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Abstract

Adipose-derived mesenchymal stem cells (ADSCs) are ideal sources for the treatment of diabetes, and the differentiation
of ADSCs into insulin-producing cells (IPCs) through transfection of exogenous regulatory genes in vitro has been studied
in depth. The differentiation of ADSCs is strictly regulated by a variety of transcription factors such as Pdx/, Ngn3, Pax4,
Nkx2.2, and Sox9. However, whether these genes can coordinately regulate the differentiation of ADSCs into IPCs is
still unknown. In this study, five multigene coexpressing adenovirus vectors (pAdTrack-Pdx[-Ngn3-AdEasy, pAdTrack-Pdx -
Ngn3-Sox9-AdEasy, pAdTrack-Pdx |-Ngn3-Pax4-Sox9-AdEasy, pAdTrack-Pdx |-Ngn3-Nkx2.2-Sox9-AdEasy, and pAdTrack-Pdx[-Ngn3-
Nkx2.2-Pax4-AdEasy) were constructed, and then the stocks of the packaged adenoviruses were used to infect the canine
ADSCs (cADSCs). Based on results of morphological observation, dithizone staining, sugar-stimulated insulin secretion test,
cellular insulin immunofluorescence assays, and the detection of pancreatic 3-cell development-related genes in the induced
cells, the best induction combination (pAdTrack-Pdx[-Ngn3-Nkx2.2-Pax4-AdEasy) was identified after comparative screening.
This study provides a theoretical reference and an experimental basis for further research on stem cell replacement therapy
for diabetes.
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Introduction Currently, the differentiation of ADSCs into insulin-
producing cells (IPCs) in vitro has been studied in depth, and
optimistic progress has been made'®. In current research,
transferring one to three exogenous regulatory genes cannot
completely activate the cascade regulatory system of mesen-
chymal stem cells (MSCs) and is not sufficient to promote the
differentiation of MSCs into pancreatic B-cells''!*. Moreover,
this method needs to be greatly improved in terms of the
induction efficiency, IPC maturity, and insulin secretion

Diabetes is one of the most common metabolic diseases in
the world. In addition to disturbing people’s daily life, diabe-
tes occurs more often in dogs and cats. According to statis-
tics, the incidence of diabetes in dogs and cats reaches about
0.4% to 1.2%, and the incidence of diabetes in dogs has
reached 6% of the total number of clinical cases'. Traditional
drug therapy and insulin injection therapy cannot treat diabe-
tes dynamically and fundamentally®=. Islet transplantation
can effectively control blood glucose changes and avoid
complications, but its clinical application is limited due to
donor deficiency and immune rejection®. As reported, plu-
ripotent stem cells can be induced to differentiate into cells
with insulin-secreting function through targeted induction,
which can provide a new method for the treatment of diabe- ~ Corresponding Author:
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Table 1. Primer Sequences of Genes With Different Homologous Fragments.

Genes Sequences

Pdx 1-UF 5’-gtcagatccgcetagagatct GCCACCATGAACAGCGAGGAACAGTTCT-3/
Pdx1-UR 5’-aggatgaggggccatAGGTCCGGGGTTAGATTCCACG-3’

Ngn3-UF 5’-tctaaccccggacct GCCACCATGGCCCCTCATCCTTCTGGTG-3/
Ngn3-AR 5’-gatatcttatctagaagctt TCACAGGAAATCAGAGAAGGCC-3/
Ngn3-BR 5’-gtccageaggttcatAGGTCCGGGGTTCTCTTCCACG-3/

Ngn3-CR 5’-tccgacttgaggcatAGGTCCGGGGTTCTCTTCCACG-3”
Ngn3-DR/ER 5’-gttggtcaggctcatAGGTCCGGGGTTCTCTTCCACG-3/

Sox9-BF 5’-gagaaccccggacct GCCACCATGAACCTGCTGGACCCGTTCA-3/
Sox9-CF 5’-agcaaccccggacct GCCACCATGAACCTGCTGGACCCGTTCA-3”
Sox9-DF 5’-gagaaccctggacct GCCACCATGAACCTGCTGGACCCGTTCA-3v
Sox9-UR 5’-gatatcttatctagaagcttTCAGGGTCTTGTCAGCTGGGTG-3’
Pax4-CF 5’-gagaaccccggacct GCCACCATGCCTCAAGTCGGATGGGGCG-3
Pax4-CR 5’-gtccageaggttcatAGGTCCGGGGTTGCTTTCCACG-3”

Pax4-EF 5’-gagaaccctggacct GCCACCATGCCTCAAGTCGGATGGGGCG-3/
Pax4-ER 5’-gatatcttatctagaagctt TCAGCCGATTTCTTTGCCGGCC-37
Nkx2.2-DF/EF 5’-gagaaccccggacct GCCACCATGAGCCTGACCAACACCAAGA-3’
Nkx2.2-DR 5’-gtccageaggttcatAGGTCCAGGGTTCTCTTCCACG-3’

Nkx2.2-ER 5’-tccgacttgaggcatAGGTCCAGGGTTCTCTTCCACG-3’

The small font portion of the primer is the overlapping area. F and R represent the forward primers and reverse primers, respectively. U represents

universal for all combinations.

A: combination A (Pdx | +Ngn3); B: combination B (Pdx/ +Ngn3+Sox9); C: combination C (Pdx | +Ngn3+Pax4-+Sox9); D: combination D

(Pdx | +Ngn3+Nkx2.2+Sox9); E: combination E (Pdx/ +Ngn3+Nkx2.2+Pax4).

level. Therefore, screening and optimizing a high-efficiency
regulatory gene combination, which can reprogram ADSC
differentiation into cells that are sensitive to changes in sugar
concentration and whose insulin content and release are com-
parable to normal pancreatic B-cells, are of great significance
for the study of cell transplantation treatment in diabetes.
The differentiation of ADSCs is strictly regulated by a vari-
ety of transcription factors. For example, Pdx/ can activate the
regulation of early embryonic pancreatic development'4, Ngn3
can initiate the differentiation of pancreatic precursor cells
into pancreatic endocrine cells'>, Pax4 plays an important
regulatory role in the production of islet progenitor cells and
the differentiation of islet B-cells', and Nkx2.2 is necessary
for the phenotypic determination of mature B-cells!”. A large
number of studies have confirmed that transfection of Pdx/,
Ngn3, Pax4, or Nkx2.2 into stem cells can induce their differ-
entiation into IPCs'®2°, A PdxI-Ngn3 combined transfection
can mediate the reprogramming of mesenchymal stromal cell
differentiation into pancreatic endocrine cells in vitro'?. In a
previous study, we also confirmed that Sox9 can promote the
differentiation of canine ADSCs (cADSCs) into islet-like
cells. However, whether Pax4, NKX2.2, and Sox9 can coordi-
nate with Pdx[-Ngn3 to regulate the reprogramming process
of ADSC differentiation into islet cells is still unknown.
Therefore, in this study, five multigene coexpressing
adenovirus vectors based on PdxI-Ngn3, Pax4, Nkx2.2, and
Sox9 were constructed, and the stocks of the packaged ade-
noviruses were used to infect the cADSCs, respectively. By
detecting the differentiation effects of the five multigene

adenoviruses on ADSCs, the best inducing gene combination
was determined to provide a theoretical and experimental
basis for further research on stem cell replacement therapy
for diabetes.

Materials and Methods

Amplification of Pdx 1, Ngn3, Sox9, Pax4, and
Nkx2.2 Genes

The coding sequences of Pdx/ (GenelD: 493994), Ngn3
(GenelD: 489022), Sox9 (GenelD: 403464), Pax4 (GenelD:
482268), and Nkx2.2 (GenelD: 485744) were synthesized
by Wuhan GeneCreate Biological Engineering Company. In
addition, the end of each gene was connected to different 2A
sequences (Pdx1+E2A; Ngn3+P2A; Sox9+P2A; Pax4+E2A;
Nkx2.24+T2A4) and cloned into pUCS7. Primers with homo-
logous fragments were designed according to the target
gene sequences of the different gene combinations (A:
Pdx1+Ngn3; B: Pdx1+Ngn3+Sox9; C: Pdx1+Ngn3+ Pax4+
Sox9; D: Pdxl+Ngn3+Nkx2.2+Sox9; E: PdxI+Ngn3+
Nkx2.2+ Pax4; Supplementary Fig. 1B) and the pAdTrack-
CMV vector (Hunan Fenghui Biotechnology Company,
Hunan, China) sequences (Table 1) (which contains GFP
gene sequences, and the plasmid map can be found in
Supplementary Fig. 1A). There was an overlap region of
approximately 20 bp between the forward primer of the first
gene of each combination and the Bg!/ 11 sites of pAdTrack-
CMYV, and there was an overlap region of approximately 15 bp
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Table 2. Primer Sequences of the Recombinant Genes.

Genes Sequences

PAD-Pdx I-F 5-CCACTTGGCAGTACATCA-3’
PAD-Pdx1-R 5-CGGTCAGATTCAGCATCA-3’
Pdx 1-Ngn3-F 5-TTACGAAGTGCCTCCTCT-3'
Pdx 1-Ngn3-R 5-GCCTCTTCTTGTTCTCAGT-3’
Ngn3-PAD-F 5-AAGAAGGCGGAGGTTGTA-3’
Ngn3-PAD-R 5-TCACTAGCAGATCGTCGAT-3"
Ngn3-Sox9-F 5-AAGAAGGCGGAGGTTGTA-3’
Ngn3-Sox9-R 5-GTGGTTGGAGGTGTAGGA-3’
Sox9-PAD-F 5-GAACGAGAGCGAGAAGAG-3’
Sox9-PAD-R 5-TGTGGTATGGCTGATTATGA-3’
Ngn3-Pax4-F 5-AAGAAGGCGGAGGTTGTA-3’
Ngn3-Pax4-R 5- TAGGTTGAGGAGGCAGATAT-3’
Pax4-Sox9-F 5-CAGTCAGAGTGTGGTTCAG-3’
Pax4-Sox9-R 5-GTGGTTGGAGGTGTAGGA-3’
Ngn3-Nkx2.2-F 5-TCCTTCTGGTGCTCCTAC-3’
Ngn3-Nkx2.2-R 5-GTA'TCTCTGCTGCCTGAAC-3’
Nkx2.2-Sox9-F 5-GACAAGGTGCTCTGGATG-3’
Nkx2.2-Sox9-R 5-GTGGTTGGAGGTGTAGGA-3’
Nkx2.2-Pax4-F 5-GACAAGGTGCTCTGGATG-3’
Nkx2.2-Pax4-R 5-TTGCTGAACCACACTCTG-3’
Pax4-PAD-F 5-GCAAGAGGACCAGAGACT-3
Pax4-PAD-R 5-GGACAAACCACAACTAGAATG-3’

between the forward and reverse primers of the connected
genes. The reverse primer of the last gene had an overlap
region of 20 bp with the Hind 111 sites of pAdTrack-CMV.
The target gene fragment was amplified by polymerase chain
reaction (PCR) and confirmed by DNA sequencing.

Construction of Multigene Coexpression
Adenovirus Vectors

The pAdTrack-CMV was digested with Bg/ 11 and Hind 111
(TaKaRa, Dalian, China) to obtain a linearized vector. The
Pdx1, Ngn3, Sox9, Pax4, and Nkx2.2 gene fragments were
connected to the linearized vector in the order of each com-
bination according to the instructions of the EasyGeno Rapid
Recombination Cloning Kit (Beijing Tian Gen Biotechnology
Company, Beijing, China) (Supplementary Fig. 1). The dif-
ferent constructed adenovirus shuttle vectors were verified
by segmented PCR (see Table 2 for primer information) and
double enzyme digestion experiments.

The correctly identified shuttle vectors were linearized by
Pme I (New England Biolabs, MA, USA) enzyme digestion
and then transferred to BJ5183-AD-1 competent cells (con-
taining pAdeasy-1) for recombination. These obtained ade-
novirus backbone vectors were identified by Pac 1 (New
England Biolabs) restriction enzyme digestion. Using the
Advanced Transfection Reagent kit (Zeta Life, San Francisco,
CA, USA), the constructed vectors were transfected into
293A cells for adenovirus packaging to obtain infectious
multigene coexpression adenovirus stocks.

Canine ADSC Culture

The cADSCs were isolated and identified by the Shaanxi
Stem Cell Engineering Technology Research Center?!'. The
cryopreserved cADSCs were resuscitated with a-MEM
medium and cultured in a 37°C, 5% CO, incubator. When
the cell confluency reached approximately 60%, the success-
fully constructed multigene adenovirus stock was added to
the cells at an MOI (multiplicity of infection) of 100 and then
cultured further.

Reverse transcription quantitative PCR

The total RNA was extracted with the TaKaRa MiniBEST
Universal RNA Extraction Kit (Code No. 9767). The total
RNA was then reverse transcribed into complementary DNA
(cDNA) according to the Takara PrimeScript™RT Master
Mix (Perfect Real Time) (Code No. RR036Q) instructions.
cDNA was used as a template to detect the expression of the
target gene by quantitative PCR (qPCR), based on the prim-
ers listed in Table 3. The GAPDH gene was used as an inter-
nal control. The specific measured methods were carried out
as previously described??. The verification was repeated
three times for each gene of each sample, and the gene
expression level was quantified using the 2 44t method?*.

Western Blot

A total of 50 pg protein was separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
as previously described®®. Primary antibodies against the
targeted proteins included an anti-beta-actin antibody
(ab8227, 1:2,000; Abcam, Cambridge, UK), anti-PDX1
antibody (ab227586, 1:1,000; Abcam), anti-NGN3 antibody
(ab176124, 1:1,000; Abcam), anti-NKX2.2 antibody
(ab86024, 1:1,000; Abcam), anti-PAX4 antibody (ab101721,
1:1,000; Abcam), and anti-SOX9 antibody (ab26414,
1:1,000; Abcam).

Dithizone Staining

Dithizone staining was performed according to a previously
published method?. The cells were stained for 15 min with a
freshly prepared dithizone (Sigma-Aldrich, MO, USA)
working solution at 37°C, and observed and photographed
under an optical microscope.

Glucose-Stimulated Insulin Secretion

A low-glycemic serum-free Dulbecco’s Modified Eagle
Medium (DMEM) (containing 5.6 mmol/l glucose), a high-
glycemic serum-free DMEM (containing 25 mmol/l glu-
cose), or a KCI stimulation solution (containing 30 mmol/;
KCI) was added to the cells for incubation for 30 min. After
that, the canine Insulin Quantikine ELISA Kit (DINS00) was
used to detect insulin secretion in the cell supernatant or cell



Cell Transplantation

Table 3. Primer Sequences Used for Real-Time PCR.

Genes

Sequences

Pdx |-Exogenous-F
Pdx I-Exogenous-R
Ngn3-Exogenous-F
Ngn3-Exogenous-R
Pax4-Exogenous-F
Pax4-Exogenous-R
Nkx2.2-Exogenous-F
Nkx2.2-Exogenous-R

5-CAACTGCTGGAACTGGAA-3’
5-CGCTTCTTGTCCTCTTCTT-3’
5-AGCGGAGAAGCAGAAGAA-3’
5-ATGTAGTTGTGGGCGAATC-3’
5-TGGCGGAGACAAGAGAAG-3’
5-GCACAGATCCTGGAGACT-3’
5-TCAGGCAGCAGAGATACC-3"
5-TTCTAGGAGATGGCAGAGG-3’

Sox9-Exogenous-F 5-ACGGACAAGTGACCTACA-3’
Sox9-Exogenous-R 5-GAGGAGCCTGTGGAGATT-3’
GAPDH-F 5-GCTGAGTATGTTGTGGAGT-3’
GAPDH-R 5-GCAGAAGGAGCAGAGATG-3’
Pdx I-F 5-GTGGATGAAGTCTACCAAGG-3’
Pdx [-R 5-TTGAACAGGAACTCCTTCTC-3’
Pax4-F 5-GGAGACATCACCAGACAG-3’
Pax4-R 5-AATGGAGGCAATGGAAGG-3’
Gata4-F 5-CAGCAACTCCAGCAATGT-3"
Gata4-R 5-ATCGCACTGACTGAGAATG-3’
Nkx2.2-F 5-CTTCTCCAAGGCACAGAC-3’
Nkx2.2-R 5-TCTTGTAGCGGTGGTTCT-3"
Nkxé. 1-F 5-GGAGAGTCAGGTCAAGGT-3"
Nkxé.1-R 5-GTTGTAGTCGTCGTCCTC-3’
MafA-F 5-AGCAAGGAGGAGGTCATC-3"
MafA-R 5-CTTCTCGCTCTCCAGGAT-3’
SLC30A8-F 5-CAGAGCCACCAAGATGTAT-3’
SLC30A8-R 5-CCGAAGCAGCATAGAGTT-3’
ABCC8-F 5-GCTGTGCTTCTCTTCCTT-3’
ABCC8-R 5-GGTCTGTATTGCTCCTCTC-3'
KCNJ8-F 5-CTCGCCAACCAAGACCTA-3’
KCNJ8-R 5-CCTCCTCCTCAGTTACAATAG-3’
G6PC2-F 5-CCAGAGTATTCATAGCAACAC-3’
G6PC2-R 5-GGTCAATGTCAAGCAGTCT-3’
PCSK1-F 5-AGTGGAGAAGATGGTGGAT-3’
PCSKI-R 5-TTGTAGGAGTCTAAGCATAGC-3’
PCSK2-F 5-TATGACTTCAGCGGCAAT-3’
PCSK2-R 5-GCGACCTTGGAGTTGTAT-3’
Insulin-F 5-GCTTCTTCTACACGCCTAA-3’
Insulin-R 5-CTAGTTGCAGTAATTCTCCAG-3’

culture fluid, and then normalized by cell count. The insulin
stimulation release index, SI, is the ratio of insulin secretion
after high-glucose stimulation to that after low-glucose

stimulation.

Immunofluorescence Assay

The immunofluorescence staining was performed according
to a previously published method?>?°. The cells were fixed
in 4% paraformaldehyde for 20 to 30 min, triple-washed
with phosphate-buffered saline (PBS), stained with rabbit
antibodies against dog insulin (ab63820, 1:100; Abcam),
and then stained with DyLight594-labeled goat anti-rabbit
IgG secondary fluorescent antibodies (35560, 1:100;

Invitrogen, Carlsbad, CA, USA). In addition, Hoechst
33342 (Beijing Solarbio Science & Technology Company,
Beijing, China) was used to counterstain the cell nuclei,
after which the cells were photographed with an inverted
fluorescence microscope.

Statistical Analysis

Statistical analysis was performed using SPSS 20.0. A one-
way analysis of variance or ¢ test was used to assess the dif-
ference between the two groups or between multiple groups.
A value of P < 0.05 was considered statistically significant.

Results

Identification and Packaging of Multigene
Coexpression Adenovirus Vectors

First, we cloned specific gene fragments that contain differ-
ent homology arms (A: PdxI-Ngn3; B: Pdx1-Ngn3-Sox9;
C: Pdx1-Ngn3-Pax4-Sox9; D: PdxI-Ngn3-Nkx2.2-Sox9,
and E: PdxI1-Ngn3-Nkx2.2-Pax4) from pUCS57 plasmids
(Supplementary Fig. 2) and then reconnected these frag-
ments with the vector pAdTrack-CMV that was digested by
Bgl 11 and Hind 111 to obtain different adenovirus shuttle vec-
tors. The obtained vectors were verified by segmented PCR
and double enzyme digestion (Bg/ Il and Hind 11I), and the
electrophoresis results showed that all vectors were consis-
tent with the expected product size (Supplementary Figs. 3
and 4A), which proved that the five groups of adenovirus
shuttle vectors were successfully constructed.

Afterward, the five groups of adenovirus shuttle vectors,
treated with Pme I enzyme, were transferred into BJ5183-AD-1
competent cells to obtain different adenovirus backbone
vectors. These obtained adenoviral backbone vectors were
processed by the restriction endonuclease Pac 1 for reverse
verification, and the electrophoresis results showed that two
bands of approximately 30 kb and 5 kb were consistent with
the expected product sizes (Supplementary Fig. 4B).

Then the adenovirus backbone vectors treated with Pac 1
enzyme were purified, recovered, and then transfected into
293A cells, respectively. A small amount of green fluores-
cence was observed in the cells after 24 h of culture, and green
fluorescence was seen in the cells in the full field view after
48 h (Supplementary Fig. 4C). When the cells were continu-
ously cultured until they were observed to be in the shape of
grape clusters, we collected the cell suspension and performed
repeated freezing and thawing to collect the successfully pack-
aged A, B, C, D, and E combination adenovirus stocks.

Expression of Exogenous Genes in cADSCs After
Infection With Multigene Adenovirus Stocks
We used the successfully constructed adenovirus stocks of

the five combinations of A, B, C, D, and E to infect the cAD-
SCs, respectively, and then assess the expression levels of
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Figure |. The expression levels of exogenous genes in cADSCs after infection with multigene adenovirus stocks. (A—E) The mRNA
expression levels of exogenous genes in cADSCs after infection with the five multigene adenovirus stocks; (F) the protein expression
levels of exogenous genes in cADSCs after infection with the five multigene adenovirus stocks. cADSCs: canine adipose-derived

mesenchymal stem cells; mRNA: messenger RNA. ***P < 0.001 versu

the exogenous genes in the cADSCs after 4 days of culture.
The results from the reverse transcription quantitative
(RT-gPCR) and western blotting showed that the expression
of the corresponding exogenous transfected gene in the cells
after infection was significantly higher than that of the con-
trol group, and the trends of the messenger RNA (mRNA)
level and the protein level of the target gene were roughly the
same (Fig. 1). The results indicated that these five combina-
tions of adenoviruses can successfully introduce different
exogenous genes into cADSCs.

Expression of GFP in cADSCs After Infection
With Multigene Adenovirus Stocks

To understand the effect of the multigene coexpressing ade-
noviruses on cADSCs, we observed the cell morphology and

s the negative group.

green fluorescent protein (GFP) expression in cADSCs dur-
ing the infection process by microscopic evaluation (Fig. 2).
A large amount of relatively weak GFP expression was
detected in the cADSCs infected with the five combination
adenoviruses after 2 days. The fluorescence intensity of GFP
in the cells infected by each combination of adenovirus
increased significantly after 4 days of infection. At the end of
the 30-day induction, the adenovirus-infected cells in each
group appeared clustered and showed a spherical shape of
pancreatic islet-like cells. However, the empty vector-
infected cells did not clump by the 30th day, and their GFP
expression decreased significantly.

After induction for 30 days, the number of cell agglomer-
ates in the combinations of A, B, C, D, and E were signifi-
cantly higher than those of the empty control group (Fig. 3).
For example, there were approximately 103 cell clusters in
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Combination A

Combination B

Combination C

Combination D

Combination E

Empty vector

30th day

Figure 2. The cell morphology change (bright field) and green fluorescent protein expression (fluorescent images) in canine adipose-
derived mesenchymal stem cells after infection with multigene adenovirus stocks (100X magnification) on the 2nd, 4th, and 30th day.
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Figure 3. Statistical analysis of the cell agglomerates after
infection with multigene adenovirus stocks for 30 days.
*RkP < 0.001 versus the empty vector control group.

10% cADSC cells, the diameter of the cell cluster was approx-
imately 98 um, and each cell cluster contained approximately
105 cells in group E. This phenomenon of cell clustering
indicates that the cells had a preference to differentiate into
pancreatic islet-like cell clusters.

Identification of Islet-Like Cell Clusters After
Infection of cCADSCs With Multigene
Adenovirus Stocks

We used dithizone staining to identify whether the cADSC
cell group induced by multigene coexpression adenovirus
infection had the characteristics of islet-like cells. The cell
clusters after induction for 30 days with A, B, C, D, or E
combinations all showed scarlet red staining after dithizone
staining, while the cells in the empty vector control group did
not show scarlet staining (Fig. 4). This result indicated that
the cell clusters induced by multigene coexpression adenovi-
rus infection exhibited the characteristics of islet cells.
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Figure 4. Dithizone staining of canine adipose-derived mesenchymal stem cells after infection with multigene adenovirus stocks

(100X magnification).
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Figure 5. Insulin secretion and insulin stimulation release index of canine adipose-derived mesenchymal stem cells after infection
with multigene adenovirus stocks. (A) Insulin secretion in the supernatants; (B) insulin secretion into the cell culture fluid; (C) insulin
stimulation release index. ¥**P < 0.001 versus the empty vector control group.

Insulin Secretion of cADSCs After Infection With
Multigene Adenovirus Stocks

To further determine whether the cell clusters that were
induced by the infection of the different multigene coexpres-
sion adenoviruses had the function to produce insulin, we
performed glucose stimulation tests on canine pancreatic
islet cells and the cells that were infected with adenoviruses
with different combinations of multigene (Fig. 5). The results
of insulin secretion in the cell supernatant and cell fluid
showed that the insulin contents of the cells of five groups
were significantly higher than those of the empty vector
group but lower than those of the islet cells (Fig. 5A, B). The
insulin secretion measured in the cell fluid was slightly
higher than that of the supernatant, and the insulin secretion
levels after KCI1 stimulation and high-glucose stimulation
were similar. The insulin secretion of the E group cells was
the largest among the five induction groups, and the insulin
stimulation release index SI of the E group cells (SI in the
supernatant was 2.00; SI in the cell fluid was 2.10) was also

higher than that of the cells of other four groups but lower
than that of the islet cells (SI in the supernatant was 2.65; SI
in the cell fluid was 2.51) (Fig. 5C).

In addition, the insulin immunofluorescence results of the
cells after infection with the five groups of multigene adeno-
virus stocks all showed the red fluorescence (Fig. 6).
However, only blue-stained nuclei were observed in the cells
infected with the empty vector. The result confirmed that
infection of the cADSCs with the five multigene coexpress-
ing adenoviruses could induce the production of IPCs.

The Expression of Genes Related to the
Development of Islet 3-Cells After Infection of
cADSCs With Multigene Adenovirus Stocks

To understand the regulation process of cADSC differentia-
tion into islet-like cells induced by different multigene ade-
noviruses, we tested the expression levels of pancreatic
B-cell development—related genes (Pdx!, Pax4, Gata4, and
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Figure 6. Insulin immunofluorescence staining of canine adipose-derived mesenchymal stem cells after infection with multigene

adenovirus stocks (100X magnification).

Nkx2.2), insulin secretion—related genes (Nkx6.1, MafA,
SLC3048, ABCCS, KCNJS, and G6PC2), and insulin
formation—related genes (PCSK!, PCSK2, and Insulin) in
the differentiated cells. As shown in Fig. 7, the expression
levels of islet B-cell development—related genes (Pax4 and
Nkx2.2), insulin secretion—related genes (Nkx6.1, ABCCS,
and KCNJS8), and insulin formation-related genes (PCSK/,
PCSK?2, and Insulin) in the cells infected with the five mul-
tigene coexpressing adenoviruses were significantly higher
than in the cells of the empty vector group. Among them, the
gene expression levels of Insulin, PCSK2, and SLC3048
of groups B and E were significantly higher than those of
groups A, C, and D, and the gene expression of group E was
higher than that of group B. These results indicate that the
E group infection had the highest efficiency in inducing
cADSCs to differentiate into pancreatic islet cells. When
compared with the pancreatic islet cell group, the expression
levels of Pdxl, MafA, Nkx2.2, Pax4, Gata4, Insulin, and
ABCCS8 were still lower in group E.

Discussion

ADSCs contain biologically active substances that regulate
blood sugar balance, such as leptin, adipocytokines, and
visfatin, and are better sources of seed cells for diabetes
cell transplantation therapy compared with other MSCs?72%,

Many studies have reported that transferring key genes that
regulate the development of islet B-cells into ADSCs can
induce them to differentiate into IPCs'$2%3°, However, only
part of the cascade-regulated gene expression can be found
in the induced IPCs, and the ability to secrete insulin from
[PCs is limited. The main reason may be that the screening of
exogenous regulatory genes has not been sufficiently com-
prehensive. Currently, many researchers often simultane-
ously overexpress multiple foreign genes in a target cell to
study their mutual synergy or inhibition. Previous studies
have reported that the combined induction of multiple differ-
ent exogenous genes can promote the differentiation of
MSCs into IPCs with insulin secretion function, and the
induction effect of multiple genes was significantly better
than that of induction with a single gene!?.

In this study, we used the 2A sequence to carry out the
recombination connection between multiple foreign genes’!.
Adenovirus vector-mediated gene transfer has the advan-
tages of instantaneous high-level transgene expression and
nonintegration into chromosomes?®?. Therefore, we had suc-
cessfully constructed five multigene coexpression adenovi-
rus vectors using this ideal transgenic tool. We tested the
expression of exogenous genes after infection of cADSCs
with these adenovirus stocks. It was found that the expres-
sion levels of the exogenous genes in the cells after infection
with the five multigene adenoviruses were significantly



Gao et al

5000+ Empty vector Il Combination D

=
4000 3 Combination A =3 Combination E
30004 B Combination B EH Islet cells
==

20004 Combination C

1000+ rx

The expression of gene mRNA

-
e [k I Ak 1

Figure 7. The mRNA expression levels of islet 3-cell development—related genes of canine adipose-derived mesenchymal stem cells
after infection with multigene adenovirus stocks. *P < 0.05, **P < 0.01, ***P < 0.001 versus the empty vector control group. mRNA,

messenger RNA.

higher than those of the control group, and the expression
levels of exogenous genes in the different multigene groups
were also significantly different. As previous studies have
reported, there are many factors, such as size, location, num-
ber, and type of the target gene, that can affect the final gene
expression in the infected cells in 2A peptide—mediated
coexpression of multiple genes3. We used different 2A pep-
tides to connect multiple genes, and as the cleavage efficien-
cies of the different 2A peptides are different, this might
cause more uncertainty in the cleavage efficiency?. Thus,
this result may be due to the connection sequence of the dif-
ferent genes and the different cutting efficiency of the 2A
peptide when we constructed the vectors. Interestingly, the
results of RT-qPCR and western blotting revealed that the
expression levels of the last gene in multiple combinations
were higher than those of the other genes, and the specific
reasons for this phenomenon still need to be further explored.

Cell differentiation is affected by both the combination of
gene control programs and the microenvironment where the
cell is located. Among these, genetic programming is the
decisive factor that controls the differentiation of stem cells,
and the external environment can only play a role by

influencing the selective expression of genetic programming
within the cell. To study the genetic control program for the
differentiation of ADSCs into pancreatic 3-cells, we infected
cADSCs with the adenovirus stocks of A, B, C, D and E
combinations and then tested the induction effect of each
combination. At first, we found that cells in all five groups
showed pancreatic islet-like cell clusters after induction with
the five polygenic adenoviruses, and the cell immunofluores-
cence results were positive for dithizone and insulin staining.
However, by comparing the amount of insulin secretion, SI,
and the mRNA expression of islet development-related
genes, we found that the E combination (pAdTrack-Pdx1-
Ngn3-Nkx2.2-Pax4-AdEasy) had the best induction effect,
and the induction effect of the B combination (pAdTrack-
Pdx1-Ngn3-Sox9-AdEasy) was better than that of the A
(pAdTrack-Pdx1-Ngn3-AdEasy), C (pAdTrack-Pdx1-Ngn3-
Pax4-Sox9-AdEasy) and D (pAdTrack-Pdx1-Ngn3-Nkx2.2-
Sox9-AdEasy) combinations. These findings indicate that the
coordinated expression of Pdxl, Ngn3, Nkx2.2, and Pax4
plays an important role in the gene control program that
induces the differentiation of cADSCs into IPCs. At the same
time, it also showed that Sox9 had a synergistic effect with
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Pdx1 and Ngn3, but when Nkx2.2 or Pax4 was added to the
three-gene combination (Pdx/-Ngn3-Sox9), antagonism may
have occurred and led to poor induction effects. The specific
reason needs to be further experimentally studied. In addi-
tion, although the exogenous genes PdxI, Ngn3, Pax4,
Nkx2.2, and Sox9 were successfully introduced into cADSCs
in the form of different combinations and induced cADSCs
to differentiate into IPCs, the insulin secretion level of cells
that were infected with the adenovirus carrying the best gene
combination of Pdx/-Ngn3-Nkx2.2-Pax4 was still extremely
significantly lower than that of the islet cells, which is far
from the goal of a clinical diabetes treatment.

The same transcription factor exhibits different effects at
different developmental stages in the pancreas, and the in
vivo microenvironment can facilitate further induction and
maturation of pancreatic 3-cells to compensate for the dam-
aged pancreatic B-cells and regulate blood sugar levels®>-¢.
Therefore, in the follow-up research, we will further opti-
mize the induction program by adding exogenous activin®’,
controlling the time point of gene expression’®, creating a
cell microenvironment, and ultimately screening different
combinations of transgene induction.

Conclusion

In this study, five groups of multigene coexpressing adeno-
viruses were used to infect cADSCs to induce them to dif-
ferentiate into IPCs. Through morphological observation,
dithizone staining, sugar-stimulated insulin secretion test, cel-
lular immunofluorescence, and RT-qPCR assessment in the
induced cells, the best induction combination (pAdTrack-
Pdx1-Ngn3-Nkx2.2- Pax4-AdEasy) was identified after
comparative screening. This study provides a theoretical
reference and an experimental basis for further exploration
of more efficient diabetic cell transplantation programs.
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