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Pax4 synergistically acts with Pdx1, Ngn3 and MafA to induce
HuMSC:s to differentiate into functional pancreatic -cells
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Abstract. It has been indicated that the combination of
pancreatic and duodenal homeobox 1 (Pdx1), MAF bZIP
transcription factor A (MafA) and neurogenin 3 (Ngn3) was
able to reprogram various cell types towards pancreatic 3-like
cells (pPLCs). Paired box 4 (Pax4), a transcription factor, has
a key role in regulating the maturation of pancreatic p-cells
(pPCs). In the present study, it was investigated whether Pax4 is
able to synergistically act with Pdx1,Ngn3 and MafA to induce
human umbilical cord mesenchymal stem cells (HuMSCs)
to differentiate into functional ppCs in vitro. HuMSCs were
isolated, cultured and separately transfected with adenovirus
(Ad) expressing enhanced green fluorescence protein, Pax4
(Ad-Pax4), Pdx1+MafA+Ngn3 (Ad-3F) or Ad-Pxa4 + Ad-3F.
The expression of C-peptide, insulin and glucagon was detected
by immunofluorescence. The transcription of a panel of genes
was determined by reverse transcription-quantitative PCR,
including glucagon (GCG), insulin (INS), NK6 homeobox
1 (NKX6-1), solute carrier family 2 member 2 (SLC2A2),
glucokinase (GCK), proprotein convertase subtilisin/kexin
type 1 (PCSK1), neuronal differentiation 1 (NEURODI), ISL
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LIM homeobox 1 (ISL 1), Pax6 and PCSK type 2 (PCSK2).
Insulin secretion stimulated by glucose was determined using
ELISA. The results suggested that, compared with Ad-3F
alone, cells co-transfected with Ad-Pax4 and Ad-3F expressed
higher levels of INS and C-peptide, as well as genes expressed
in pancreatic [ precursor cells, and secreted more insulin
in response to high glucose. Furthermore, the expression
of GCG in cells transfected with Ad-3F was depressed by
Ad-Pax4. The present study demonstrated that Pax4 was able
to synergistically act with the transcription factors Pdx1, Ngn3
and MafA to convert HuMSCs to functional ppLCs. HuMSCs
may be potential seed cells for generating functional ppLCs in
the therapy of diabetes.

Introduction

Diabetes, including type 1 and type 2 diabetes mellitus, is
one of the most serious health-threatening diseases world-
wide. Transplantation of pancreatic 3-cells (ppCs), which
are responsible for producing insulin, is an effective strategy
for the treatment of type 1 and type 2 diabetes (1). However,
the availability of ppCs is limited and therefore, the produc-
tion of more pfCs is urgently required. The technology of
differentiating stem cells into certain cell types holds great
promise. Previous studies have focused on inducing embry-
onic stem cells (ESCs) to differentiate into pancreatic f-like
cells (ppLCs) (2). However, due to several concerns, including
ethics, immunological rejection and tumorigenesis potential,
the suitability and safety of ppLCs derived from ESCs remain
under debate (3).

Human umbilical cord mesenchymal stem cells (HuMSCs)
isolated from human umbilical cord express the surface
markers of stem cells, including CD29, CD44, CD59 and
CDI105 (4,5). Studies from our and other groups have demon-
strated that HuMSCs were able to be induced into several
types of cell, including osteocytes, chondrocytes, lipocytes,
neuron-like cells, cardiomyocyte-like cells and spermato-
gonium-like cells (6-13). Furthermore, a previous study by
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our group indicated that vector-mediated overexpression of
pancreatic and duodenal homeobox 1 (Pdx1), MAF bZIP
transcription factor A (MafA) and neurogenin 3 (Ngn3) in
HuMSC significantly promoted the expression of pancreatic
genes (13). Therefore, HUMSCs have multi-lineage differentia-
tion potential and may be used for generating ppLCs.

The differentiation of stem cells is tightly regulated by the
temporal and spatial expression of transcription factors; in
other words, stem cell differentiation is able to be determined
by the transcription factors introduced. In addition to stem cells,
terminally differentiated cells may be reprogramed to other cell
types (14). Numerous cell types have been trans-differentiated
into ppLCs by forcing the expression of three transcription
factors, Pdx1, Ngn3 and MafA, which have important roles in
promoting the development of the pancreas (15-17). Pax4 is
also an indispensable transcription factor for the generation,
differentiation, development and survival of ppCs, evidenced
by the observation that Pax4-knockout mice lack a pancreas
and die 1-2 days after birth (18). Recent studies highlight the
important role of the Pax4 gene in driving the formation of
pPLCs from other cell types, including pancreatic 8- and
a-cells (19,20). Based on these results, it may be proposed
that the Pax4 gene synergistically acts with the transcription
factors Pdx1, Ngn3 and MafA to promote the development
of ppCs. To this end, the present study aimed to determine
whether co-transfecting the above-mentioned 4 transcription
factors in HuMSC increases the efficiency of ppLC formation.

In the present study, HuMSCs were cultured and
co-transfected with Pdx1, Ngn3, MafA and Pax4, and the func-
tion of the resulting ppLCs was assessed. It was demonstrated
that Pax4 synergistically acts with Pdx1, Ngn3 and MafA to
enhance the differentiation of HuMSCs to ppLCs.

Patients and methods

Plasmids, human umbilical cord and reagents. Adenovirus
plasmid carrying Pdx1, Ngn3 and MafA (Ad-3F) and Pax4
(Ad-Pax4) were kindly provided by Professor Chiju Wei from
the Multidisciplinary Research Center of Shantou University
(Shantou, China) and were originally obtained from the Beta
Cell Biology Consortium. Adenovirus plasmid carrying only
EGFP was used as a transfection control.

The umbilical cord was obtained from normal full-term
pregnant women with cesarean section at the Second Affiliated
Hospital of Shantou University (Shantou, China). Maternal
donors and their families provided written informed consent
and the present study was approved by the ethics committee
of Shanghai Children's Hospital (Shanghai, China; ethical
approval no. SHMC201707561) and the ethics committee of
the Second Affiliated Hospital of Shantou University Medical
College (Shantou, China).

H-Dulbecco's modified Eagle's medium (DMEM)/F12
and fetal bovine serum (FBS) were purchased from Gibco
(Thermo Fisher Scientific, Inc.); human epidermal growth factor
(EGF) and human basic fibroblast growth factor (bFGF) were
purchased from Invitrogen (Thermo Fisher Scientific, Inc.); goat
anti-human insulin polyclonal antibody (cat. no. sc-7839) was
obtained from Santa Cruz Biotechnology; mouse anti-human
glucagon monoclonal antibody (cat. no. BM1621) was from
Boster Biotechnology; rabbit anti-human C-peptide polyclonal
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antibody (cat. no. ab82696) was procured from Abcam;
cyanine 3 (CY3)-labeled donkey anti-goat IgG (cat. no. A0502)
was purchased from Beyotime Institute of Biotechnology;
CY3-labeled goat anti-mouse IgG (cat. no. AP181C) was
obtained from Sigma-Aldrich (Merck KGaA); and horseradish
peroxidase-labeled goat anti-rabbit IgG (cat. no. G-21234)
was from Molecular Probes (Thermo Fisher Scientific, Inc.).
Primers were synthesized by Nanjing Kingsley Biotechnology
Co., Ltd. The kit for reverse transcription (RT; HiScript IT Q
Select RT SuperMix for qPCR; cat. no. R233-01) and real-time
PCR (AceQ gqPCR SYBR Green Master Mix; cat. no. Q141-02)
was purchased from Vazyme Biotechnology Co. Human
insulin ELISA kit (cat. no. EZHI-14K) was purchased from
Sigma-Aldrich (Merck KGaA).

HuMSC culture. Umbilical cords of healthy fetuses from
full-term pregnancies were obtained and washed with PBS.
Amniotic membrane and blood vessels were removed and the
remaining tissue was cut into pieces (1.0 mm?). The pieces
were cultured in DMEM/F12 containing 10% FBS, EGF
(5 ng/ml) and Bfgf (5 ng/ml), and maintained at 37°C with
5% CO,in a humidified atmosphere. The culture medium
was replaced every 2 days. When the cells reached 80-90%
confluence, the cells were digested with 0.25% trypsin-EDTA
(Sigma-Aldrich; Merck KGaA) and passaged.

Cell transfection. HUMSCs were seeded into 12-well plates
at a density of 2x10° cells/well. After culture for 12 h, Ad-3F
and/or Ad-Pxa4 (2 ul; multiplicity of infection, 10) were added
to the respective wells and served as the 3F, Pax4 or 3F/Pax4
group. After incubation for 12 h, the cells were washed three
times with PBS and cultured in H-DMEM containing 1% FBS
for 4 days. The culture medium was replaced every 2 days.

Immunofluorescence. HUMSCs of the 4th generation were
digested and seeded in a 96-well plate. After reaching 60-70%
confluence, the cells were transfected with various Ad plasmids
as mentioned above. The cells were fixed with 4% paraformal-
dehyde at room temperature for 5 min and permeabilized with
Triton X-100 at room temperature for 30 min. Subsequently,
cells were incubated with primary antibodies, including
goat anti-human insulin (dilution, 1:100), mouse anti-human
glucagon (dilution, 1:100) and rabbit anti-human C-peptide
(dilution, 1:100) at 37°C for 2 h. Cells were then incubated
with CY3-labeled donkey anti-goat IgG (dilution, 1:1,000),
CY3-labeled goat anti-mouse IgG (dilution, 1:1,000) and
CY3-labeled goat anti-rabbit IgG (dilution, 1:1,000) at room
temperature for 1 h in the dark. Following staining with DAPI,
the fluorescence was examined with a fluorescence microscope
(DMi8 Fluorescence Imaging; Leica Microsystems GmbH).
The percentage of insulin-, C-peptide- or glucagon-positive
cells was calculated as the ratio of positive cells among total
cells. The percentage of insulin- or C-peptide-positive cells was
used to evaluate the differentiation efficiency of HuMSCs into

pBCs.

RT-quantitative (q)PCR. The total RNA was extracted with
a TRIzol kit (Invitrogen; Thermo Fisher Scientific, Inc.). The
total RNA was used as template to synthesize complementary
(c)DNA by using the commercial RT kit. The expression
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Figure 1. Morphology of cultured HuMSCs and cell transfection. (A) Primary culture of HuMSCs at day 7. Fibroblasts of HuMSCs migrated out of the tissue
block. (B-D) Fibroblast-like HuMSCs of the (B) 1st, (C) 3rd and (D) 5th passage (magnification, x100). (E) Diagram of the Ad-3F and Ad-Pax4 constructs.
(F-I) EGFP immunofluorescence of HuMSCs transfected with (F) Ad-EGFP, (G) Ad-Pax4, (H) Ad-3F and (I) Ad-Pxa4/Ad-3F at 48 h (magnification, x200).
(J) Expression of genes, including PDX1, NGN3, MAFA and PAX4, in HuMSCs transfected with Ad-EGFP, Ad-Pax4, Ad-3F and Ad-Pax4/Ad-3F at 48 h.
""P<0.001 vs. EGFP. Pdx1, pancreatic and duodenal homeobox 1; MafA, MAF bZIP transcription factor A; Ngn3, neurogenin 3; Pax4, paired box 4; Ad-Pax4,
adenovirus expressing Pax4; Ad-3F, Ad-Pdx1/MafA/Ngn3; HuMSCs, human umbilical cord mesenchymal stem cells; Pqy;y, cytomegalovirus plasmid; EGFP,

enhanced green fluorescence plasmid.
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Figure 2. Effect of 3F plasmid in combination with Pax4 overexpression
on the expression of genes associated with the differentiation of human
umbilical cord mesenchymal stem cells to pancreatic $-like cells. The genes
assessed included NKX6-1, SLC2A2, GCK, PCSK1, NEURODI, ISLI1,
PAX6 and PCSK2. Values are expressed as the mean + standard deviation
(n=5). "P<0.05, “'P<0.01, “"P<0.001 vs. EGFP group; “P<0.05, “P<0.01 vs. 3F
group. Groups: EGFP, cells transfected with EGFP plasmid; 3F, cells trans-
fected with Pdx1/MafA/Ngn3 plasmid; Pax4, cells transfected with Pax4
plasmid; 3F/Pax4, cells transfected with Pdx1/MafA/Ngn3 plasmid and Pax4
plasmid. Pdx1, pancreatic and duodenal homeobox 1; MafA, MAF bZIP tran-
scription factor A; Ngn3, neurogenin 3; Pax4, paired box 4; EGFP, enhanced
green fluorescence plasmid; GCK, glucokinase; NKx6.1, NK6 homeobox
1; SLC2A2, glucokinase; PCSK1, proprotein convertase subtilisin/kexin
type 1; NEURODI, neuronal differentiation 1; ISL1, ISL LIM homeobox 1;
PCSK?2, proprotein convertase subtilisin/kexin type 2.

of target genes was detected by qPCR. The thermocycling
protocol was as follows: Denaturation at 95°C for 1 min;

followed by 40 cycles of 95°C for 15 sec, 60°C for 15 sec and
72°C for 45 sec, and then a final elongation at 72°C for 10 min.
RT-qPCR was performed in a 7300 Real-time PCR instru-
ment (Applied Biosystems; Thermo Fisher Scientific, Inc.)
and standardized by the value of -actin in the same sample.
Data were quantified by using the 222°4 method (21). The
sequences of primers were as follows: PDX1 (GenBank ID,
NM_000209.4; product length, 193 bp; forward (F)-5'-ATC
TCCCCATACGAAGTGCC-3', reverse (R)-5-CGTGAG
CTTTGGTGGATTTCAT-3'; NGN3 (XM_017016280.1;
product length, 86 bp; F-5'-CTAAGAGCGAGTTGGCAC
TGA-3', R-5-GAGGTTGTGCATTCGATTGCG-3"); MAFA
(NM_201589.4; product length, 150 bp; F-5-GTACAGGAC
GTGGACACCAG-3', R-5-AATCACCGTTCTCCGCTC
AA-3"); PAX4 (NM_001366111.1; product length, 127 bp;
F-5-ATACCCGGCAGCAGATTGTG-3', R-5-AAGACACCT
GTGCGGTAGTAA-3"); glucagon (GCG; NM_002054.5;
product length, 108 bp; F-5'-AGCTGCCTTGTACCAGCA
TT-3", R-5-TGCTCTCTCTTCACCTGCTC-3"); insulin (INS;
NM_001291897.1; product length, 130 bp; F-5'-CAATGCCAC
GCTTCTGC-3', R-5-TTCTACACACCCAAGACCCG-3");
neuronal differentiation 1 (NEURODI; NM_002500.4;
product length, 92 bp; F-5'-ATCAGCCCACTCTCGCTG
TA-3', R-5-GCCCCAGGGTTATGAGACTAT-3"); NK6
homeobox 1 (NKX6.1; NM_006168.2; product length,
106 bp; F-5-CGAGTCCTGCTTCTTCTTGG-3', R-5-GGG
GATGACAGAGAGTCAGG-3'"); ISL LIM homeobox 1
(ISL1; NM_002202.3; product length, 108 bp; F-5'-TCA
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Figure 3. Effect of 3F plasmid in combination with Pax4 overexpression on the expression of C-PEP, INS and glucagon. (A and B) Gene expression of (A) INS
and (B) GCG in the different groups compared with the EGFP group. (C-E) Immunofluorescence detection of (C) C-PEP (red), (D) INS and (E) GCG
(red) (magnification, x200). (F-H) Quantification of (F) C-PEP- (G) INS- and (H) GCG-positive cells from C-E, respectively. Values are expressed as the
mean + standard deviation (n=5). ““P<0.001 vs. EGFP group; "P<0.05, “"P<0.001 vs. 3F group. Groups: EGFP, cells transfected with EGFP plasmid; 3F, cells
transfected with Pdx1/MafA/Ngn3 plasmid; Pax4, cells transfected with Pax4 plasmid; 3F/Pax4, cells transfected with Pdx1/MafA/Ngn3 plasmid and Pax4
plasmid. Pdx1, pancreatic and duodenal homeobox 1; MafA, MAF bZIP transcription factor A; Ngn3, neurogenin 3; Pax4, paired box 4; EGFP, enhanced green

fluorescence plasmid; C-PEP, C-peptide; INS, insulin; GCG, glucagon.

CGAAGTCGTTCTTGCTG-3', R-5-CATGCTTTGTTA
GGGATGGG-3'); PAX6 (NM_001310161.1; product length,
101 bp; F-5-TCCGTTGGAACTGATGGAGT-3', R-5'-GTT
GGTATCCGGGGACTTC-3"); SLC2A2 (NM_001278658.1;
product length, 93 bp; F-5-GACAGTGAAAACCAGGGT
CC-3', R-5"TGTGCCACACTCACACAAGA-3"); glucokinase
(GCK; NM_000162.5; product length, 97 bp; F-5-CCTTCT
TCAGGTCCTCCTCC-3', R-5-ATGCTGGACGACAGA
GCC-3"); PCSK1 (NM_000439.5; product length, 101 bp;
F-5-CGGGTCATACTCAGAGGTCC-3',R-5-CTCTGGCTG

CTGGCATCT-3"); proprotein convertase subtilisin/kexin
type 2 (PCSK2; NM_002594.5; product length, 99 bp;
F-5"TTTCGGTCAAATCCTTCCTG-3', R-5"-TGCAAAGGC
CAAGAGAAGAC-3"); B-ACTIN (NM_001101.5; product
length, 93 bp; F-5-GTTGTCGACGACGAGC-3', R-5'-GCA
CAGAGCCTCGCCTT-3").

ELISA. Transfected cells were incubated with Krebs-Ringer
buffer (KRB) medium containing 2.8 or 20 mM glucose
(Beijing Maichen Science and Technology) at 37°C for 3 h. The
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KRB medium was collected for detection of secreted insulin.
The remaining cells were scraped off in 35% ethanol solution
containing 0.18 M hydrochloric acid. The cells were then homog-
enized by ultrasound (20 kHZ, ultrasound utilized for 10 sec with
60 sec intervals. The procedure was repeated 6 times) and put
under vortex in a shaker (100 times/min) at 4°C overnight. The
homogenate was centrifuged at 300 x g for 30 min at 4°C. The
supernatant was collected to determine the intracellular insulin
content and insulin secretion was normalized to it. The insulin
assay was performed by using the commercial ELISA kit.

Statistical analysis. Values are expressed as the mean + standard
deviation. Student's t-test was used to determine the statistical
significance of differences between two groups, and for more
than two groups, one-way analysis of variance followed by a
least-significant difference post-hoc test was used. P<0.05 was
considered to indicate statistical significance. All data were
analyzed by SPSS 20.0 (IBM Corp.).

Results

Morphology of cultured HuMSCs and cell transfection. After
the pieces of umbilical cord tissues had been cultured for
5-7 days, cells that migrated out from the surrounding tissues
were fibroblast-like (Fig. 1A). After culture for 10-14 days, the
cells reached 80-90% confluence and were passaged (Fig. 1B).
After the second generation, the cells grew rapidly and were
subjected to subculture once every 3-5 days. In the 3rd-5th
generation, cells had a stable fibroblast-like morphology
(Fig. 1C and D), and a previous study by our group demon-
strated that these cells highly expressed adult stem cell
markers, including CD29, CD44 and CD59 (2). However,
after the 10th generation, the cells tended to grow slowly and
become wide. Therefore, cells in the 3rd-5th generation were
used in the present study. A diagram of the Ad-3F and Ad-Pax4
construct is presented in Fig. 1E. The results of EGFP immuno-
fluorescence revealed that the adenovirus plasmid transfection
efficiency was >80% (Fig. 1F-I). Furthermore, the results from
RT-qPCR suggested that the transfected genes were efficiently
expressed in HuMSCs (Fig. 17).

Effect of Ad-3F in combination with Ad-Pax4 on the differ-
entiation of HuMSCs to pSLCs by assessing crucial genes
associatedwith differentiation. To investigate whether Ad-Pax4
further promotes the differentiation of Ad-3F-transfected
HuMSCs to ppLCs, a panel of genes involved in converting
the progenitors of ppCs into ppCs were detected, including
NKX6-1, SLC2A2, GCK, PCSK1, NEURODI, ISLI1, PAX6
and PCSK2. The results demonstrated that compared with
that in the control group, transfection with Ad-Pax4 alone had
little effect on the expression of the above-mentioned genes,
while transfection with Ad-3F or Ad-3F/Pax-4 increased the
expression of these genes. Of note, Ad-Pax4 further promoted
the expression of NKX6-1, SLC2A2, GCK and PCSK1 in
Ad-3F-transfected cells (Fig. 2).

Effect of Ad-3F in combination with Ad-Pax4 on the expres-
sion of C-peptide, insulin and glucagon. To investigate
the effect of Ad-3F in combination with Ad-Pax4 on the
expression of C-peptide, insulin and glucagon, RT-qPCR and
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Figure 4. Effect of 3F plasmid in combination with Pax4 overexpression on
insulin secretion in response to glucose. Transfected cells were stimulated
either with low-glucose or high-glucose, and insulin secretion was determined
by ELISA. Experiments were performed 4 days after transduction. Values are
expressed as the mean + standard deviation (n=5). ““P<0.001 vs. low-glucose
group; “P<0.05, #*P<0.001 vs. 3F group. Groups: EGFP, cells transfected
with EGFP plasmid; 3F, cells transfected with Pdx1/MafA/Ngn3 plasmid;
Pax4, cells transfected with Pax4 plasmid; 3F/Pax4, cells transfected with
Pdx1/MafA/Ngn3 plasmid and Pax4 plasmid. Pdx1, pancreatic and duodenal
homeobox 1; MafA, MAF bZIP transcription factor A; Ngn3, neurogenin 3;
Pax4, paired box 4; EGFP, enhanced green fluorescence plasmid.

immunofluorescence analyses were performed. The RT-qPCR
results indicated that compared with that in the control group,
the gene expression of INS and GCG was significantly enhanced
in the Ad-3F and Ad-3F/Pax-4 group (Fig. 3A and B). Compared
with that in the Ad-3F group, the gene expression of INS was
significantly increased, while that of GCG was significantly
reduced in the Ad-3F/Pax-4 group (Fig. 3A and B). The immu-
nofluorescence results indicated that compared with those in the
control group, the glucagon-, insulin- and C-peptide-positive
cells were significantly increased in the Ad-3F and Ad-3F/Pax4
groups (Fig. 3B-H). Compared with those in the Ad-3F group,
insulin- and C-peptide-positive cells were significantly
increased, while glucagon-positive cells were significantly
reduced in Ad-3F/Pax4 group (Fig. 3B-H). Furthermore, the
differentiation efficiency of HuMSCs co-transfected with Ad-3F
and Ad-PAX4 into ppLCs was 30-40%, as reflected by the
insulin- or C-peptide-positive cells (Fig. 3C, D, F and G).

Effect of Ad-3F in combination with Ad-Pax4 on glucose-stim-
ulated insulin secretion (GSIS). To investigate the effect of
Ad-3F in combination with Ad-Pax4 on GSIS, the cells were
stimulated with low (2.8 mM) and high (20 mM) glucose. The
results suggested that compared with low glucose, the insulin
secretion in cells stimulated with high glucose was signifi-
cantly increased in the Ad-3F and Ad-3F/Pax4 groups (Fig. 4).
Compared with that in the 3F group, the insulin secretion was
significantly increased in the Ad-3F/Pax-4 group (Fig. 4).

Discussion

In the present study, cultured HuMSCs were successfully
differentiated into functional ppLCs by introducing 4 tran-
scription factors, Pdx1, Ngn3, MafA and Pax4. The results
demonstrated that, compared to Ad-3F-transfected cells, those
co-transfected with Ad-Pxa4 and Ad-3F expressed higher
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levels of insulin, c-peptide and genes expressed in pancreatic
B-precursor cells, and secreted more insulin in response to
glucose. Furthermore, Ad-Pax4 significantly decreased the
expression of glucagon in Ad-3F-transfected HuMSC.

The embryonic pancreas development is regulated by the
interactions of numerous signaling pathways that contribute to
the proper initiation of the sequential expression of transcription
factors (22-25). Several transcription factors have been demon-
strated to be necessary for the development of a functional
pancreas, including Pdx1, Ngn3 and MafA. Pdx1, a member
of the ParaHox protein family, has an important role in driving
the formation of the pancreatic bud (26,27). Ngn3, a member of
the basic helix-loop-helix transcription factors, is required for
the formation of a common precursor for the four pancreatic
endocrine cell types. MafA, an eye-specific member of the
Maf family, has been demonstrated to have a vital role in regu-
lating insulin gene expression (28-30). It has been previously
reported that the 3 transcription factors combined were able
to reprogram other cell types into functional pLCs (17). Pax4
has been demonstrated to have a critical role in converting the
pancreatic B-precursors to pancreatic endocrine cell types (31).
In a previous study, exocrine tissue was effectively converted
to islet-like cells by using a cocktail of transcription factors,
Pdx1, Ngn3, MafA and Pax4 (32). Consistent with that, the
present study indicated that overexpression of Pax4 increased
the expression of INS, C-PEP and genes expressed in pancre-
atic B-precursor cells, and enhanced glucose-stimulated insulin
secretion (GSIS) in Ad-3F transfected HuMSCs, indicating a
synergetic effect of Pax4 and Pdx1/Ngn3/MafA on converting
HuMSC:s to functional ppLCs.

The role of the transcriptional factors Ngn3, Pdx1, MafA
and Pax4 in controlling the development of a functional
pancreas has been well established. Ngn3 facilitates the
formation of pancreatic endocrine cells. Pax4 directs the cell
differentiation towards ppCs. Pdx1 and MafA are necessary for
maintaining mature ppC function (31). The mechanism of Pax4
in promoting ppC formation may rely on its role to suppress
aristaless related homeobox genes, and overexpression of Pax4
was sufficient to convert pancreatic a-cells to (3-cells (20,33).
In the present study, it was indicated that overexpression of
Pax4 decreased glucagon expression in HuMSCs transfected
with Ad-3F, suggesting that Pax4 restricts the differentiation
of HuMSCs into paCs. However, glucagon-positive cells still
existed in HuMSCs co-transfected with Ad-3F and Ad-Pax4.

NKX6-1 has a key role in regulating insulin secretion
and B-cell proliferation (34). Overexpression of NKX6-1 in
mature B-cells enhanced proliferation and GSIS (35). It has
been demonstrated that Glu2 was involved in controlling
insulin secretion (36,37). GCK, a key regulator of glucose
metabolism, is crucial for GSIS and overexpression of
GCK in -cells restored GSIS in a mouse model of high-fat
diet-induced diabetes (38). PCSK1 is necessary for processing
pro-insulin (39). In the present study, it was indicated that
Pax4 promoted the expression of all these genes in the
Ad-3F-transfected cells. In line with this, overexpression of
Pax4 increased GSIS of HuMSCs transfected with Ad-3F.
These results indicate that Pax4 synergistically acts with Pdx1,
Ngn3 and MafA to promote the expression of these genes,
thereby improving GSID. However, the underlying mecha-
nisms remain to be elucidated.
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In conclusion, the present study demonstrated that the
Pax4 gene was able to synergistically act with the transcrip-
tion factors Pdx1, Ngn3 and MafA to convert HuMSCs to
functional ppCs. HuMSCs may be potential seed cells for
generating functional ppCs for the therapy of diabetes.
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