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This study was designed to efficiently induce the differentiation of the bone marrow mesenchymal stem cells (BMSCs) into insulin- |
producing islet cells by modifying the expression of pancreatic and duodenal homeobox factor 1 (PDX1) and NKX6 transcription factor |
related 1 (NKX6.1). Bone marrow mesenchymal stem cells were infected by the recombinant adeno viruses carrying Pdx1 and Nkx6.1
genes for differentiation and the differentiated cells were transplanted into the subrenal capsule of diabetic mice, then the secretion of |
insulin and C-peptide were examined. The effects of the differentiated cells were also investigated through measuring the blood glucose |
levels. The BMSCs induced by recombinant adeno virus of pAdxsi-CMV-PDX1/CMV-NKX6.1 and several cytokines showed positive |
dithizone staining and significant expression of insulin and glucose transporter-2. Stimulation with different levels of glucose caused
different insulin secretion levels at 1240.4 + 109.3 and 3539.8 + 245.1 mU/L with 5.5 and 25 mmol/L treatments, respectively. More |
importantly, the transplantation of induced cells recovered the serum glucose in Streptozotocin mice to normal levels. Coexpression of |
exogenous PDX-1 and NKX6.1 efficiently induced the differentiation of BMSCs into insulin-producing cells, which restored the blood |
glucose levels in STZ-induced diabetic mice. |
|

Keywords: Pancreatic and duodenal homeobox factor 1, Adeno virus vector, Insulin-producing cells, Gene-modification.

INTRODUCTION

The islet transplantation is a promising approach to treat
diabetes. Theoretically, successful islet transplantation can not
only control the blood glucose, but also recover the physio-
logical functions of pancreatic islets to sustain the homeostasis,
which should fundamentally improve the life quality of type I
diabetic patients. However, the availability of human donor
for islet transplantation is always limited, thus the insulin-
replacement cells produced in vitro have been considered as a
critical alternative. Indeed, several studies have successfully
remodeled the differentiation of embryo P cells by inducing
the formation of insulin-producing cells from bone marrow
mesenchymal stem cells'. These promising methods, however,
are still far from being applied in clinics.

Significant progress has been made towards the under-
standing of the molecular mechanisms of {3 cell differentiation
through gene knockout in mice™®. The exocrine and endocrine
cells in pancreas are originated from the precursor cells that
express the pancreatic and duodenal homeobox factor 1
(PDXT1), the most important and the first transcription factor
in pancreatic differentiation*”*. PDX1 promotes the differen-
tiation and development of stem cells to pancreatic cells then
to endocrine cells, in synergy with some other transcription
factors, such as Neurogenin 3 (NGN3), paired box gene 4
(Pax4) and NK6 homeobox 1 (NKX6.1)""". In more details,
the endocrine precursor cells are usually determined as
expressing both PDX1 and NGN3*’. However, without
NKX6.1, the formation of B-cells becomes abnormal while
other cells in pancreas are not affected®'’, demonstrating the
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critical role of NKX6.1 in B-cell differentiation. Several studies
have managed to restore the expression of NKX6.1 in the
PDX-positive cells that carried NKX6.1 mutations. However,
the B-cell functions were only partially recovered®'®. This
suggests that PDX1 and NKX6.1 play an important role in
development of B-cells. Therefore, we investigated this synergy
in this study to clearly understand the mechanisms of the
differentiation of BMSCs into insulin-producing cells.

EXPERIMENTAL

All restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs (USA); CIP (Alkaline
Phosphatase, Calf Intestinal) enzyme, Endo-Free Plasmid Maxi
Kit (#D6926-B) and E.Z.N.A. Gel Extraction Kit(V-spin)
(#D2500, D2501)were purchased from omega (USA); DH5«
bacteria and adenovirus pAdxsi vector were purchased from
SinoGenoMax (China). The pUC57-Nkx6.1 and pUCS57-Pdx1
plasmids were generated and saved in our institute. Briefly,
the Ins-1 cells (pancreatic B-cell-derived or insulinoma-
originated) were grown in RPMI 1640 (GIBCO Company,
Grand Island, NY, USA) with 10 % fetal calf serm (FCS). The
cells were incubated at 37 °C in a humidified atmosphere of 5
% CO, and sub-cultured until confiuence was reached. Total
RNA was prepared using the Trizol reagent following the
manufacturer manual (Life Technologies, Inc). One pg of total
RNA was reverse transcribed by Moloney murine leukemia
virus reverse transcriptase under standard conditions. Duplicate
samples of 1 uL each cDNA was amplied by PCR. The ampli-
cation reaction mixture (50 puL) contained cDNAs (Pdx1:
forward primer 5'-AA GCTAGC CCGCAGCC ATGA-3' and
reverse primer 5'-TC CTCGAG TCATCGTGGTTCCTG-3";
Nkx6.1: forward primer 5'-TA CTCGAG
CGTGGGATGTTAGCGGT-3' and reverse primer 5'-TA
GAATTC CGGCGT TCA GGATGAGC-3"). RT-PCR was
carried out to detect the expression of the pdx1 gene and the
Nkx6.1 gene. PCR products were purified using the DNA gel
extraction kit according to the manufacturer’s instruction; the
Pdx1 fragment and pUC57 were digested with Nhe I and Xho
I; the Nkx6.1 fragment and pUCS57 were digested with Xho I
and EcoR I; the target fragment was purified using the DNA
gel extraction kit according to the manufacturer’s instruction;
the digested pUC57 and PDX1 fragment and the digested
pUCS57 and Nkx6.1 fragment were ligated by T4 DNA ligase,
respectively. The recombinant pUC57-Nkx6.1 and pUCS57-
Pdx1 plasmids were transformed into DH5a cells and ampli-
fied.

The mouse anti-human PDX1/IgG (Cat#: CABT-
15563MH), rabbit anti-human NKX6.1/IgG (Cat#:
DPAB32595) and mouse anti-human Insulin/IgG (Cat#:
CABT-49157MH) were all purchased from Creative biomart
(USA); rabbit antihuman C-Peptide (C-P)/IgG (Cat#: RB-13-
0003-1000) was purchased from RayBiotech (USA); HRP
antirabbit [gG (Cati#: 18-8816-33), HRP anti-mouse IgG (Cat#:
18-8817-33), FITC antirabbit IgG (Cat#: 11-4839-81) were
purchased from eBioscience (USA); CY5 goat anti- mouse
IgG (Cat#: 15-176-164) and CY3 goat anti-mouse IgG (Cat#:
115-165-003) were purchased from Jackson Immuno Research
(USA).

Lipofectamine 2000 was from Invitrogen (USA). The
primers were synthesized by Boya Corp, Shanghai (China).
RT-PCR kit was purchased from TAKARA Biotechnology
(Dalian) CO., LTD. DMEM/F12 medium and B27 were
purchased from Gibcolnvitrogen (USA). Fetal bovine serum
was from Hyclone (USA). The epidermal growth factor (EGF),
basic fibroblast growth factor (bFGF), hepatocyte growth factor
(HGF), human betacellulin, glucagon-like peptide-1 (GLP-1)
and nicotinamide (NIC) were all purchased from Pepro Tech
(USA). Insulin direct chemiluminescence assay kit (Cat#:
02230141) and C-peptied direct chemiluminescence assay kit
(Cat#: 03649928) were Purchased from SIEMENS (USA).
The contents of insulin (measure range: 0.5mU/L-300mU/L)
and C-Peptide (measure range: 0.05 pg/L-ug/L) were detected
with ADVIA Centaur (Germany).

BALB/c mice used in this study were obtained from
Guangdong animal center. All mouse experiments were
performed under the approval from the Ethics Committee of
Guangzhou University of Chinese Medicine.

Vector construction: For the construction of pShuttle-
GFP-CMV-Nkx6.1 plasmid, the Nkx6.1 cDNA fragment was
retrieved from pUCS57-Nkx6.1 by Bgl II and EcoR I double-
enzyme digestion. Then, the fragment of interest (1.12 kb)
was first separated by agarose gel electrophores, at the same
time, the pShuttle-GFP-CMV plasmid was digested with the
same enzymes and separated by gel electrophoresis. DNA
ligation was carried out by incubating in the 15 pL reaction
solution containing 1.25 L (80 ng/uL) of the digested pShuttle-
GFP-CMV plasmid and the digested Nkx6.1 cDNA fragment,
1.5 pL of 10 x T4 buffer and 0.5 uL. T4 DNA ligase at 16 °C
overnight. The recombinant vector pShuttle-GFP-CM V-
Nkx6.1 was transformed into DH5a competent cells.

For the construction of pShuttle-CMV-Pdx 1/CMV-Nkx6.1
plasmid, the Pdx1 cDNA fragment was retrieved from pUCS57-
Pdx1 by enzyme Xho I digestion and next by enzyme klenow
digestion for 24h, which was then purified using the DNA gel
extraction kit according to the manufacturer’s instruction. Then
the product Pdx1 fragment was digested with Nhe I and the
fragment of interest (0.87 kb) was separated by agarose gel
electrophoresis. The pShuttle-GFP-CM V-Nkx6.1 plasmid was
digested with Nhe I and Pme I enzyme; the fragment of interest
(5.7 kb) was separated by agarose gel electrophores; and the
DNA ligation was carried out by incubating in the 15 puL reaction
solution containing 1.25 uL (80 ng/uL) of the digested pShuttle-
GFP-CMV-Nkx6.1 plasmid and the digested Pdx1 fragment
at 16 °C overnight. The recombinant vector pShuttle-CM V-
Pdx1/CMV-Nkx6.1 plasmid was transformed into DH5a cells
and amplified. The pShuttle-CMV-Pdx1/CMV-Nkx6.1 plasmid
was purified using the DNA gel extraction kit according to
the manufacturer’s instruction and identified by 1 % agarose
gel electrophoresis.

For the construction of pAdxsi-CMV-Pdx1/CMV-Nkx6.1
plasmid, pAdxsi plasmid and pShuttle-CMV-Pdx1/CMV-
Nkx6.1 plasmid were digested with I-Ceu I and [-Sce I enzymes
and then dephosphorylated, which were purified using the
DNA gel extraction kit according to the manufacturer’s
instruction. The DNA ligation was carried out by incubating
in the 15 pL reaction solution containing 1.25 uL (80 ng/uL)
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of the digested pAdxsi plasmid and pShuttle-CMV-Pdx1/
CMV-Nkx6.1 plasmid at 16 °C overnight, before being ligated
with the inserted fragment of interest to generate the pAdxsi-
CMV-Pdx1/CMV-Nkx6.1 viral plasmid. This plasmid was
also amplified in DHS5a cells. The recombinant vector was
transformed into DH500 competent cells and amplified. The
confirmed plasmids were extracted by plasmid DNA mini-
preparation kit according to the manufacturer’s instruction and
identified by 1 % agarose gel electrophoresis. The plasmid
concentrations were evaluated with an ultraviolet spectrophoto-
meter.

Virus production and titer determination: The HEK
293 cells (ATCC, Manassas, VA, USA) were cultured in
DMEM supplemented with 10 % FBS at 37 °C with 5 % CO..
Lipofectamine 2000 was used for the transfection of pAdxsi-
CMV-Pdx1/CMV-Nkx6.1, which was digested with Pac |
enzyme, into 293 cells at 80 % confluency. The cell supernatant
with virus was collected 3-5 days after transfection when most
of the cells showed morphological changes and plaques. The
viral solution was saved at -80 °C. The titer of virus was deter-
mined using 293 cells following the AdEasy Vector Systerm
method. In brief, HEK293 cells were seeded onto 24-well
plates and grown to 90 % confluency, before being infected
with a series of virus dilutions (ranged from 10'-10") until
plaque formation was observed. The virus titer (plaque forming
unit (PFU)/mL) was calculated by the following formula: Virus
titer = (number of plaques x dilution)/volume of diluted virus
added to the well.

Culture and isolation of bone marrow mesenchymal
stem cells: Bone marrow (BM) samples were obtained from
healthy donors (35-45 years of age) with informed consents.
The heparin anticoagulated bone marrow was mixed with 3-
4 mL PBS and the mononuclear cells in this mixture were
isolated by gradient centrifugation with 1.077 g/mL percoll
centrifugal separation liquid. The isolated cells were then
seeded into plastic flask for culture. Besides the mononuclear
cells as the major component, the isolated cells also contained
some macrophages and monocytes that were removed through
medium change and subsequent passaging. The purified
mononuclear cells were seeded into 75 cm? flasks containing
FM, Dulbecco’s-modified Eagle’s Medium-Low Glucose
(DMEM-LG; Gibco/Invitrogen, Carlsbad, CA) with 10 % fetal
calf serum (FCS; Hyclone, Logan, UT) and cultured at 37 °C
in 5 % CO,. The medium was removed 48 h later by washing
with PBS and was subsequently changed every 3-4 days. As
the cells grow to 80-90 % confluency, the MSCs were recovered
using 0.25 % Trypsin-0.02 % EDTA and replated at 1:3. Flow
cytometry was used to analyze the phenotypes and the labeling
markers of BMSCs after three passages.

Virus infection and exogenous gene expression: The
hMSCs (third and fourth generations) were seeded into 75
cm? flasks at a density of 5 x 10° cells/flask. When reaching
90 % confluency, the cells were divided into three groups: the
first group was infected with the Adxsi-CMV-Pdx1/CMV-
Nkx6.1 virus (experimental group, EG); the second goup of
cells were infected with the empty-vector virus (viral control
group, CVG), Virus added to the culture flask with 100CFU/
cell and the third group of cells were the BMSCs control group

without infection (control group, CG). After 48 h, fluorescence
microscopy results show more than 95 % of the cells infected
with the virus. Three group cells were washed in PBS and
recovered using trypsin. RT-PCR was carried out to detect the
expression of the genes of interest. The following primers were
used: Pdx1 (F: 5-ACC TTC ACC ACC ACC TCC CG-3' and
R: 5'-TTC AAC ATG ACA GCC AGC TCC AC-3', annealing
at 61 °C and 310 bp PCR product); Nkx6.1 (F: 5'-CAA TGG
AAG GCA CCA GAC A-3"and R: 5'-GCT ACG GGC ATA
GAG GGT C-3', annealing at 57 °C and 313 bp PCR product);
GAPDH (F; 5'-GTC AGT GGT GGA CCT GAC CT-3' and R:
5-TGA GGA GGG GAG ATT CAG TG-3', GAPDH was used
as an internal control to normalize variable amounts of cDNA
in each sample and 400 bp PCR product); Ngn3 (F: 5'-AAA
GCGAGT TGG CAC TAA GCA-3'and R: 5'-CGT CTG GGA
AGG TGG GAA GTA-3', annealing at 61 °C and 132 bp PCR
product); Insulin (F: 5'-AGC CTT TGT GAA CCA ACA CC-
3'and R: 5'-GCT GGT AGA GGG AGC AGA TG-3', annealing
at 65 °C and 245 bp PCR product); and GLUT2 (F: 5'-AGG
ACTT CTG TGG ACC TTA TGT G-3' and R: 5-GTT CAT
GTC AAA AAG CAG GG-3', annealing at 55 °C and 231 bp
PCR product).

Cytokine induction: Four different treatments were given
to the BMSCs: the O-stage treatment with which the normal
cells received no infection and chemical treatment; the [-stage
treatment with which the cells were infected with Adxsi-CM V-
GFP and Adxsi-CMV-Pdx1/CMV-Nkx6.1 viruses for three
days; the II-stage treatment with which the cells were incubated
with epidermal growth factor (EGF) at 80 ng/mL and basic
fibroblast growth factor (bFGF) at 10 ng/mL, B27 2 % in
DMEM/F12 medium containing 5 % FBS for four days; and
the III-stage treatment with which the cells were cultured in
glucagon-like peptide-1 (GLP-1) at 10 ng/mL, human
betacellulin at 10 ng/mL, hepatocyte growth factor (HGF) at
10 ng/mL, nicotinamide (NIC) at 10 mmol/L, B27 at 2 % and
B-mercaptoethanol at 0.1 mmol/L in DMEM/F12 medium
containing 5 % FBS for seven days.

Cell immunophenotyping and in vifro multilineage
differentiation studies: About 5.0 x 10°cells were trypsinized
to obtain cell suspension (S5mL), then incubated 0.5 h in the
dark at 25 °C with 10 pL of fluorochrome-conjugated (FITC
or PE) monoclonal antibody (BD Pharmingen and MACS).
Cells were analyzed for haematopoietic (HLA-DR, CD19,
CD34 and CD45) and mesenchymal (CD106, CD29 and
CD44) markers at different passages (P3, P5 and P7) to define
the purity. After incubation with the specific antibody, cells
were washed and analyzed with a FACS-caliber instrument
(BD FACSCalibur, Germany).

Adipogenesis, chondrogenesis and osteogenesis for
BMSCs were carried out in the appropriate induction media
according to the manufacturer’s protocol(Cambrex, MD http://
www.cambrex.com). The differentiation phenotype was docu-
mented using oil red-O for adipocytes and Alizarin staining
for osteocytes. Dithizone (DTZ) stain of 10 mg/mL in DMSO
(dimethyl sulphoxide) concentration used to stain islet like
cell aggregates.

Dithizone staining and immuno-staining: 0.1 mL of the
stock solution containing dithizon (DTZ) (50 mg DTZ dissolved
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in 5 mL DMSO) was added into 10 mL PBS for dithizone
staining at 37 °C for 15 min. The stained cells were examined
under microscope.

After 3, 7 and 14 days transfection, the cells were seeded
on glass cover slides (20 cm x 20 cm) for immuno-staining.
Before being incubated with primary antibodies, the cells were
fixed with 4 % paraformaldehyde (PFA) in PBS for 20 min,
permeabilized using 0.3 % Triton X-100 for 10 min and
blocked with 10 % lamb serum and 5 % bovine serum albumin
(BSA) for 0.5 h. The antibodes used were monoclonal mouse
anti-human/mouse PDX1, polyclonal rabbit anti-human insulin
and monoclonal mouse antihuman C-peptide. The primary
antibody-inculated cells were then inculated: with the horse
radish peroxidase (HRP)-conjugated antimouse secondary
antibody for the 3,32-diaminobenzidine (DAB) staining to
visualize the Insulin and C-peptide in cytoplasm and the PDX1
and NKX6.1 in nucleus; or with FITC- conjugated sheep anti-
rabbit IgG or CY5- conjugated sheep antimouse IgG for 0.5 h
for indirect fluorescence detection.

Determination of insulin and C-peptide secretion: The
cells seeded in 6-well plates of control group, empty virus
control group and experimental group with each stage,
approximately 1 x 10° cells/well, washed 2 times with PBS,
respectively, then were treated with the 1 mL of PBS buffer
containing 5.6 mmol/L or 25 mmol/L glucose incubation for
2 h. After the treatment, the supernatant was collected to detect
the levels of insulin and C-peptide by the chemiluminescence
methed by following the manufacturer’s instruction.

Western blot analysis: To detect the expression level of
transcription factor and insulin molecule in the experimental
group at different stages, cells were treated with lysis buffer
and nuclear and cytoplasmic proteins were extracted in the
corresponding phase by following the manufacturer’s
instruction.

Protein concentrations were determined using the PIERCE
BCA protein assay kit. Proteins were separated by 10 % SDS-
PAGE under denaturing conditions and transferred to nitro-
cellulose membranes. Membranes were incubated with mouse
anti human monoclonal antibody (1:1,000; Santa Cruz
Biotechnology), followed by incubation in goat antimouse
secondary antibody conjugated with horseradish peroxidase
(1:1,000-1,500; Santa Cruz Biotechnology). Immunoreactive
proteins were detected with the enhanced chemiluminescence
detection system (Amersham Biosciences).

Effects of the induced cells on hyperglycemia in diabetic
mice: To determine whether the Adxsi-CMV-Pdx1/CMV-
Nkx6.1 BMSC cell-derived islet-like cells corrected the hyper-
glycemia in diabetic mice, pathogen-free pure-bred BALB/c
mice (25-30 g of weight, 6-week of age) were purchased from
Guangdong Laboratory Animal Research Center for this study.
Hyperglycemia was generated in the mice were by i.p. injection
of streptozotocin (STZ) at 75 mg/kg of body weight and the
blood glucose was detected with an Accu-Chek Aviva Glucose
Meter (Electrochemical assay, Roche). When the blood glucose
levels reached 22.2 mmol/L and higher, the mice were
identified as being diabetic. Before implantation, diabetes was
confirmed by the presence of blood glucose at concentrations
higher than 22.2 mmol/L. The mice were then randomly

divided into the STZ control group, the STZ BMSCs control
group, the STZ empty vector control group and the STZ Adxsi-
CMV-Pdx1/CMV-Nkx6.1 experimental group.

For cell implantation, 1 x 10° BMSCs or islet-like cells
were transplanted under the kidney capsule in STZ-induced
diabetic mice. Every 2 days, blood was collected from the
snipped tail of mice to measure blood glycose. All experimental
procedures involving animals were approved by the Ethics
Committee of Guangzhou University of Chinese Medicine and
performed in accordance with the guidelines set by the China
Animal Care and Use Guidelines.

Statistical analysis: All data are presented as the mean +
SEM. Multivariate analysis of variance was used to determine
the statistical significance among different treatments in each
group, A probability (p) value < 0.01 or 0.05 was considered
to be significant.

RESULTS AND DISCUSSION

Verification of plasmid construction: As shown in Fig. 1,
digestion of pShuttle-GFP-CMV-Nkx6.1 by Bgl IT and EcoR
I resulted in two bands at 1.12 and 5.1 kb. The digestion of
pShuttle-CMV-Pdx1/CMV-Nkx6.1 by Xho I resulted in two
bands at 1.8 and 4.6 kb and the digestion of pAdxsi-CMV-
Pdx1/CMV-Nkx6.1 by Xho I brought 7 bands on the gel: 14,
11.8, 3.9, 2.66, 2.47, 1.45 and 0.6 kb. The enzyme digestion
results were all as expected, demonstrating the successful
construction of desired plasmids.

M 1A

kb kb 11.8

3.9
2.66

1.6 1.45

0.517
0.396

0.517
0.396

0.517
0.396

Fig. 1. Successful plasmid construction. 1A and 1B: 4 bands showed the
right sizes after digestion with Bgl II and EcoR I enzymes from
pShuttle-GFP-CMV-Nkx6.1. 1C: 8 bands showed the right sizes
after digestion with Xho I enzyme from pAdxsi-CMV-Pdx1/CMV-
Nkx6.1. M: Marker: 8 kb, 7 kb, 6 kb,5 kb,4 kb,3 kb,2 kb,1.6 kb,1
kb, 0.517 bp 0.396 bp; 1A: The digested fragments of pShuttle-
GFP-CMV-Nkx6.1 plasmid by EcoR I and Bgl II; 1B: The digested
fragments of pShuttle-CMV-Pdx1/CMV-Nkx6.1 plasmid by EcoR
I and Bgl II; 1C: The digested fragments of pAdxsi-CMV-Pdx1/
CMV-Nkx6.1 plasmid by Xho I

Expression patterns of CD106, CD44 and CD29 in
BMSCs during multilineage differentiation: FACS analysis
revealed that BMSCs at different passages (P3, PS5 and P7)
had the same surface markers of mesenchymal stem cells. The
cells showed simultaneous expression of cell surface mesen-
chymal markers, including CD106, CD44 and CD29 (> 98 %
of cells were positive) with a concomitant absence of markers,
HLA-DR, CD34, CD45 and CD19 (<5 % of cells were positive).
At the same time, BMSCs exhibited in vitro competence to
differentiate into adipogenic and osteogenic lineages upon
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specific induction, as being confirmed by the Oil red-O staining
and the Alizarin-red staining, respectively.

Changes in morphology and protein expression: After
the second passage, the BMSCs started to exhibit their
characteristic spindle-shaped morphology (Fig. 2A). After
Adxsi infection 48h, fluorescence microscopy results show
more than 95 % of the cells infected with the virus. 24 h later,
the BMSCs in the experimental group infeced Adxsi-CMV-
Pdx1/CMV-Nkx6.1 began to express the transcription factors
PDX1 and NKX6.1 that were mainly observed in the nucleus
(Fig. 2B,C). The morphology of BMSCs in the experimental
group began to change after the induction of PDX1 and
NKX6.1 together with EGF, bFGF and B27. The cell shape
turned round and the cells gathered gradually to form pancreatic
islets (Fig. 2D), but the morphology of BMSCs in control
groups keep spindle-shaped morphology.

Under microscope, the cytoplasm was revealed by the
dithizone staining as shiny red (Fig. 2E). Immunocytochemical
staining revealed that PDX1 was mainly expressed in the nucleus
(Fig. 2F), although the insulin was observed in intracytoplasm
(Fig. 2G). Indirect fluorescence staining demonstrated that
PDX1 (CY5) and NKX6.1 (FITC) were both expressed in the
nucleus (Fig. 2H). The expression of insulin (CY5) was present
(Fig. 2J,2L) in the cells with II-stage treatment and the C-
peptide (FITC) was expressed in the III-stage cells (Fig. 2K,L).
No significant morphological changes were observed in the cells
without any treatment and no insulin or C-peptide expression.

Changes in the expression of related genes: Adxsi-
CMV-Pdx1/CMV-Nkx6.1 infected BMSCs expressed PDX1
and NKX6.1 from 24 h to 3 weeks after infection. The
expression of the B-cell related factor NGN3 was in synergy
with PDX1 and NKX6.1. The insulin expression was promoted
by the II-stage treatment of cytokine EGF and bFG.F The
insulin secretion was higher in III-stage, together with higher
expression of the B-cell related factor Glut2 and high level of
glucose, while the expression of PDX1 and NKX6.1 was kept
stable in this stage (Fig. 3). These expression patterns were
verified by western blot analyses (Fig. 4).

Determination of insulin and C-peptide levels by
chemoluminescence: The basal insulin level was maintained
at (4.1 £ 4.7) mU/L. In the experimental group, the insulin
levels reached 5.3 + 5.7, 334.1 + 45.6 and 1240.4 + 109.3
mU/L in the I-, II- and III-stages, respectively (Fig. 5A). With
the hyperglycemic stimulus, the insulin level became even
higher at 3539.8 + 245.1 mU/L. The insulin levels of the
BMSCs control group did not show significant differences
between the II-stage treatment and the III-stage treatment.

As shown in Fig. 5, the C-peptide was only detected in
the experimental group. It started to express from the end of
the Il-stage at 0.063 £ 0.07 pg/L and became 1.42 + 0.21 pg/L
in the III-stage. The C-peptide level was significantly increased
t03.57 £0.62 pg/L with hyperglycemic stimulation. The results
of C-peptide and insulin indicate that the cells in the experi-
mental group were able to secret insulin, just like the pancreatic
B-cells.

Effects of induced cells on diabetic mice: The basal level
of blood glucose in a normal BALB/c mouse was about 5.0 +
0.9 mmol/L, but the diabetic mice had 25.4 + 2.7 mmol/L of

Fig. 2. Changes in morphology and protein expression in the infected
BMSCs. Results of immumofluorescence or immunohistochemistry
for the infected cells in different stages. A: BMSCs of passage 3,
%x200; B, C: the expression of PDX1 (B) and NKX6.1 (C) in
experimental group, after Adxsi-CMV-Pdx 1/CMV-Nkx6.1 infected
for 7 days x200; D: After Adxsi-CMV-Pdx 1/CMV-Nkx6.1 infection,
experimental cells were exposed to serum free media for 2 days,
cells migrated and clustered to become islet-like cells aggregates;
E: Dithizone staining of islet like cells aggregates were positive
%x200; F: Immunocytochemistry staining of islet like cells aggregates
were PDX1 postive x200; G: Immunocytochemistry staining of islet
like cells aggregates were insulin postive x200; H: The nuclei of
the cells were stained blue with DAPI (4', 6-diamidoino-2-
phenylindole), PDX1(CY5) and NKX6.1 (FITC) expression in the
nucleus of islet-like cell aggregates, x400; I-L: insulin (CY5) and
C-P (FITC) expression in islet-like cells 11 days after infection,
x400; M: staining of cells by immune method might give false
positive results. The thin slides of islet-like cells were prepared and
staining was repeated with indirect fluorescence to indicate the
expression of PDX1 (CYS5) and NKX6.1 (FITC) in the nuclei (x
400); N: PDX1(CY5) and MafA (FITC) expression in the nuclei (x
400); O: PDX1 (CY5) and MafB (FITC) expression in the nuclei of
different cells (x400); P: Insulin/Proinsulin (CY3) and
glucagon(FITC) expression in the cytoplasm of the islet-like body
of the experimental group (x200)

blood glucose levels. As shown in Fig. 6. The control diabetic
animals that were transplanted with empty-vector infected cells
or BMSCs (with or without GLP-1 treatment) showed tempo-
rarily decreasing blood glucose levels, before returning to the
original blood glucose levels 4 days later. However, the glucose
levels of diabetic mice in the treatment group (n = 30) that
were transplanted with the differentiated islet-like cells were
able to restore near mornoglycemia within 3-4 weeks; the
glucose level of the treatment group was at 6.9 + 2.3 mmol/L
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Fig. 3.

Pdx1

Nkx6.1

Ngn3

Insulin

Glut2

Expression of Pdx1, Nkx6.1, Ngn3, Insulin and Glut2 in the
experimental cells at different stage. RT-PCR products visualized
on agarose gels. 1: 24 h after Adxsi-CMV-Pdx1/CMV-Nkx6.1
infection, only Pdx1 mRNA was positive; 2-5: After Adxsi-CMV-
Pdx1/CMV-Nkx6.1 infection, the expression of Pdx1, Nkx6.1,
Ngn3, Insulin and GLUT2 in the experimental cells at the
3th,7th,14th and 14th day with high glucose levels. Ngn3 began to
be expressed on the 3rd day; Insulin began to express on the7th
day; and Glut2 only began to be expressed on the 14th day; but on
the 14th day, when the experimental cells were treated with high
glucose levels (25 mmol/L), the experimental cells expressed Pdx1,
Nkx6.1, Ngn3, Insulin and Glut2

PDX1

. . “NKXGJ

e “ Insulin

“‘ o -_I"I B-Tubulin

Fig. 4.

Protein expression of PDX1 and NKX6.1 and insulin. Results from
western-blot analyses. 1: BMSCs before infection, cells did not
express PDX1, NKX6.1 and insulin; 2-5: PDX1, NKX6.1 and
insulin expression in cells induced by Adxsi-CMV-Pdx1/CMV-
Nkx6.1 at the 2th, 7th, 14th day and 14th days with high glucose
levels. After being induced for 7 days, the experimental cells induced
by Adxsi-CMV-Pdx1/CMV-Nkx6.1 began to express insulin. After
14 days, insulin level in experiment cells was much higher than
that treated with low glucose (5.6 mmol/L) when the experimental
cells at stage III were treated with high glycose concentration (25
mmol/L) for 2 h

in 2 days and at 6.5 + 1.5 mmol/L in 32 days after cell trans-
plantation, which was much lower than that of the STZ control
group (n = 20), that of the STZ BMSCs control group (n = 30)
and that of the STZ empty vector control group (n = 30). The
blood glucose levels in STZ-induced diabetic nude mice
showed significant decreases and the mortality of treatment
group also decreased compared with the STZ control group
and STZ BMSCs group. After transplant, the blood glucose
level of the treatment group was maintained at < 6.9 mmol/L
in 95 % of the experimental mice and the average survival
time was 30 days.

Fig. 5.
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Induce stage
Secretion of Insulin and C-peptide from BMSCs after being infected
with Adxsi-CMV-Pdx1/CMV-Nkx6.1 in different induced stages
that were determined by chemoluminescence assay (p < 0.05, n =
4). Expremental cell supernatants were collected and analyzed for
insulin and C-peptide release by the chemiluminescence methed.
At stages 0 and I, expremental cell supernatant did not have Insulin
or C-peptide; at stage II, lower level of Insulin and C-peptide were
measured; at stage III treated with low glucose concentration
(5.6mmol/L); Insulin or C-peptide contents were much higher than
that at stage IT and when cells at stage III treated with high glycose
concentration (25 mmol/L); Insulin or C-peptide content were much
higher than that at stage III treated with low glucose concentration
(5.6 mmol/L)
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Fig. 6. Production and secretion of insulin by differentiated cells in murine

diabetes model. BALB/c mice of the STZ control group (n = 20)
were treated with STZ to induce diabetes and hyperglycemia and
glucose levels at the indicated time points after transplantation are
given as means + SDs. Diabetes did not regress in response to the
transplantation of BMSCs (the STZ BMSCs control group, n = 30)
or that of BMSCs infected empty vector (the STZ empty vector
group, n = 30) under the kidney capsule of STZ-induced diabetic
mice. Diabetic mice that were transplanted with undifferentiated
BMSCs developed more severe hyperglycemia in the weeks
following the transplant. However, the glucose levels of diabetic
mice of the treatment group that were transplanted with the
differentiated islet-like cells could restore near mornoglycemia
within 3-4 weeks; the glycose level of the treatment group (n = 30)
was much lower that of the STZ control group and those of the
STZ BMSC:s control group and the STZ empty vector control group
(p <0.001)
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Characteristics of transplanted cells: In order to detect
the secreting activity of the transplanted cells, the mice were
sacrificed on the 35th day after transplantation. The diabetic
mice in the STZ control group exhibited elevated blood glucose
levels (> 25 mmol/L), polyuria, muscle wasting, weight loss,
poor mobility, shivering and died within 18-33 days. Blood
glucose of the STZ BMSCs control group and the STZ empty
vector control group diabetic mice had decreased slightly
during 4 days of post-BMSCs transplantation, then these mice
continued to exhibit hyperglycemia to died. The STZ Adxsi-
CMV-Pdx1/CMV-Nkx6.1 experimental group showed remark-
able correction of the hyperglycemia as early as Day 2 post-
transplantation. Further, these mice continued to exhibit near
normoglycemic levels beyond 33 days post-transplantation
(Fig. 6).

To confirm the function of the Adxsi-CMV-Pdx1/CM V-
Nkx6.1 BMSC cell-derived islet-like cells in the kidney, the
kidneys with transplanted cells (BMSCs or islet-like cells) were
fixed in 4 % PFA for histopathological, immunohistochemical
and indirect fluorescence staining. HE staining showed that
normal renal tissue-wrapped renal capsule, nephron and renal
structure were clear (Fig. 7A). In the STZ BMSCs control group
and the STZ empty vector control group (Fig. 7B), fusiform
BMSCs were under the renal capsule; the islet-like cells of
the experimental group were round or oval, larger in cell size,
abundant cytosol and basophilic with secretory vacuole
formation and the nucleus to one side, suggesting active
endocrine function (Fig. 7C).

Insulin immunohistochemical staining of renal capsule
and cortex were negative, with a large number of insulin positive
cells in the experimental group’s kidney subcapsular (Fig. 7D).
The renal cortical cells adjacent to islet-like cells in the
experimental group were positive, possibly due to the insulin
released into the blood circulation system via the renal cortex
in the experimental group. Further examination of the experi-
mental group and the other control groups, the expression and
localization of NGN3 and MafA transcription factors in
transplanted cells, the transplanted cell nuclei in the control
groups were negative, but part of the islet-like cell nuclei in
the experimental group were positive (Fig. 7E,F). Taken
together, our results highlight the potential of the Adxsi-CM V-
Pdx1/CMV-Nkx6.1 inducting BMSCs to generate islet-like
cells that can be used therapeutically. Finally, to rule out the
possibility of endogenous pancreatic B cell regeneration, we
performed hematoxylin-eosin staining and immunohisto-
chemistry of the pancreas on day 32 from the STZ treated
mice that were transplanted with islet-like cells. Histopathology
(Fig. 7G) demonstrates that the normal pancreas has large
pancreatic islets. However, the pancreas from the mice trans-
planted with islet-like cells revealed near complete loss of
pancreatic islets without evidence of endogenous pancreatic
B-cell regeneration (Fig. 7H) and part of destructed islet was
instead inflammatory cells (Fig. 7I).

Ever since the mesenchymal stem cells were successfully
induced to form islet-like cells in vitro, this new technology
has brought so much hope to diabetes therapy'. However, the
insulin secretion of induced pancreatic islet cells has always
been much less efficient than the normal islet cells'**. There-
fore, a new therapy will not become reality until the insulin

Experimental cells of different group were transplanted under the
kidney capsule of streptozotocin-induced diabetic mice. 33 days
after transplantation, the kidneys were removed and sectioned. HE
staining of normal kidney and kidney capsule structure (A, x200).
BMSCs of the STZ BMSCs control group and the STZ empty vector
control group (B, x200) were transplanted under the kidney capsule;
BMSCs showed no changes in cell morphology and cells were
fusiforms. However, the Pdx 1/Nkx6.1-derived islet-like cells (stage
3) were transplanted under the kidney capsule of diabetic mice and
the islet-like cells (stage 3) were round or oval, abundant in
cytoplasm and basophils with secretion of vacuolization and nuclei
pressed against the side of the prompt secretion of functionally
active (C, x200), indicating that the cellular secretory function was
active. The islet-like cells were immunopositive for Insulin (D,
%x200), MafA (E, x200) and NGN3 (F, x200). Histopathology
demonstrated that the normal pancreas had large pancreatic islets
(G, x200). However, the pancreas from the mice transplanted with
islet-like cells revealed near complete loss of pancreatic islets and
no evidence of endogenous pancreatic 3-cell regeneration (H, x200))
and part of destructed islet was instead of inflammatory cells (I,
x100)

secretion efficiency of the induced islet cells is significantly
improved. In this study, we managed to induce islet-like cells
by exogenously expressing both PDX1 and NKX6.1, along
with the treatment of cytokines, especially Glucagon-like
peptide-1 (GLP-1). The islet-like cells obtained in this study
had increased insulin synthesis and secretion, which were also
able to recover the serum normal glucose levels in the diabetic
mice.

The gene expression regulation of insulin in pancreatic
B-cells is extremely complicated®'*"". For example, the promoter
of the insulin gene contains abundant cis-acting elements that
bind to multiple transcription factors, such as A box (A2, A3),
E box (E1, E2) and C2 and C1/RIPE3b'*'¢. The P cell-specific
transcription factor PDX1 plays an important role in pancreatic
differentiation and insulin gene expression regulation by
binding to the A box (A1-A3) and activating the differentiation
of pancreas precursor cells into pancreas cells''’, However,
this study of ours revealed that PDX1 alone can not induce
BMSC:s differentiation. Instead, it required the synergy from
NKX6.1 for this specific differentiation process, consistent
with previous proposal that PDX1 positive precursor cells
require certain factors to induce the development of [ cells.
Indeed, PDX1 and NKX6.1 are expressed at the same time
during pancreas development’ and only the PDX1/NKX6.1
double positive precursor cells can develop into B cells.
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Pancreatic B-cells contain large amount of zinc to form
the 2-zinc-insulin hexamer. In this study, the cells in the experi-
mental group showed bright red colour, demonstrating that
the induced cells had affluent zinc. The B-like cell charac-
teristics were further confirmed by the significant expression
of insulin that was detected by both RT-PCR.

Many common factors affect the f-cell development and
functions. Glucagon-like peptide-1 (GLP-1) promotes the fetal
pancreatic precursor cell differentiation into B-cells**'"'%, so
does nicotinic amide, working together with B-cellulin. B-
Cellulin not only promotes the differentiation but also faci-
litates the formation of pancreatic cell-like aggregates'*'*. NIC
together with B27 promote the differentiation of fetal pancreatic
precursor cells and increase the number of B-cells'*"”. Tn addition,
B-mercaptoethanol is a strong oxidant that helps cell aggre-
gation". Therefore, these factors provide a favorable micro-
environment for the maturation and function of B-cells. Indeed,
after 7-day treatment with these factors, the insulin secretion
level was significantly increased, along with the higher levels
of C-peptide than previously reported'*'*'* and the expression
of glucose transporter 2 (GLUT2)"?, an important molecular
marker of B-cells®*?', strongly indicate that these cells were
mature and functional. The functionality of these induced cells
was confirmed by our animal experiments. In the diabetic mice,
the transplantation of these induced cells brought the blood
glucose level to normal just three days after the surgery. And
the sugar tolerance was also significantly improved.

Single expression of either PDX1, neurogenin 3(NGN3),
neurogenic differentiation 1 (NEUROD1), NKX6.1, or hepa-
tocyte nuclear factor (HNF) failed to induce the physiological
level of insulin expression in BMSCs, hepatic cells, or
entoderm-original cells*”'**'"%, The co-expression of PDX1
and NKX6.1, however, was highly effective, probably because
their synergy activated certain factors such as NGN3 and
MafA, which were absent or inactive in the desmohemoblast
stem cells. Some negative regulators in the differentiation and
development of beta cells may have been inhibited by the
co-expression of PDX1 and NKX6.1. However, future investi-
gations are required to identify these factors that are directly
involved.
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