation
of bmMSCs into IPCs. MafA is a member of the large Maf family
of transcription factors. It has been shown to be a key regulator of
tissue-specific expression of insulin 2 (Ins2) in b cells, but its
effect is weak unless it is coexpressed with other key transcription
factors.19,20 We hypothesize that some repressors may reduce
MafA-induced Ins2 activation. Recently, many studies have shown
that the transcriptional repressors also play a key role in the process
of differentiation.21,22 Several studies have suggested that the suppres-
sion of transcriptional repressors can induce mesenchymal stem
cell differentiation into IPCs.23,24 Accordingly, we hypothesize that
silencing the expression of transcriptional repressors expressed in
bmMSCs can improve differentiation into IPCs.

Chicken ovalbumin upstream promoter transcriptional factors
(COUP-TFs) belong to the steroid/thyroid hormone receptor
superfamily.25 There are two major homologs, COUP-TFI and
he Authors.
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Figure 1. Growth of bmMSCs In Vitro

(A) Themorphology of bmMSCs at the third passage. (B) bmMSCswere cultured in normal medium for 30 days. (C) bmMSCswere cultured in normal medium for 60 days. (D)

bmMSCs were cultured in normal medium for 90 days. Scale bars represent 100 mm.
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COUP-TFII, which bind to a similar DNA binding domain.26 COUP-
TFI is essential for neural,27,28 optical,29 and cardiac development.30 It
is also as an important regulator in differentiation of oligodendro-
cytes,31 retinal progenitor cells,32 and hair cells.33 COUP-TFI directly
binds to the DR1 (direct repeats with 1 spacer) elements to repress
gene expression.34 It is unclear whether the DR1 element is present
in the mouse insulin promoter and/or involved in transcriptional
regulation.

In this study, we have identified a DR1 element in the Ins2 promoter.
COUP-TFI binds to that site to negatively regulate Ins2 expression in
bmMSCs. This leads to the reprogramming of bmMSCs into IPCs by
overexpressing MafA and silencing COUP-TFI.
RESULTS
Characterization of bmMSCs

bmMSCs grew with fibroblast-like morphology (Figure 1A). To
further characterize bmMSCs, flow cytometry analysis revealed that
these cells expressed Sca-1, CD44, and CD29 and did not express
the hematopoietic markers CD117, CD31, and CD45 (see Fig-
ure S1A). To confirm multipotency, bmMSCs were induced to differ-
entiate into chondrocytes, osteoblasts, and adipocytes (see Figures
S1B–S1D, respectively). The bmMSCs could not be induced in the
absence of differentiation medium (Figures S1E–S1G). Cultured for
30 days, 60 days, and 90 days (Figures 1B–1D, respectively), the
bmMSCs atrophied and changed to a polygonal shape.
Identification of Transcription Factors in the Ins2 Promoter

To identify novel transcription factors in the Ins2 promoter, we per-
formed a DNA affinity precipitation assay. After precipitation, the
specific band (shown inside the black box in Figure 2A) was selected
and liquid chromatography (LC)-mass spectrometry (MS) analysis
was performed. The data suggested that COUP-TFI was enriched
by the Ins2 promoter sequence in bmMSCs (Figure 2A).

To determine COUP-TFI expression levels, we used western blotting
and semiquantitative PCR. COUP-TFI was highly expressed in
bmMSCs, but not in MIN6 cells (Figures 2B and 2C). Immunofluo-
rescence revealed that COUP-TFI was primarily localized in the
nucleus of bmMSCs (Figure 2D). Considering the lack of expression
of Ins2 in bmMSCs, we hypothesize that COUP-TFI act as a repressor
for Ins2.

When COUP-TFI in MIN6 cells was overexpressed, we observed a
robust knockdown of the endogenous Ins2 mRNA expression by
qPCR (Figure 3A). COUP-TFI silencing could not affect Ins2
mRNA expression (Figure 3B). These observations indicate that
COUP-TFI represses Ins2 expression in MIN6 cells. We hypothesize
that bmMSCs could be induced to IPCs by repression of COUP-TFI.
Differentiation of bmMSCs into IPCs

When COUP-TFI in bmMSCs was overexpressed, the expression of
Ins2 was not altered by qPCR (Figure 3C). To test whether COUP-
TFI silencing triggers differentiation of bmMSCs into IPCs, we
knocked down the expression of COUP-TFI in bmMSCs. However,
the expression of Ins2 was not elevated significantly (Figure 3D).
To determine the other targets of COUP-TF1 (including Crabp1,34

Casq1,34 Ehhadh,35 Camk4,36 Sod1,34 Myog,37 Foxo3a,34 Fabp7,34

Pck1,38 MR1,39 BMP4,40 HGF,41 MTTP,42 OCT4,43 and Aldh244),
we detected the change in expression levels after small interfering
RNA (siRNA) knockdown of COUP-TFI in bmMSCs. The results
showed that disruption of COUP-TFI did not induce global effects
(Figure 3E). Thus, we hypothesize that knocking down COUP-TFI
led to a state where the response to an activator of Ins2 expression
might be improved.

It was previously shown that MafA can activate endogenous Ins2 in
aTC cells. MafA improves the differentiation efficiency of mouse em-
bryonic stem cells into IPCs.17 However, overexpression of MafA has
no additional effect on insulin promoter activity.19 We found that
when expression of COUP-TFI was knocked down in bmMSCs,
Ins2 promoter activity was significantly enhanced in response to over-
expression of MafA (Figure 3F).

To improve the differentiation, we infected bmMSCs with lentiviral
vector-mediated (Lv)-shCOUP-TFI and Lv-MafA. Along with differ-
entiation, the shCOUP-TFI plus MafA group’s morphology was islet-
like in structure (Figure 4A). The expression of several genes specific
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Figure 2. COUP-TFI Is Expressed in bmMSCs and Binds to the Ins2

Promoter

(A) The DNA affinity precipitation assay was carried out with the nuclear extracts and

biotinylated PCR products. The protein-DNA complexes were separated with

streptavidin-labeled beads. The numbers 1 and 2 indicate nuclear extracts from

MIN6 cells and from bmMSCs, respectively. (B and C) Western blotting (B) and

semiquantitative PCR analysis (C) for COUP-TFI expression levels in MIN6 cells and

bmMSCs. (D) MIN6 cells and bmMSCs were stained for COUP-TFI (left) and insulin

(middle). Nuclei were stained with DAPI (right). Scale bars represent 50 mm.
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to islet endocrine cells was detected by qPCR on day 30 of differenti-
ation. As shown in Figure 4B, the expression level of endocrine cell
markers (including Ins1, Ins2 Pdx1, Isl-1, Glut2, and Pax6) in the
shCOUP-TFI plus MafA group was higher than that in any other
group, but lower than that in MIN6 cells. To further determine the
differentiation, we performed immunofluorescence staining on the
differentiated cells. The results showed that differentiated bmMSCs
infected with shCOUP-TFI plus MafA expressed insulin, Glut2,
Pdx1, and glucagon (Figure 4C). Together, these data show that
differentiated bmMSCs can express endocrine cell markers.

Functional Analysis of Differentiated bmMSCs In Vitro

To determine the glucose responsiveness of differentiated cells, insu-
lin and C-peptide levels were measured using ultrasensitive ELISA
kits. After a 23 mmol/L glucose challenge, the cells infected with
shCOUP-TFI plus MafA displayed significantly elevated levels of in-
sulin and C-peptide compared to the control group (Figure 5A).
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However, the quantity of insulin and C-peptide secreted by the differ-
entiated bmMSCs was significantly lower than that secreted by MIN6
cells.

Because they are known to contain zinc, pancreatic b cells can be
stained with dithizone, a zinc-chelating agent.45 To verify whether
the differentiated cells contained zinc, dithizone staining was per-
formed. As shown in Figure 5B, the islet-like cell clusters were
distinctly stained crimson red by dithizone. These findings suggest
that differentiated bmMSCs can produce and secrete insulin and
C-peptide in vitro.
Functional Analysis of Differentiated bmMSCs In Vivo

Transplantation of shCOUP-TFI- and MafA-infected bmMSCs un-
der the left renal capsule of streptozotocin (STZ)-treated diabetic
C57/bl mice resulted in a reduction of blood glucose levels, from
greater than 350 mg/dL to approximately 210 mg/dL at 48 days
post-transplantation. In contrast, blood glucose levels of mice that
received transplanted control virus-infected bmMSCs remained
elevated to greater than 500 mg/dL (Figure 6A). Glucose tolerance
testing performed after 48 days post-transplantation revealed that
differentiated cells were able to respond to the glucose challenge (Fig-
ure 6B). In addition, after removal of the left kidney transplanted with
differentiated bmMSCs on day 60, the blood glucose levels rapidly
rose to greater than 500 mg/dL (Figure 6A). These results demon-
strate that IPCs can reverse hyperglycemia in STZ-treated diabetic
mice.
COUP-TFI Acts as a Repressor of Ins2 Expression

COUP-TFI recognizes consensus sequences [50-(A/G) G (G/T)
TCA-30] and represses gene expression by directly binding to the
DR1 site of the target genes. Through Internet-based sequence align-
ment (“Patch,” http://gene-regulation.com), we found a DR1 element
located within �53 bp to �40 bp (AGGTCAgGGGGCA) of the Ins2
promoter (Figure 7A). To determine whether COUP-TFI binds to the
DR1 element in the Ins2 promoter of bmMSCs, we carried out elec-
trophoretic mobility shift assays (EMSAs) and ChIP assays.

Our data showed that the DR1 element was amplified in COUP-TFI-
precipitated DNA samples (Figure 7B). The probe sequences for the
EMSA assay are listed in Figure 7C. The specific shift complex was
formed when nuclear extracts from bmMSCs were incubated with
the DR1 probe alone (as indicated by a black arrow in Figure 7D).
The complex was effectively competed away by either a wild-type
(WT) cold probe or the half-site mutated probes (mA or mB). This
competition was lost with mutation of both half-sites (mAB). These
results indicated that both half-sites are necessary for binding to the
DR1 site. In addition, the complex was entirely supershifted (as indi-
cated by a black arrowhead) by the addition of COUP-TFI antibody
(Figure 7D). Binding of COUP-TFI to the DR1 element was further
confirmed by western blotting in the DNA affinity precipitation assay
(Figure 7E). Luciferase experiments showed that the overexpression
of COUP-TFI decreased Ins2 promoter activity in MIN6 cells,

http://gene-regulation.com


Figure 3. COUP-TFI-Mediated Transcriptional Regulation of the Ins2 Gene

(A and B) MIN6 cells were transfected with the COUP-TFI overexpression vector (A) or siCOUP-TFI (B). (C and D) bmMSCs were transfected with the COUP-TFI over-

expression vector (C) or siCOUP-TFI (D). After 72 hr, Ins2 mRNA expression levels were determined by qPCR assay. (E) Expression levels of targets of COUP-TFI were

determined by qPCR assay after siRNA knockdown of COUP-TFI in bmMSCs. (F) 3T3 cells were co-transfected with pGL3-Ins2 and phRL-TK in the presence or absence of

MafA or siCOUP-TFI, as indicated. The results are expressed relative to the activity observed in the presence of GFP and siControl. Data are presented as means ± SD.

Asterisks indicate statistical significance (n = 3, **p < 0.01, ***p < 0.001).
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whereby co-transfected siRNA targeting COUP-TFI (siCOUP-TFI)
could be recruited (Figure 7F).

Data frommultiple assays above strongly suggest that COUP-TFI acts
as a repressor by negatively regulating the Ins2 promoter activity
through binding to the DR1 element.

DISCUSSION
Notably, in our studies, COUP-TFI is identified as a negative regu-
lator that binds to the mouse Ins2 promoter. Positive regulators
have been extensively investigated, although there are few known
negative regulators that repress insulin transcription in b cells.
Although recent evidence indicates that COUP-TFII can bind an
unrelated imperfect repeat on the rat Ins2 promoter between �55
and �38,46 it is unclear whether COUP-TFII represses rat Ins2
gene promoter transcription. To our knowledge, whether COUP-
TFs bind to the mouse Ins2 promoter as a negative regulator has
not yet been reported. First, we found that COUP-TFI could be
enriched by using the Ins2 promoter sequence in a DNA affinity
precipitation assay. Second, and importantly, we identified a DR1
element located between 53 bp and 40 bp downstream of the mouse
Ins2 promoter and found that COUP-TFI bound to that site, as
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 223
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Figure 4. Differentiation of bmMSCs into IPCs

(A) Cell clusters were observed at various stages (5–30 days) during

the differentiation process. The morphology of cells was observed

in a light microscope (top panel) and a fluorescence microscope

(bottom panel). (B) qPCR was used to detect mRNA expression

levels of Ins1, Ins2, Pdx1, Isl-1, Glut2, Pax6, glucagon, and MafA.

The level of mRNA in cells infected with controlled shRNA (shControl)

plus GFP was defined as 1. MIN6 cells were used as a positive

control. Data are presented as means ± SD from three independent

experiments. (C) Immunofluorescence analysis for insulin, Glut2,

Pdx1, and glucagon in differentiated bmMSCs infected with shRNA

targeting COUP (shCOUP)-TFI plusMafA, which was visualized using

confocal microscopy on day 30. DAPI was used for nuclear staining.

Scale bars represent 50 mm.
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Figure 5. Functional Analysis of Differentiated bmMSCs In Vitro

(A) Insulin and C-peptide were determined in response to 5.5 mM and 23 mM glucose in differentiated bmMSCs infected with indicated lentivirus by ELISA. MIN6 cells were

used as a positive control. Data are presented as means ± SD. Asterisks indicate statistical significance (n = 3, **p < 0.01). (B) Zinc staining in differentiated bmMSCs with

dithizone. Cell clusters stained positively for zinc, as shown by distinct red staining. Cell morphology was observed under a light microscope (left) and a fluorescence mi-

croscope (right). Scale bars represent 50 mm.
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indicated by EMSA and ChIP experiments. Mechanistic studies re-
vealed that COUP-TFI suppressed Ins2 expression by binding to
the DR1 element in its promoter. Therefore, COUP-TFI acts as a
negative regulator involved in Ins2 transcription.

MafA is known as a special activator of Ins2, but its ability to induce
Ins2 expression in bmMSCs by itself is weak. We previously showed
that the suppression of negative regulators and overexpression
of positive regulators can generate islet-like cells from bmMSCs.24
Luciferase assays indicated that COUP-TFI overexpression could
repress Ins2 promoter activity in MIN6 cells. However, in our
COUP-TFI knockdown experiments, Ins2 expression was not signif-
icantly elevated in bmMSCs. Therefore, an activating factor may be
necessary to stimulate Ins2 expression in bmMSCs. In our study,
the Ins2 promoter was significantly activated by co-transfection
with MafA and siCOUP-TFI. Our data suggest that removal of a
repressor is important for the differentiation of bmMSCs into IPCs.
To improve the generation of IPCs, COUP-TFI may be a novel target.
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 225
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Figure 6. Functional Analysis of Differentiated bmMSCs In Vivo

(A) bmMSCs infected with lentivirus were transplanted into STZ-treated diabetic mice whose glucose levels had reached R350 mg/dL. The arrow shows the day of im-

plantation (day 0). Glucose levels were monitored every 4 days. On day 60, the left kidney implanted with differentiated bmMSCs was removed (n = 3). Blood glucose levels

are presented as means ± SD. (B) Glucose tolerance was tested on mice in 48 days after transplantation. Blood glucose levels are presented as means ± SD.
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siRNAs are chemically synthesized in vitro to silence expression of
endogenous target genes.47 siRNA-based therapeutics has been
studied in clinical trials for treatment of cancers, viral infections,
and age-related macular degeneration.48 In the current study, a
siRNA targeting COUP-TFI could be a potential strategy with clinical
implications. Overexpression of activators is still needed for b cell
regeneration, although delivery of siRNAs in humans shows better
promise than delivery of overexpression vectors, especially consid-
ering the future of siRNAs. Future studies of repressors may provide
more efficient siRNAs that can be designed for T1D treatment.

Our findings demonstrate that the differentiated bmMSCs infected
with shCOUP-TFI plus MafA expressed crucial b cell transcription
factors and functional marker genes. The cells stained positive for in-
sulin, Glut2, Pdx1, and glucagon. Pax6 expression was repressed in
the nucleus of COUP-TFI-overexpressing ARPE-19 cells.49 Consis-
tent with the previous study, we found that increased expression of
Pax6 was present when COUP-TFI was silenced. Hepatocyte nuclear
factor 4 alpha (HNF4a) has been shown to regulate the expression of
pancreatic b cell genes through hepatocyte nuclear factor 1 alpha
(HNF1a).50 Overexpression of HNF4a can induce reprogramming
of pancreatic alpha cells to beta-like cells.51 COUP-TFI was previ-
ously shown to suppress the ability of HNF4a to activate the
ALDH2 promoter.44 Dai and Hussain demonstrated that COUP-
TFI suppresses synergistic activation of the MTTP promoter by
HNF-4a/HNF-1a by binding to the DR1 element.42 We show that
disruption of COUP-TFI did not upregulate the ALDH2 and
MTTP expression in bmMSCs. It is possible that HNF-4a is absent.
Abolishment of COUP-TFI could enhance the activation of HNF-
4a to trigger insulin expression.

However, the secretion of insulin and C-peptide was much lower in
differentiated bmMSCs than in MIN6 cells, as confirmed by ELISA.
A similar situation also occurred in the expression levels of b cell tran-
scription factors and functional marker genes between differentiated
cells and MIN6 cells (Figure 4B). It is likely that these cells are not
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fully mature in terms of their secretory capacity in vitro. The levels
of secreted insulin and C-peptide must be enhanced by suppression
of not only COUP-TFI but also other negative regulators, which is
a future direction of our studies. Many cell factors, including acti-
vin-A, exendin-4, and nicotinamide, have been used to stimulate dif-
ferentiation and maturation in tissue-specific MSCs18,52; however,
none of these were used in our study. Interestingly, in the transplan-
tation experiment, the differentiated bmMSCs significantly reduced
the blood glucose levels of STZ-treated C57/bl mice. Our finding is
consistent with previous studies,11 and this may be caused by further
differentiation in vivo.

Transcriptional co-repressors that are recruited by repression domain
of COUP-TFs have been shown to regulate gene silencing.29,53

Further studies are therefore necessary to determine co-repressors
that act with COUP-TFI to repress the differentiation of bmMSCs.

In conclusion, our studies indicate that COUP-TFI represses Ins2
expression in bmMSCs by binding to the DR1 element in the pro-
moter region of Ins2. Therefore, reduced COUP-TFI expression,
coupled with overexpression of MafA, can trigger differentiation of
bmMSCs into IPCs. Our data indicate that repressor removal is
important for the differentiation process. COUP-TFI is presented
as a novel target to enhance the differentiation of bmMSCs into IPCs.

MATERIALS AND METHODS
Cell Culture and Transfection

MIN6 cells were maintained in a monolayer culture on tissue culture-
treated plates (Thermo Scientific) in DMEM, supplemented with
GlutaMAX, glucose (4.5 g/L; Thermo Scientific), 15% (v/v) fetal
bovine serum (FBS; GE Healthcare Bio-Sciences), and 70 mM b-mer-
captoethanol (Thermo Scientific).

Mouse bmMSCs derived from bone marrow (Cyagen) were
cultured as follows.54 For adipogenic, chondrogenic, or osteogenic
differentiation, bmMSCs were grown in adipogenic, chondrogenic,



Figure 7. COUP-TFI Directly Binds to the Ins2 Gene

Promoter

(A) Illustration of MafA, COUP-TFI, and the DR1 element in

a region 500 bp downstream of the Ins2 gene promoter.

(B) The ChIP assay was carried out in bmMSCs using

anti-COUP-TFI antibody and non-specific IgG. The

immunoprecipitated DNA fragments were amplified and

the appropriately sized product was determined by

electrophoresis in an agarose gel. Input indicates 1% of

total DNA, IgG is normal goat serum IgG, and NC is the

negative control. (C) Probe sequences used for EMSA

analysis. (D) EMSA analysis was performed using nuclear

extracts from bmMSCswith biotinylated double-stranded

oligonucleotide probes. EMSA probes used for compe-

tition include mutant cold probes (mA, mB, and mAB)

and wild-type cold probes (50-fold [WT] and 100-fold

[2 �WT]) molar excess of unlabeled oligonucleotide. The

supershift was performed by adding COUP-TFI antibody

to the binding reactions. (E) Nuclear extracts from

bmMSCs were subjected to a DNA affinity precipitation

assay using biotinylated double-stranded oligonucleotide

probes carrying either a WT or mutant (mA, mB, or

mAB) sequence. COUP-TFI binding to the sequences

was confirmed by western blotting. (F) MIN6 cells were

co-transfected with pGL3-Ins2 and phRL-TK in the

presence or absence of COUP-TFI and siCOUP-TFI, as

indicated. The results are expressed relative to the activity

observed in the presence of GFP and controlled siRNA

(siControl). Data are presented as means ± SD. Asterisks

indicate statistical significance (n = 3, *p < 0.05,

***p < 0.001).
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or osteogenic differentiation medium (Cyagen). After the appropriate
number of days for adipogenic or osteogenic differentiation, the
following procedure was used according to the manufacturer’s in-
structions. For chondrogenic differentiation, the chondrogenic pellet
was fixed in 4% paraformaldehyde for 1 hr at room temperature,
embedded with optimal cutting temperature medium (Leica), and
8-mm sections were made using a cryostat microtome (Leica). The
slides were rinsed once with distilled water, followed by staining
with alcian blue solution (Cyagen). 30 min later, the slides were rinsed
three times in water. Images were obtained using a light microscope.

3T3 or 293FT cells were cultured in DMEM supplemented with 4.5 g/L
glucose and 10% FBS. The cells were passaged using standard trypsini-
zation technique on tissue culture-treated plates.

For transient transfection, cells were seeded at 70% confluence on tis-
sue culture-treated plates the day before transfection. siRNA (Santa
Cruz) or a control non-targeting siRNA (Santa Cruz) was transfected
using Lipofectamine RNAiMAX reagent (Thermo Scientific). The
plasmid DNA for overexpression was transfected using Lipofect-
amine LTX and Plus reagent (Thermo Scientific).
Plasmid Construction

Sequences 993 bp upstream and 50 bp downstream of the transcrip-
tion initiation site of the mouse Ins2 were obtained from genomic
DNA using PCR. The PCR products were cloned into a pMD18-T
vector (Takara) to generate pMD-1000. The mouse COUP-TFI
coding sequence (CDS) was amplified by PCR from pCMV6-Entry-
COUP-TFI (Origene), digested with EcoRI and NotI (NEB), and in-
serted into the pCDH-EF1-T2A-GFP vector (a generous gift from Dr.
Sally Temple) to generate pCDH-COUP-TFI. The mouse MafA CDS
was amplified from pENTR223.1-MafA (DNASU), digested with
XbaI and BamHI (NEB), and inserted into the pCDH-EF1-T2A-
GFP to generate pCDH-MafA.

Sequences 475 bp upstream and 25 bp downstream of the tran-
scription initiation site of the mouse Ins2 were obtained by PCR
from pMD-1000. The promoter fragments were cloned into
pGL3-Basic (Promega) between MluI and XhoI sites to generate
pGL3-Ins2.

The primers used for vector construction are listed in Table S1. All
plasmids were verified by sequencing (Sangon Biotech).
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 227
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Flow Cytometry Analysis

The bmMSCs at passage three were released by trypsinization. The
cells were incubated with antibodies conjugated to phycoerythrin
(PE) for CD29, CD44, Sca-1, CD117, CD31, and CD45 (BioLegend).
Flow cytometry analysis was performed as previously described.55 Rat
immunoglobulin G2a (IgG2a) or IgG2b conjugated to PE was used as
a negative control.

RNA Analyses

Total RNA was isolated using RNAiso reagent (Takara). cDNA was
synthesized using a GoScript Reverse Transcription Kit (Promega)
as described by the manufacturer. Real-time qPCR was performed
using SYBR Premix Ex TaqII (Takara) according to the manufac-
turer’s instructions. For qPCR analysis, changes in gene expression
were calculated using the DDCT method for relative quantification
of each target gene, normalized to the housekeeper control gene, glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). Semiquantitative
PCR was analyzed using DreamTaq Green PCRMaster Mix (Thermo
Scientific) according to the manufacturer’s protocol. PCR products
were separated by agarose gel electrophoresis. Primers are listed in
Table S1.

Western Blotting

Cell pellets were lysed in radio immunoprecipitation assay (RIPA)
buffer. Immunoblotting procedures were performed as described pre-
viously.56 Detection was performed with an LAS-3000 imaging sys-
tem (Fujifilm). Dilutions and sources of antibodies were as follows:
anti-COUP-TFI (1:500; Abcam) and anti-GAPDH (1:2,000; Santa
Cruz).

Preparation of Nuclear Extracts and DNA Affinity Precipitation

Assay

The 50-biotinylated primers (see Table S1) corresponding to positions
475bpdownstreamand25bpupstream in the Ins2 promoterwere syn-
thesized by Sangon Biotech. The template used for cloning was pMD-
1000. PCR products were purified using a DNA clean-up kit (Omega
Bio-Tek). The nuclear extracts from cells were prepared by using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Sci-
entific) according to the manufacturer’s instructions. The nuclear
extract (200 mg) was incubated at 4�C for 4 hr with biotinylated PCR
products previously coupled to streptavidin-coated magnetic beads
(Dynabeads M-280; Thermo Scientific). The protein-DNA complexes
were separated with aMagna GrIP Rack (Millipore), denatured in SDS
buffer, and subjected to SDS-PAGE using a 10% polyacrylamide gel,
followed by Coomassie blue (Sigma-Aldrich) staining.

ChIP Assays

ChIP assays were performed according to the manufacturer’s instruc-
tions (EZ-Magna ChIP A/G; Millipore). Cells were grown to 80%
confluence in 15-cm tissue culture plates and were then fixed with
1% formaldehyde for 10 min. Glycine was added to a final concentra-
tion of 0.125 M. After 5 min at room temperature, cells were washed
twice with PBS, collected by scraping and centrifugation, and lysed
with 0.5 mL lysis buffer containing protease inhibitor cocktail
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(Thermo Scientific). Cell lysates were sonicated on ice using 15 cycles
of 5-s pulses with 60 s between each pulse, at an amplitude of 30%
using an UP50H (Dr. Hielscher) with a microtip set at 1.0 power.
Following sonication, 10 mg anti-COUP-TFI antibody (Santa Cruz)
and 20 mL fully suspended protein A/G magnetic beads were added
to each supernatant, and the samples were incubated overnight at
4�C with rotation. As a negative control, chromatin was precipitated
with 10 mg normal goat IgG (Santa Cruz). Protein A/G magnetic
beads were pelleted with a magnetic separator. Protein-DNA com-
plexes were eluted from the beads and reverse cross-linked for 2 hr
at 62�C. DNA was purified using spin columns (Millipore). Purified
DNA was amplified using primers targeting the DR1 element and a
region 2 kb downstream of the DR1 element as a negative control.
PCR reactions were carried out and the appropriately size product
was determined by electrophoresis in an agarose gel. Primers are
listed in Table S1.
EMSA and Supershift Analyses

The electrophoretic mobility shift assay (EMSA) was carried out
using double-stranded DNA probes pre-labeled with biotin (Sangon
Biotech). Probes were incubated at room temperature for 30 min
with 10 mg nuclear extract from cells in binding buffer with 1 mg pol-
y(dI/dC). Supershift analyses were performed by adding 1 mg of the
appropriate antibody after the initial incubation period for 45 min
on ice before electrophoresis. Binding reactions were loaded onto
5% native polyacrylamide gels and run for 2 hr in 0.5� Tris-
borate-EDTA (TBE). Binding reactions were transferred to a nylon
membrane and cross-linked at a distance of approximately 0.5 cm
from the membrane for 5–10 min with a hand-held UV lamp equip-
ped with 254-nm bulbs. Blots were developed using enhanced chem-
iluminescence (ECL) SuperSignal West Pico chemiluminescent re-
agents (Thermo Scientific) and were visualized with an LAS-3000
imaging system (Fujifilm).
Immunofluorescent Staining

Cells were fixed with 4% formaldehyde at room temperature for
30 min and then treated with 0.25% Triton X-100 in PBS for
10 min. After blocking with 10% normal donkey serum containing
1% BSA in PBS for 30 min, cells were incubated with primary anti-
bodies against COUP-TFI (1:200; Abcam), insulin (1:200; Cell
Signaling Technology), Glut2 (1:200; Abcam) Pdx1 (1:1,000; Abcam),
or glucagon (1:200; Santa Cruz) at 4�C overnight. Suitable fluores-
cent-labeled secondary antibodies were used for detection (Thermo
Scientific). Nuclei were stained with DAPI (1 mg/mL; Roche). Images
were acquired by fluorescence microscopy.
Luciferase Assays

Cells were seeded in 24-well plates and co-transfected the following day
with 0.1 mg siRNA and 0.2 mg plasmid DNA using TransMessenger
Transfection Reagent (QIAGEN). Themediumwas changed to normal
growth medium 24 hr after the transfection. For the luciferase reporter
assay, 500 ng pGL3-Ins2 vector and 20 ng phRL-TK vector (Promega)
were added to each well for all transfections. The relative luciferase
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activities (ratios of firefly and Renilla luciferase activity) of lysates were
measured using the Dual Luciferase Reporter Assay System (Promega).

Lentivirus Generation

Lentivirus was generated as previously described.57 Briefly, constructs
of pCDH-MafA were co-transfected with pCMV-VSVG and pCMV-
dvpr (a generous gift from Dr. Sally Temple) into 293FT cells. The
supernatants were collected at 48 hr and 72 hr after transfection. Lenti-
virus was further concentrated by ultra-centrifugation (Beckman
Coulter). Lentivirus containing either MafA CDS or the empty vector
was termed Lv-MafA or Lv-GFP, respectively. The lentivirus for
small hairpin RNA (shRNA) knockdown against COUP-TFI was
designed and produced by GeneChem. The target sequence was
50-GCAGTTTCAACTGGCCTTA-30. Subsequently, the viral titer
was determined using fluorescence-activated cell sorting. bmMSCs in-
fected with lentivirus were seeded in six-well plates at a density of 1�
104 cells/cm2 and cultured with DMEM containing 2% FBS.

Measurement of Insulin and C-Peptide Secretion by ELISA

Cells were switched to serum-free medium containing 0.5% BSA for
12 hr, washed twice with PBS, and then preincubated with Krebs-
Ringer bicarbonate (KRB) buffer for 1 hr, followed by KRB buffer
containing 5.5 or 23 mM glucose for 1 hr at 37�C. The supernatant
was collected for ELISA (R&D Systems) according to the manufac-
turer’s instructions. The total protein content was measured by using
a bicinchoninic acid assay kit (Thermo Scientific).

Dithizone Staining

Dithizone (Sigma-Aldrich) staining was performed by adding 10 mL
stock dithizone (10 mg/mL) to 1 mL culture medium. The staining
solution was filtered using a 0.22-mm filter and then added to culture
dishes. Following the addition of dithizone, the dishes were incubated
at 37�C for 30 min. The dishes were then washed three times with
PBS. The stained cells were examined microscopically.

Cell Transplantation

All animal experiments were approved by the Institutional Animal
Care and Use Committee of China Medical University in accordance
with protocols. Male C57/bl mice received a single intraperitoneal
injection of 200 mg STZ/kg body weight according to published pro-
cedures, with minor modifications.58 Blood glucose levels were moni-
tored using an AccuChek glucometer (Roche Diagnostics). Within
12 days of injection, all C57/blmice became hyperglycemic, with blood
glucose levels >350mg/dL, and then 3� 106 cells were transplantedun-
der the left renal capsule of diabetic mice. Blood glucose levels were
monitored every 4 days following transplantation. For the glucose
tolerance test, mice were fasted for 6–10 hr and then injected with
1mgglucose in saline/g bodyweight. Blood glucose levelswere detected
at the indicated time points in samples obtained from the tail vein.

Statistical Analysis

All data are presented as means ± SD. Statistical significance was as-
sessed with Student’s t test using GraphPad Prism 5.0 software
(GraphPad Software).
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