Am J Transl Res 2017;9(3):874-886
www.ajtr.org /ISSN:1943-8141/AJTRO041393

Original Article
PAX4 promotes PDX1-induced differentiation
of mesenchymal stem cells into insulin-secreting cells

Lifa Xu'*, Congjing Xu?*, Shuping Zhou®", Xueke Liu?, Jian Wang?, Xinkuang Liu®, Suping Qian?, Yingru Xin?, Yi
Gao?®, Yonggiang Zhu?, Xiaolong Tang*

1Stem Cell Engineering Research Center, School of Medical, Anhui University of Science & Technology, Huainan
232001, P.R. China; 2Department of Respiration, Tumour Hospital of Affiliated Huainan Oriental Hospital Group,
Anhui University of Science and Technology, Huainan 232035, P.R. China; *Huainan First People’s Hospital and
First Affiliated Hospital of Medical College, Anhui University of Science & Technology, Huainan 232001, P.R.
China; “Department of Medical Genetics, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan 430030, P.R. China. "Equal contributors.

Received May 27, 2016; Accepted January 31, 2017; Epub March 15, 2017; Published March 30, 2017

Abstract: A shortage of postmortem pancreatic tissue for islet isolation impedes the application of cell replacement
therapy in patients with diabetes. As an alternative for islet cell transplantation, transcription factors, including
PDX1, PAX4, and neurogenin-3, that aid in the formation of insulin-producing 3 cells during development have been
investigated. The present study evaluated the effects of PAX4 and PDX1 on the differentiation of mesenchymal stem
cells (MSCs) into insulin-producing B-like cells in vitro using recombinant adenoviruses carrying PDX1 or PDX1 plus
PAX4. RT-PCR, Western blot, and immunofluorescence assays were used to detect the expression levels of relevant
genes and proteins, and enzyme-linked immunosorbent assays were used to determine the amount of insulin and
C-peptide secreted by the virus-infected cells following stimulation with high glucose. The results showed that PAX4
markedly enhanced the propensity of PDX1-positive MSCs to form mature islet-like clusters and functional insulin-
producing B-like cells. Our findings provide a novel foundation for generating B-like cells from MSCs with PAX4 and

PDX1 for future clinical application.

Keywords: PAX4, PDX1, MSC, differentiation, pancreatic B cell

Introduction

Pancreatic B cells defects cause diabetes and
persistent hyperglycemia, leading to long-term
health complications [1, 2]. An unfortunate
shortage of postmortem pancreatic tissue for
isolation of islets is a major obstacle for the
broad use of cell replacement therapy in diabe-
tes. Thus, new sources of (3 cells or insulin-pro-
ducing cells need to be identified. Several
groups have reported evidence for the pres-
ence of cells resembling 3 cells among differen-
tiated derivatives formed in embryoid bodies of
human embryonic stem cells [3, 4]. Other insu-
lin-producing cells generated from non-f cells
through gene induction or genetic engineering
methods have also been investigated [5, 6]. As
some of these techniques have proved unreli-
able and difficult to replicate [7-9], attention
has switched to testing whether specific tran-

scription factor cascades aiding in the forma-
tion of B cells during development can be
applied to mesenchymal stem cells (MSCs) in
vitro.

During embryonic development, the pancreatic
primordium arises from the posterior foregut
region, and this development is dependent on
the transcription factor pancreatic and duode-
nal homeobox-1 (PDX1) [10, 11]. The switch
gene PDX1 expressed in pancreatic endocrine
and exocrine precursor cells is important for the
developing pancreas and for maintaining the
function of mature B cells [12, 13]. Although
overexpression of PDX1 enhances pancreatic
endocrine cell differentiation, it fails to induce
mature B-cell formation in vitro. We speculated
that activation of the transcription factor cas-
cade may be partly involved in the formation of
mature B cells.
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Although the precise developmental mecha-
nisms of pancreatic secretary cells remain
uncertain, B-cell generation is regulated by
many transcription factors. Transcription factor
PAX4, a transcriptional repressor of insulin, glu-
cagon, and somatostatin promoters [14, 15], is
thought to be positioned upstream of those
late-stage transcription factors that promote
pancreatic endocrine B-cell differentiation, rep-
lication, maturation, and survival in human
islets by modulating apoptosis through Bcl-xL
expression and proliferation via c-myc [16].
These transcription factors are essential for
proper endocrine cell development [17, 18].
However, no studies have examined whether
overexpression of PAX4 enhances the expres-
sion of B-cell related or specific genes, such as
insulin, or promotes pancreatic endocrine 3-cell
differentiation or maturation in PDX1-positive
(*) MSCs.

In the present study, PDX1- and PAX4-carrying
recombinant adenoviruses were used to induce
MSC differentiation in vitro. We found that
PAX4 regulated the expression of Nkx6.1,
MafA, insulin, and GLUT2 in PDX1" MSCs to pro-
mote B-cell fate. Under high glucose conditions,
the cells infected with combined PDX1 and
PAX4 adenoviruses expressed [-cell markers
and showed normal B-cell fate development.
Thus, our findings indicated that PAX4 promot-
ed the differentiation of PDX1* MSCs to B-cell
fate.

Materials and methods
Materials and reagents

The adenovirus pAdxsi vector system was pro-
vided by the Gene Research Center of Beijing.
Plasmids pEGFP-N1-PDX| and pEGFP-N1-PAX4,
Escherichia coli DH5a, and HEK293 cells were
preserved in our laboratory. Plasmid extraction,
DNA gel recycling, and DNA purification kits
were obtained from Omegar. RT-PCR kits, T4
DNA ligase, restriction endonucleases Xbal,
BamHI, Pmel, Sall, Nhel, Xhol, Bglll, and EcoRl
as well as Klenow were purchased from New
England Biolabs. Calf intestinal alkaline phos-
phatase was purchased from Promega. PCR
primers were purchased from Shanghai Bio-
technology Engineering Company, which also
performed the sequencing. Mouse anti-PDXI,
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anti-insulin, anti-PAX4, and anti-GLUT2 anti-
bodies were purchased from Creative Biomart
(USA). Horseradish peroxidase (HRP)-conjuga-
ted anti-mouse 1gG, HRP-conjugated anti-rabbit
IgG, Cyb-labeled anti-mouse 1gG, FITC-labeled
anti-mouse IgG, and FITC-labeled anti-rabbit
IgG were purchased from Bethyl Laboratories.
Dulbecco’s Modified Eagle’s Medium/nutrient
mixture F-12 and B27 were purchased from
Gibco. Fetal bovine serum was purchased from
Hyclone. The original generation of umbili-
cal cord MSCs was purchased from Beijing
YiKeLiHao Biotechnology Co., Ltd.

Construction of adenovirus plasmid vectors

The pEGFP-N1-PDX1 vector was linearized by
Sall and then digested with Klenow, followed by
digestion with Nhel. The released 0.66-kb
human PDX1 gene coding sequence fragment
was recovered. To remove EGFP, the parental
pShuttle-EGFP-CMV vector was digested with
Nhel and Pmel. The linearized pShuttle-CMV
vector was recovered with DNA gel recycling
and purification kits. The PDX1 gene coding
sequence fragment was ligated to the pShut-
tle-CMV vector with T4 ligase, generating a
pShuttle-CMV-PDX1 vector. The PAX4 target
gene fragment was obtained from the pEGFP-
N1-PAX4 vector with BamHI| and Sall double
digestion and subcloned into the pShuttle-
CMV-PDX1 vector, generating the pShuttle-
CMV-PDX1/CMV-PAX4 shuttle plasmid vector.
Then, the target CMV-PDX1/CMV-PAX4 frag-
ment was subcloned into the backbone of a
pAdxsi vector with an adenovirus pAdxsi vector
system to construct the pAdxsi-CMV-PDX1/
CMV-PAX4 expression plasmid. The products
were sequenced and transformed into DH5x
cells. The pAdxsi-CMV-PDX1/CMV-PAX4 plas-
mid was amplified. A similar method was
employed to construct the pAdxsi -CMV-PDX1
plasmid and the pAdxsi-CMV-EGFP plasmid.

Recombinant adenovirus packaging, amplify-
ing, and titer testing

The adenoviral plasmid was linearized by Pacl
and transfected into HEK293 cells using
Lipofectamine 2000. Plaques appeared after 5
days. After 8 days, a cytopathic effect was
observed in approximately 80% of the cells.
The cells were collected and placed in liquid
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Table 1. Primer and amplification information for the target genes

Name Forward (F) 5-3'

Reverse (R) 5-3’

Tm (°C) Cycle number Size (bp)

PDX1 TGGCACATCTTCACCATCA CAGTCCTGCTCAGGCTCT 61 28 446
PAX4 TCCCAGTGTCTCCTCCATC ACCTTTCCGGTGCTGTTGC 61 28 515
GLUT2  AGGACTTCTGTGGACCTTATGTG ~ GTTCATGTCAAAAAGCAGGG 63 35 231
Insulin  AGCCTITGTGAACCAACACC GCTGGTAGAGGGAGCAGATG 65 30 246
B-actin  GATCGGCGGCTCCATCCTG GACTCGTCATACTCCTGCTTGC 62 35 74

nitrogen. Then, the frozen cells were subjected
to three cycles of freeze-thawing (at room tem-
perature). The supernatant was collected by
centrifugation at 12,000 rpm and 4°C. The
recombinant adenovirus was packaged and
amplified in HEK293 cells. A TCID50 assay was
used to determine Adxsi-CMV-PDX1/CM-PAX4,
Adxsi-CMV-PDX1, and Adxsi-CMV-EGFP virus ti-
ters.

Transcription detection of MSCs infected with
recombinant virus

The MSCs seeded in 6-well plates at 2.0 x 10°
cells/well were grown until the cell density
reached 80%. The harvested cells were infect-
ed with an adenovirus at 100 pfu/cell and divid-
ed into three groups, namely, the Adxsi-CMV-
PDX1, Adxsi-CMV-PDX1/CMV-PAX4, and Adxsi-
CMV-GFP groups. Infected cells in each group
were collected at appropriate stages for RT-PCR
of PAX4, PDX1, insulin, and GLUT2. The primer
sequences and PCR conditions of the respec-
tive genes were presented in Table 1.

Immunofluorescence staining and Western
blot analysis

After being fixed in PBS with 4% paraformalde-
hyde for 20 min, the cells were washed three
times in PBS and incubated for 10 min in PBS
with 0.1% Triton X-100. After being blocked with
blocking solution (PBS with 0.1% Triton-X and
1% sheep serum) for 30 min, the cells were
incubated overnight at 4°C with one of the fol-
lowing primary antibodies: anti-PAX4 (1:200),
anti-insulin (1:100), anti-Ngn3 (1:100), or anti-
GLUT2 (1:100). Cells were then washed in
blocking solution and incubated with Cy3 goat
anti-mouse IgG (1:500; Sigma, Dorset, UK) or
FITC-conjugated goat anti-rabbit 1gG (1:500;
Stratech Scientific Ltd., Newmarket, UK) for 1 h
at room temperature, followed by three washes
with blocking solution. Immunofluorescence
with the specific antibodies was compared with
that from negative control antibodies or rabbit
IgG FITC-conjugated secondary antibody (1:
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100; Abcam, Cambridge, MA, USA) to indicate
specificity. Cell nuclei were counterstained with
DAPI contained in the mounting reagent (Sigma-
Aldrich). Fluorescence images were captured
with an Olympus CKX41 microscope and Nikon
Coolscope DS-5M digital camera at 5MP
resolution.

For Western blot analysis, cells were harvested
into 50 uL of lysis buffer (50 mM Tris, pH 8.0,
150 mM NaCl, 1% [w/V] Triton X-100, 0.1% [w/V]
SDS) supplemented with a cocktail of protease
inhibitors (Roche, UK). Total protein (20 ug) of
the collected lysate was loaded on each lane,
separated by SDS-PAGE, and transferred to
PVDF membranes (Roche Applied Science).
After being blocked with a 5% milk solution for
30 min, the membranes were incubated over-
night at 4°C with an antibody against human
NeuroD1 (1:1,000; RayBiotech, Inc.), Ngn3,
Nkx6.1, MafA, MafB, or B-actin, followed by
incubation for 1 h with a secondary anti-rabbit
antibody conjugated to HRP (Santa Cruz, dis-
tributor Autogen Bioclear, Calne, UK). Mem-
branes were developed using an ECL Western
blotting detection system according to the
manufacturer’s protocol (Amersham Bioscien-
ces, Cardiff, UK).

Dithizone staining

Dithizone (DTZ; 50 mg) was dissolved in 5 mL
of DMSO as a stock solution. The DTZ stock
solution (0.1 mL) mixed with 10 mL PBS was
filtered for use as the DTZ staining solution. The
cells of each experimental group were washed
with PBS, and the staining solution was added
to the cells. The cells were incubated at 37°C
for 15 min, followed by three washes with PBS
for detection under a microscope.

Statistical analysis

The statistical significance of the differences
between two groups was examined using t
tests with SPSS 15.0 software. All data are
expressed as the mean * standard deviation.
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Figure 1. Xhol restriction enzyme digestion analysis. Markers represent 1-kb DNA ladders, as indicated.
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Figure 2. Characterization of undifferentiated MSC surface markers by flow cytometric analysis. MSCs were strongly
positive for CD44, CD29, and CD106, but negative for HLA-DR, CD19, and CD34.

Results

constructs were further confirmed by sequen-

cing.

Restriction enzyme digestion analysis

The pAdxsi-CMV-EGFP, pAdxsi-CMV-PDX1, and

Morphological changes of MSCs infected with

pAdxsi-CMV-PDX1/CMV-PAX4 plasmids were

digested with Xhol, and the specific bands with
the correct sizes are presented in Figure 1. All
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recombinant virus, and DTZ staining analysis

Analyzed by flow cytometric analysis, > 98% of
the MSCs were positive for CD44, CD29, and

Am J Transl Res 2017;9(3):874-886
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Figure 3. Morphological changes in MSCs infected with different Adxsi systems, and DTZ staining analysis. After
3 weeks of infection, cells in the Adxsi-CMV-PDX1 and Adxsi-CMV-PDX1/CMV-PAX4 groups become round and as-
semble together, whereas the round cells in the Adxsi-CMV-PDX1/CMV-PAX4 group aggregate into mature islet-like
clusters. The mature islet-like clusters in both the Adxsi-CMV-PDX1/CMV-PAX4 and Adxsi-CMV-PDX1 groups are
positive for DTZ staining. By contrast, the cells in the Adxsi-CMV-EGFP control group are negative for DTZ staining.
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Figure 4. A. mRNA and protein levels of PDX1 and PAX4 after 15 days of recombinant virus infection. B. Protein level
ratios of PDX1 or PAX4 to B-actin in the different groups. C. Immunofluorescence analysis demonstrates that the
expressed PDX1 (Cy5, red) and PAX4 (FITC, green) are localized in the nucleus, which is stained with DAPI (blue).

CD106, whereas < 2% were positive for HLA-
DR, CDI6, CD34, CD45, and CDI9 (Figure 2).
These results indicated high purity MSCs. After
the recombinant Adxsi adenovirus infection,
the MSCs in the Adxsi-CMV-PDX1/CMV-PAX4
group with a fusiform shape became round.
The rounded cells gathered into a ball and
formed an islet-like structure (Figure 3). By con-
trast, a considerable portion of the MSCs in the
Adxsi-CMV-PDX1 group remained spindle sha-
ped and affixed to the wall of the flask (Figure
3). Three weeks after infection, the cells in each
experimental group were subjected to DTZ
staining for 15 min. The MSCs in the Adxsi-
CMV-PDX1/CMV-PAX4 group were still round
and arranged in islet-like structures and were
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stained red, whereas most of the Adxsi-CMV-
PDX1-infected MSCs continued to be spindle
shaped and affixed to the sides of the flask and
few were stained red. The cells in the Adxsi-
CMV-EGFP control group retained their spindle
arrangement, and no morphological changes
were observed in this control group (Figure 3).

Analysis of recombinant virus infection

After 15 days of recombinant virus infection,
the mRNA and protein levels of target genes
were detected by RT-PCR and Western blotting.
As shown in Figure 4A and 4B, both PDX1 and
PAX4 were detected in the Adxsi-CMV-PDX1/
CMV-PAX4 group, while only PAX4 was detected

Am J Transl Res 2017;9(3):874-886
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Figure 5. Western blot analysis of transcription factors related to islet B-cell function after recombinant virus infec-
tion at 5, 10, 15, 25 and 30 days.
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Figure 6. Expression and localization analysis of transcription factors in islet-like clusters. Immunofluorescence
analysis detects localization of PDX1, Ngn3, Nkx6.1, MafA and MafB in the nucleus of differentiated cells after 30
days of recombinant virus infection. A. PDX1 is expressed stably and located only in the nucleus. B. PDX1 and MafB
are not present in the same cellular nucleus in the islet-like clusters of the Adxsi-CMV-PDX1 infection group. C. Tran-
scription factor PDX1 with transcription factors Ngn3, MafA, and Nkx6.1 are all located in the same cell nucleus of
the Adxsi-CMV-PDX1/CMV-PAX4 infection group. D. PAX4 promotes transcription factor cascade expression during
PDX1* cell development. Counterstaining of nucleus (blue) is by DAPI.
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Figure 7. Co-expression of PAX4 and PDX1 in MSCs promotes the activation of insulin and Glut2 expression. A. RT-
PCR analysis of insulin and Glut2 gene expression. Insulin and Glut2 mRNA levels in the Adxsi-CMV-PDX1 group
are markedly lower than those in the Adxsi-CMV-PDX1/CMV-PAX4 group. B. Results are expressed for the different
groups as the ratio of insulin or Glut2 mRNA to B-actin mRNA levels. Data represent the mean + SEM; n = 3 in two

different experiments. *P < 0.001.

in the Adxsi-CMV-PDX1 group. Neither PDX1
nor PAX4 was detected in the Adxsi-CMV-EGFP
control group. Immunofluorescence analysis
further confirmed that the expressed target
proteins were localized in the cell nucleus
(Figure 4C).

Pancreatic endocrine function-related mol-
ecules detected by Western blotting during the
differentiation of MSCs into insulin-secreting
cells

Protein expression levels for PDX1, PAX4,
NeuroD1, neurogenin-3 (Ngn3), Nkx6.1, MafA,
and MafB were measured 5, 10, 15, 20, 25,
and 30 days after the recombinant virus infec-
tion. We found that the Adxsi-CMV-PDX1/CMV-
PAX4-infected cells stably expressed PDX1 and
PAX4, whereas Adxsi-CMV-PDX1-infected cells
continuously expressed PDX1 (Figure 5). These
results confirmed that this recombinant virus
carrying target genes can be effectively ex-
pressed in infected MSCs. Compared with
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those in the Adxsi-CMV-PDX1 infected group,
higher levels of intracellular NeuroD1, Ngn3,
MafA, and Nkx6.1 were expressed earlier in the
Adxsi-CMV-PDX1/CMV-PAX4 group. However,
higher levels of MafB, a transcription factor
related to pancreatic «-cell function, rather
than B-cell function, were expressed earlier in
Adxsi-CMV-PDX1 infected cells.

Indirect fluorescence analysis of NeuroD1,
Ngn3, Nkx6.1, MafA, and MafB expression

As shown in Figure 6A and 6B, PDX1 and MafB
were expressed in Adxsi-CMV-PDX1-infected
cells 30 days after the infection. PDX1 and
MafB were localized in nuclei, albeit in different
nuclei, suggesting that MafB and PDX1 expres-
sion levels were not directly related. After 30
days of infection, Adxsi-CMV-PDX1/CMV-PAX4
induced islet-like cells (Figure 6C). The expres-
sion of Ngn3, Nkx6.1, and MafA induced in
these cells was localized within the same
nucleus, indicating the presence of these endo-
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Figure 8. Co-expression of B-cell function-related molecules in cells of the Adxsi-CMV-PDX1 and Adxsi-CMV-PDX1/
CMV-PAX4 groups. A, B. Characterization of GLUTZ2, Insulin, PAX4, and PDX1 protein expression in Adxsi-CMV-PDX1/
CMV-PAX4 and Adxsi-CMV-PDX1 group cells. C. Immunofluorescence detection of both insulin or C-peptide (C-P, red)
and PAX4 or MafA (green) shows co-expression in the cells of Adxsi-CMV-PDX1/CMV-PAX4 group. D. The schematic
diagram is a simplified model indicating that transcription factors play roles in B-cell development. PAX4 is required
for the terminal differentiation of B-cell function.

crine-related transcription factors may be asso- that although Adxsi-CMV-PDX1 induced small
ciated with the expression of PDX1 and PAX4. islet-like cells, the transcription levels of insulin
These results indicate that PAX4 can induce and Glut2 were significantly lower than those in
the differentiation of PDX1"* MSCs into Nkx6.1*- Adxsi-CMV-PDX1/CMV-PAX4-transfected cells
MafA* cells (Figure 6D). (Figure 7A, 7B).
Adxsi-CMV-PDX1/CMV-PAX4-induced expres- The protein levels of GLUT2 and insulin as
sion of insulin and GLUT2 determined by Western blotting were consis-
tent with their respective mRNA levels (Figure
GLUT2, a membrane transport protein, trans- 8A, 8B). Indirect fluorescent analysis demon-
ports glucose into cells and regulates ion chan- strated that PAX4/MafA and insulin as well as
nels on the cell membrane. It also promotes MafA and C-peptide (C-P) were present in the
the release of intracellular insulin stores into same cell (Figure 8C). Thus, Adxsi-CMV-PDX1/
the circulation. The presence of GLUT2 is a sign CMV-PAX4-infected cells expressed proinsulin,
of mature pancreatic 3 cells. Although we found which was further hydrolyzed into functional
that Adxsi-CMV-PDX1/CMV-PAX4 induced small insulin and C-P. The GLUT2 expression levels in
islet-like cells that expressed B-cell function- Adxsi-CMV-PDX1-infected MSCs were signifi-
associated transcription factors, it was un- cantly lower than those in Adxsi-CMV-PDX1/
known whether these small islet-like cells were CMV-PAX4-infected MSCs, suggesting that
capable of insulin synthesis and GLUT2 expres- PAX4 enhanced the PDX1 induction of MSCs
sion. Thus, we used RT-PCR to determine mRNA into islet-like cells. We hypothesized that the
levels of Glut2 and insulin (Figure 7A). We found expression of MafA and PAX4 may play key
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Figure 9. Co-expression of PDX1 and PAX4 improves glucose-regulated insulin and C-peptide secretion and in-
creases the expression of B-cell-related genes in cells 30 days after Adxsi-CMV-PDX1/CMV-PAX4 infection. A. Insulin
secretion levels at 5.0 and 12.0 mM glucose in response to Adxsi-CMV-PDX1 or Adxsi-CMV-PDX1/CMV-PAX4. B.
C-peptide (C-P) secretion levels at 5.0 and 12.0 mM glucose in response to Adxsi-CMV-PDX1 or Adxsi-CMV-PDX1/
CMV-PAX4. n = 3 in two different experiments. *P < 0.001.

roles in upregulating Nkx6.1 and other tran-
scription factors in the induced cells. Thus, pro-
insulin, GLUT2, and related intracellular hydro-
lases are further increased in the induced
MSCs, which ultimately differentiate into func-
tional insulin-secreting cells (Figure 8D).

Glucose-stimulated insulin secretion and C-P
levels

The culture fluid levels of insulin and C-P follow-
ing stimulation of cells with 12.0 mmol/L glu-
cose were measured by ELISA. The medium
from the Adxsi-CMV-PDX1/CMV-PAX4 group
contained significantly higher concentrations of
C-P and insulin than that from the Adxsi-CMV-
PDX1 group under high glucose stimulation
(Figure 9), indicating that PAX4 and PDX1 play
an important role in the differentiation of MSCs
into mature B cells capable of insulin synthesis
and release in response to high glucose
stimulation.

Discussion

PDX1 contains a number of transcriptional reg-
ulatory regions, such as the N-terminus tran-
scriptional regulatory elements related to the
functional structure of the GG and insulin A3
domains, and is a key gene necessary for the
development of pancreatic endocrine cells [19-
21]. However, this development requires addi-
tional molecules. PDX1 also combines with the
GLUT2 TATA box, contributing to GLUT2 tran-
scription [21, 22]. Recent studies have shown
that PDX1 induces pancreatic differentiation
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and development. PDX1 activation induced by
the combined effects of the relevant factors
and the activation of the related signaling path-
ways leads to the differentiation of MSCs in the
pancreatic B-cell-like direction [23, 24], thereby
indicating that PDX1 plays a role as a transcrip-
tional master switch in pancreatic cell differen-
tiation [25]. However, studies have also shown
that PDX1 alone cannot efficiently induce pan-
creatic precursor cells to differentiate into
mature pancreatic B cells; thus, the combina-
tion of PDX1 and other related transcription
factors is required [26].

PAX4, an important transcription factor for the
development of the pancreas and regulation of
endocrine differentiation, encourages the
expression of MafA, Nkx6.1, and other tran-
scription factors and induces pancreatic pro-
genitor cells to differentiate into endocrine
cells, thereby enhancing the transcription and
biosynthesis of insulin [27, 28]. During pancre-
as development, PDXI and PAX4 are essential
for activating a series of transcription factors
[27, 28] and for directing the differentiation of
pancreatic endocrine cells toward a B-cell fate
[28]. Our present results confirmed that PDX1
and PAX4 effectively promoted MSCs to differ-
entiate into functionally active 3 cells enriched
with zinc.

Zinc enrichment is a basic physiological func-
tion of islet B-cell precursor cells. When we
observed morphological changes in the MSCs
and they were arranged in small islet-like struc-
tures, DTZ stained the cytoplasm red, suggest-
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ing that the cytoplasm was enriched with zinc.
Zinc plays a critical role in the action of insulin
because interactions between metal ions and
proteins change the structure of insulin and its
biological functions [29, 30]. However, proinsu-
lin-producing cells must synthesize proteins,
and zinc ions alone cannot synthesize insulin
with physiological functions. Proinsulin is hydro-
lyzed to C-P in the Golgi apparatus, where insu-
lin complexes with zinc ions are formed with
biological activity [31].

Transcription and expression of proinsulin
requires the regulation of a series of transcrip-
tion factors, including PDX1, NeuroD1, Ngn3,
PAX4, and Nkx6.1, which play important roles
in pancreatic B-cell differentiation and develop-
ment [32]. NeuroD1 is involved in the differen-
tiation of pancreatic endocrine precursor cells.
In mice, NeuroD1 expression is first observed
on embryonic day 9.5 in pancreatic progenitor
cells and persists throughout B-cell develop-
ment; however, NeuroD1 expression is limited
in B cells in the mature pancreas [32, 33].
NeuroD1/Beta2-deficient mice exhibit severe
diabetes, because of the severely reduced
cells, resulting in high perinatal mortality [33,
34]. NeuroD1 also increases the concentration
of intracellular Ca?* by activating the Surl pro-
moter. The insulin activation by glucose stimu-
lation is controlled by NeuroD1 at transcription-
al and post-transcriptional levels [35].

Ngn3 is an important islet progenitor cell mark-
er [36]. In the formation of the pancreas, all
endocrine cells are derived from Ngn3* cells,
and Ngn3 initiates the differentiation of endo-
crine progenitor cells [36]. The binding of the
bHLH domain of Ngn3 with the upstream pro-
moter of the E-box domain activates the tran-
scription of NeuroDIl and PAX4 [36, 37]. By con-
trast, the binding between Ngn3’s own promot-
ers can inhibit the transcription of Ngn3 itself
to regulate the differentiation of islet cells [36,
371.

Nkx6.1 inhibits glucagon transcription, but pro-
motes insulin activation, whereas the downreg-
ulation of Nkx6.1 induces the opposite effect.
Nkx6.1 gene-deficient homozygous mice can-
not develop B cells [38]. The Nkx6.1-null mouse
presents a selective reduction in B cells, while
other endocrine cells remain normal [39], which
is similar to PAX4-negative mice, suggesting
that Nkx6.1 is necessary for functional 3-cell
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development. Furthermore, MafA directly acti-
vates insulin in B-cell lines and plays an impor-
tant role in the cellular transcription factor cas-
cade in adult B cells [40]. Therefore, the devel-
opment of insulin-producing cells into function-
al B cells requires cooperation among multiple
transcription factors, which sheds light on func-
tional B-cell induction in vitro.

We compared the expression of NeuroD1,
Ngn3, Nkx6.1, and MafA in various groups of
recombinant virus-infected cells. We found sig-
nificant expression of NeuroD1, Ngn3, Nkx6.1,
and MafA earlier in the Adxsi-CMV-PDX1/CMV-
PAX4 group than in the Adxsi-CMV-PDX1 group,
and the expression levels of NeuroD1, Ngn3,
Nkx6.1, and MafA induced by PAX4/PDX1 were
higher than those induced by PDX1. The upreg-
ulation of Nkx6.1 and MafA in particular favors
directing MSCs to differentiate into endocrine 3
cells, given that Nkx6.1 inhibits the differentia-
tion of islet endocrine cells into a-cell, while
MafA directly activates insulin transcription and
the transcription factor cascade reaction
required for B-cell development. Analysis of
molecules related to P-cell function using
Western blotting and indirect fluorescence
assays in the present study indicated that the
expression of GLUT2 was higher in the Adxsi-
CMV-PDX1/CMV-PAX4 group than that in the
Adxsi-CMV-PDX1 group. The differentiated
B-cells from MSCs induced by PAX4/PDX1
responded to high glucose stimulation and
released insulin and C-P molecules, suggesting
that PAX4 promotes the PDX1-induced differen-
tiation of MSCs into functional B cells. The
mechanism for this promotion may be a syner-
gist interaction between PAX4 and PDX1 and
increased endogenous expression of these and
other endocrine-related transcription factors,
including NeuroD1, Ngn3, Nkx6.1, and MafA.
These transcription factors increased insulin
and GLUT2 expression levels and eventually
induced MSCs to differentiate and develop into
functional B-like cells that were capable of pro-
ducing insulin and responding to high-glucose
stimulation. However, verification of this sug-
gested mechanism will require further study.
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