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Purpose: Type 1 diabetes mellitus (TIDM) is characterized by irreversible islet B cell
destruction. Accumulative evidence indicated that Cdc42 and Wnt/B-catenin signaling both
play a critical role in the pathogenesis and development of TIDM. Further, bio-molecular
mechanisms in adipose-derived mesenchymal stem cells (ADSCs)-derived insulin-producing
cells (IPCs) remain largely unknown. Our aim was to investigate the underlying mechanism
of Cdc42/Wnt/B-catenin pathway in ADSC-derived IPCs, which may provide new insights
into the therapeutic strategy for TIDM patients.

Methods: ADSC induction was accomplished with DMSO under high-glucose condition.
ML141 (Cdc42 inhibitor) and Wnt-3a (Wnt signaling activator) were administered to ADSCs
from day 2 until the induction finished. Morphological changes were determined by an
inverted microscope. Dithizone staining was employed to evaluate the induction of ADSC-
derived IPCs. qPCR and Western blotting were employed to measure the mRNA and protein
expression level of islet cell development-related genes and Wnt signaling-related genes. The
proliferation ability of ADSC-derived IPCs was also detected with a cell counting kit (CCK)
assay. The expression and secretion of Insulin were detected with immunofluorescence test
and enzyme-linked immunosorbent assay (ELISA) respectively.

Results: During induction, morphological characters of ADSCs changed into spindle and
round shape, and formed islet-line cell clusters, with brown dithizone—stained cytoplasm.
Expression levels of islet cell development-related genes were up-regulated in ADSC-
derived IPCs. Wnt-3a promoted Wnt signaling markers and islet cell development-related
gene expression at mRNA and protein levels, while ML141 played a negative effect. Wnt-3a
promoted ADSC-derived IPC proliferation and glucose-stimulated insulin secretion (GSIS),
while ML141 played a negative effect.

Conclusion: Our research demonstrated that DMSO and high-glucose condition can induce
ADSCs into IPCs, and Wnt signaling promotes the induction. Cdc42 may promote IPC
induction, IPC proliferation and insulin secretion via Wnt/B-catenin pathway, meaning that
Cdc42 may be regarded as a potential target in the treatment of TIDM.
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Introduction

Diabetes mellitus (DM) is a progressive metabolic disease characterized by hyper-
glycemia. Nowadays, diabetes has become one of the major public health care
problems in the world, with millions of people around the world suffering." As
diabetes progresses, it can permanently damage target organs, causing complications
and diabetic

such as diabetic nephropathy, heart failure, stroke, angina,
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retinopathy.”* T1DM is characterized by irreversible islet
cell destruction resulted from T-cell-mediated autoimmune
disorder, which eventually leads to absolute insulin
deficiency.” Nowadays, diet control, oral hypoglycemic
drugs and insulin injection are the most common applied
diabetes therapies. However, these regimens failed to main-
tain sustained blood glucose homeostasis.® How to regen-
erate B cells and prevent the autoimmune destruction of
remnant B cells is a tough problem. Many scholars consider
whole pancreas and islet transplantation as more effective
than traditional therapeutic schedule.”* Unfortunately, their
clinical use is limited due to operation-related risks, lifetime
immunosuppression, and the scarcity of organ donors.”
Considering shortages of islet donors, stem cell transplanta-
tion provides possibilities of replacing pancreatic B cells,
and it has drawn great attention to academia. Considering
stem cells can differentiate into insulin-producing cells
(IPCs), a previous study suggests that stem cell-derived
IPC transplantation is the most promising treatment other
than islet transplantation.'® However, previous researchers
failed to approach an appropriate source of IPCs without
moral conflict, immunogenicity, and tumorigenicity. In
recent years, mesenchymal stem cells (MSCs) from differ-
ent tissues have attracted great attention. It is convenient to
obtain MSCs from various tissues, such as skin,'' umbilical
cord,'? spleen,'® bone marrow'* and adipose tissue.'”
Among them, adipose-derived mesenchymal stem cells
(ADSCs) serve as a proper candidate for clinical applica-
tion, for no moral issues involved. Considering its paracrine
effect and potential for differentiation, ADSCs might also
be an effective therapeutic target for cell replacement in
diabetic patients.

The Rho GTPase protein cell division cycle protein 42
(Cdc42) can activate signaling cascades related to B cell
proliferation, insulin secretion, etc.'® Glucose-stimulated
insulin secretion (GSIS) consists of two phases: the first
phase is fast with a small amount of insulin released; the
second phase is more persistent with a higher level of
insulin released. Many studies have demonstrated that
Cdc42 participates in the second stage of GSIS under the
high-glucose condition.'”° However, there are no pub-
lished articles that display the link between Cdc42 and
ADSC induction into IPCs.

Whnt signaling plays a crucial regulatory role in the devel-
opment process and tissue homeostasis of multicellular organ-
isms, including cell-specific differentiation, cell proliferation,
morphogenesis, and tissue integrity maintenance.”'** Wnt
signaling network is composed of several branches, classified

as 1) the classical B-catenin-dependent Wnt pathway; 2) the -
catenin-independent Wnt/planar cell polarity (PCP) pathway;
and 3) the non-classical Wnt/calcium pathway.”> Wnt/p-cate-
nin signaling is involved in the genesis of pancreatic islets and
the proliferation of pancreatic f cells.>* Therefore, we spec-
ulate that Wnt/B-catenin signaling may play vital roles in
Cdc42 regulation in ADSC induction.

However, the exact mechanism by which Cdc42 reg-
ulates in Wnt/B-catenin signaling in ADSC-derived IPC
induction remains unclear. Some relevant reports indicate
that Wnt/B-catenin signaling promotes the differentiation
of ADSCs into insulin-secreting cells.”> Mechanically,
Wnt ligand binds to frizzled (Fz) and low-density lipopro-
tein receptor-associated protein 5/6 (LRP5/6) receptors.
Subsequently, Fz recruits Dvl, leading to intracellular
phosphorylation of LRP5/6 terminal. Glycogen synthase
kinase 3 (GSK3p) phosphorylation impedes complex for-
mation of casein kinase 1 (CK1), scaffold protein (Axin),
tumor suppressor adenomatous polyposis coli (APC) and
GSK3p. Unphosphorylated p-catenin accumulates in the
cytoplasm and traverses into the nucleus.””> Endogenous
GSK3p activity controls in vitro islet B cell growth by
feedback inhibition of the insulin receptor/PI3K/Akt sig-
naling pathway.?® In addition, studies have shown that
inhibiting GSK3f has a potent stimulatory effect on P
cell regeneration in vivo via increasing pancreatic and
duodenal homeobox 1 (PDX1) or glucose transporter 2
(GLUT2) expression in ductal cells.”” PDX1 plays crucial
roles in the early embryonic pancreatic formation and later
maturation of beta-cell function.”® PDX1 protein activated
Insulin and neurogenin 3 (Ngn3) by combining with the
promoter regions of them, thereby inducing differentiation
of induced pluripotent stem cells into islet p cells.?*°
GLUT?2 specifically locates on the cell membrane of islet
B cell and can regulate the synthesis and secretion of
insulin.*' B-Catenin is able to convert a transcription factor
(TCF) protein into a transcriptional activator. Besides,
silencing transcription factor 7-like 2 (TCF7L2) gene
increases apoptosis of pancreatic B cells in islets, with
impeded P cell proliferation and insulin secretion.*” Loss
of TCF7L2 leads to decreased insulin secretion, indicating
that Wnt signaling disorder may cause the susceptibility
and pathogenesis of diabetes.”® Recent studies demon-
strated a positive effect of Cdc42 in regulating migration,
proliferation and differentiation of MSCs.***> More
importantly, Li et al observed that Cdc42activates APC
and GSK3p, downstream of Wnt/B-catenin signaling, via
regulating the formation of the Par6/aPKC complex,
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thereby affecting proliferation and migration of endocar-
dial endothelium cells.*®

In this study, we aim to demonstrate whether and how
Cdc42 modulates in Wnt/B-catenin signaling in ADSC-
derived IPCs and the effects on ADSC-derived IPC pro-
liferation and insulin secretion.

Materials And Methods

Reagents

Anti-Cdc42 antibody was purchased from Abcam
(Cambridge, MA, USA) and anti-Dvl-2 antibody was pur-
chased from Cell Signaling Technology (Trask Lane
Danvers, MA, USA). Anti-Insulin, anti-Ngn3, anti-NeuroD1,
anti-PDX1, anti-non-p-GSK3p, anti-p-GSK3p, anti-non-p-f3-
catenin, and anti-B-actin antibodies were purchased from
Affinity Biosciences (Cincinnati, OH, USA). HPR-labeled
anti-rabbit IgG of goat and HPR-labeled anti-rat IgG of goat
were purchased from Zhongshan Jingiao Company (Beijing,
China). Recombinant human Wnt-3a was purchased from
R&D Inc. (Minneapolis, MN, USA), and Cdc42 inhibitor
ML141 (5mg) was purchased from Selleck (Houston, TX,
USA). DTZ was obtained from Sigma (St. Louis, MO,
USA). Bovine serum albumin (BSA), Triton-100 and DMSO
were purchased from Solarbio (Beijing, China). Low-glucose
Dulbecco’s modified Eagle’s medium (DMEM) and DMEM
containing 4.5 g/LL glucose were obtained from Gibco-BRL
(Gaithersburg, MD, USA). Wistar rat ADSC basal medium
was purchased from Cyagen (USA). Fetal bovine serum (FBS)
was purchased from Biological Industries (Cromwell, CT,
USA). Penicillin and streptomycin were purchased from
Gibco Life Technologies (Carlsbad, CA, USA). Krebs-
Ringer bicarbonate HEPES (KRBH) was purchased from
PanEra Company (Guangzhou, China). Enzyme-linked immu-
nosorbent assay (ELISA) Kit for Insulin was purchased from
Cloud-Clone Corp (Wuhan, China).

Cell Culture

Wistar rat ADSCs were purchased from the American
Type Culture Collection (Manassas, VA, USA). ADSCs
were cultured in Wistar rat ADSC basal medium supple-
mented with 10% fetal bovine serum, 1% glutamine and
1% penicillin/streptomycin at 37 °C in a 5% CO, humidi-
fied incubator.

Experiment Groups
To investigate whether ML141 administered into ADSC
induction via Wnt/B-catenin signaling, we arranged ADSCs

into different groups including control group, control+Wnt3a
group, induction group, induction+Wnt-3a group, induction
+ML141 group, induction+Wnt-3a+ML141 group. The con-
trol group was cultured in DMEM/F12 medium containing
10% FBS for 10 days. ML141 and Wnt-3a were administered
into the culture medium on the second day of induction, at a
concentration of 10 M and 100ng/mL, respectively. The
medium was changed every 2 days. Morphological observa-
tion and follow-up protein and mRNA detection were per-
formed during the induction.

Induction Of ADSCs>"®

When ADSCs were cultured to about 80-90% confluence at
P3-P5, the culture medium of ADSCs was changed to low-
glucose DMEM culture medium with 1% DMSO for 3 days.
Then, ADSCs were completely induced with 4.5 g/L
D-glucose DMEM culture medium with 10% FBS for
7 days. The induction process was carried out at 37 °C, 5%
CO, and saturated humidity.

Dithizone Staining®’

Fifty-milligram DTZ was dissolved in 5 mL DMEM. After
filtrating through a 0.22-pm filter, the DTZ solution was
stored at —20°C as mother liquor. On day 10 of induction,
100ul DTZ was diluted to 10 mL (phosphate buffered saline)
PBS or culture media. After induction, ADSCs were
removed from the incubator and were washed 3 times with
PBS, and then DTZ (10mg/mL) staining solution was added
to the cells in a six-well plate in 2 ml volume. Cells were
incubated at 37°C for 15 mins and washed three times with
PBS. Cells were analyzed using an inverted microscope
(Olympus, Japan) for the detection of Crimson red-stained
clusters.

Real-Time RT-qPCR

Reverse transcription into cDNA using RNA as a template
with EasyScript One-Step gDNA Removal and cDNA
Synthesis SuperMix kit (TransGen Biotech, Beijing,
China) was conducted by following the manufacturer’s
instruction. The qPCR was determined by the ABI 7500
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) using the following conditions: 94°C for 30s
and 40 cycles of 94°C for 5s and 62°C for 30s. The qPCR
detected the expression of islet cell development-related
genes in each group with TransStart Tip Green qPCR
SuperMix (+Dye II) kit (TransGen). Specific primer pairs
were designed and synthesized by The Beijing Genomics
Institute (BGI) including Cdc42, GLUT2, PDX1, Ngn3,
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GSK-3p, B-Catenin, NeuroD1, TCF7L2, Insulin, GAPDH
(Table 1). The software calculates the corresponding CT
value of each gene and the RQ value, that is, the 2 42
value. The relative expression level of each gene mRNA

27AACt yalue. At least three inde-

was calculated using the
pendent RT-qPCR experiments were performed for statis-

tical analysis.

Western Blot Assay

Protein concentration was detected by Enhanced BCA
Protein Assay Kit (Beyotime, Shanghai, China). The pro-
teins in the lysate were then subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
Solarbio) for separation and transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Billerica,
MA, USA). After transfection, the membrane was blocked
in 5% skim milk powder (Becton, Dickinson, and
Company, Franklin Lakes, NJ, USA) and slowly incubated
for 2 hrs in the shaker at room temperature. The immunor-
eactive protein bands were visualized by EasySee Western
Blot Kit (TransGen Biotech). Primary antibodies were anti-
Cdc42, anti-Dvl-2, anti-Insulin, anti-Ngn3, anti-NeuroD]1,

Table | Details Of The 10 Genes Markers

anti-PDX1, anti-non-p-GSK3p, anti-p-GSK3p, anti-non-p-
B-catenin, and anti-B-actin at a dilution of 1:1000. B-Actin
was used as an internal control. All Western blot assays
were determined by a luminescent image analyzer (GE
Healthcare Bio-Sciences AB, Sweden).

Cell Proliferation Assay

The proliferation rate of IPCs was determined by TransDetect
cell counting kit (CCK) (TransGen Biotech) according to the
manufacturer’s instruction. On the 10th day after the induction
of ADSCs, each group of cells was digested and plated at 5000
cells per well of a 96-well plate, and each group of cells was
provided with 4 replicate wells and 1 zero-adjusted well (zero-
well plus CCK plus medium). PBS was added to the peripheral
wells for containing cell wells and placed in a layer of the
incubator. The optical density at 450 nm (ODyso) was mea-
sured by SpectraMaxParadigm enzyme labelling apparatus
(Molecular Devices LLC, Sunnyvale, CA, USA) at 24, 48,
and 72hrs, respectively. One hour before the measurement, the
cells were washed with PBS, and 10 pL. of CCK reagent and
90 pL of the medium were added to each well and then
incubated in an incubator for 1 hr. No bubbles were observed

Gene Primer Sequence (5'-3) Size (bp)
GAPDH Forward TGCACCACCAACTGCTTAGC 87
Reverse GGCATGGACTGTGGTCATGAT
Cdc42 Forward TTGCTTGTCGGGACCCAAAT 147
Reverse GGCGGAACACTCCACATACT

GLUT2 Forward CTCTGTGCTGCTTGTGGAGA 77
Reverse CGGCACAGAAAAACATGCCA

PDXI Forward CCTTTCCCGAATGGAACCGA 100
Reverse TTTTCCACGCGTGAGCTTTG

Ngn3 Forward CATAGCGGACCACAGCTTCT 125
Reverse GGCTACCAGCTTGGGAAACT

GSK-38 Forward TTCTCGGTACTACAGGGCACCA 107
Reverse GTCCTAGCAACAATTCAGCCAACA

f3-Catenin Forward GTCTGAGGACAAGCCACAGGACTAC 15
Reverse AATGTCCAGTCCGAGATCAGCA

NeuroD| Forward CCCTGGAGCCCTTCTTTGAA 125
Reverse AAACTCGGTGGATGGTTCGT

TCF7L2 Forward CGCACTTACCAGCTGACGTA 147
Reverse GCTGACCTTGCTGTGGTACT

Insulin Forward CACCTTTGTGGTCCTCACCT 118
Reverse GCTCCAGTTGTGGCACTTG
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in each well during the measurement. The final CCK value is
the measured value minus the value of the zeroing well.

Immunofluorescence Staining

After 10 days of ADSC induction, the cells were adminis-
tered 2 mL of a fixing solution (methanol: acetone = 1:1) per
well of a 96-well plate and fixed at room temperature for 30
mins. The fixative was discarded and washed 3 times with
PBS at room temperature. Subsequently, the fixative was
discarded and washed 3 times with PBS at room tempera-
ture. The cells were blocked for 2 hrs with 2 mL of PBS
containing 5% BSA and 0.3% Triton-100 per well. And
ADSCs were incubated with a primary antibody (insulin)
at a dilution of 1:100 overnight at 4°C condition. After
being washed with PBS 3 times for 10 mins each time, the
sections were incubated with the prepared fluorescent sec-
ondary antibody Alesa Fluor 488 at a dilution of 1:250 for 1
hr at 37°C (starting with secondary antibody, avoiding light
throughout the follow-up experiment). 40,6-Diamidino-2-
phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) was
used to stain the nuclei. Images were captured using the
Olympus th4-200 microscopy system (Olympus, Tokyo,
Japan).

Insulin Secretion Assay

To identify the effects of the Cdc42/Wnt/B-catenin signal-
ing pathway on insulin secretion by ADSCs, Wnt-3a and
ML141 were administered into ADSCs. The level of insu-
lin secretion under 3.0 and 20.0 mM glucose stimulation
was detected by measuring the amount of secreted insulin
in the supernatant. Then, cells were stimulated with
Krebs—Ringer bicarbonate HEPES (KRBH; PanFra,
Guangzhou, China) containing 3.0 and 20.0 mM glucose
for 1 hr. To assess insulin secretion, 5.5x10° ADSCs were
inoculated in 6-well plates and cultured for 24 hrs before
transfection. After 40 hrs of transfection, the medium was
removed. Next, 1 mL KRBH buffer was added to each
well and the mixture was incubated for 1 hrs. Thereafter,
the KRBH buffer was removed and 1ml KRBH containing
3.0 or 20.0 mM glucose (Solarbio) was added for 1 hr. The
levels of insulin were detected by enzyme-linked immu-
nosorbent assay (ELISA) using an ELISA Kit for Insulin
(Cloud-Clone Corp., Wuhan, China) according to the man-
ufacturer’s instructions.

Statistical Analysis
All data for this experiment were the results of at least
three independent experiments and were presented as

mean + standard deviation (SD). The graphs were made
using GraphPad Primer 6 software (GraphPad Software,
San Diago, CA, USA), and the experimental data were
analyzed by software SPSS 17.0 (SPSS Inc., Chicago, IL,
USA). The comparison between the two groups was ana-
lyzed by Student’s #-test. The comparison of each index
among the groups was analyzed by one-way analysis of
variance (ANOVA) method. Statistical significance was set
at a p-value of less than 0.05.

Results

Endogenous Cdc42 Protein Expression In

ADSCs And Effect Of MLI141 In IPCs
Endogenous Cdc42 Protein Expression In ADSCs s
Up-Regulated

To investigate whether Cdc42 affects the differentiation of
ADSC:s into islet B-like cells, we compared the endogen-
ous Cdc42 expression level between ADSCs and rat islets.
The Western blot results showed a higher expression level
of Cdc42 in ADSCs compared with that in rat islets
(»<0.001) (Figure 1A), indicating that Cdc42 might affect
the differentiation of ADSCs into IPCs. To this end, we
decided to investigate the effect of Cdc42 by inhibiting the
expression of Cdc42 in ADSCs rather than overexpression.

ML141 Suppresses Cdc42 mRNA Expression In IPCs
Considering the overexpression of Cdc42 in ADSCs, we
applied ML141, a Cdc42 inhibitor, and investigated its
effect on Cdc42 mRNA expression in [PCs. qPCR results
showed that, compared with IPCs, Cdc42 mRNA expres-
sion decreased significantly in IPCs with ML141 (10uM)

Rat islets

A ADSC
Cdod2 - - 21kDa 15

pacun R 02

w

Cdc42
Relative mRNA level

I
°

2]

Cdc42
Target protein/B-actin
& &

bl

Figure | (A) Endogenous Cdc42 expression level in ADSCs is up-regulated.
Endogenous Cdc42 expression in ADSCs and rat islets was measured by Western
blot. (B) MLI4I suppresses the Cdc42 expression in IPCs. Cdc42 mRNA expres-
sion in control group, induction group and induction+ML14| group were measured
by qPCR. Data were shown as the mean * SD, n = 3. Values were significantly
different compared with the corresponding control value at *p<0.01, **p<0.001.
Abbreviations: ADSCs, adipose-derived mesenchymal stem cells; Cdc42, cell
division cycle protein 42; con, control group.
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(»p<0.01) (Figure 1B). These results showed that ML141
administration decreased the Cdc42 mRNA expression
level in ADSC-derived IPCs.

ADSCs Are Induced Into IPC

Morphological Changes During IPC Induction

To investigate the morphological change of ADSCs during
the induction, we examined morphological characters of
ADSCs with a 10x inverted microscope objective (100x
total magnification) on days 3, 6, and 10. As shown in
Figure 2, on day 3, control group shaped fibroblast-like
(Figure 2A(a)), while the number of ADSCs in the induc-
tion group decreased, and cell morphology changed into

A

(A)

(B)

spindle shape and round shape (Figure 2A(d)). On day 6,
the induction group showed spindle shape with distinct
cell borders (Figure 2A(e)), while the control group
showed a compact arrangement (Figure 2A(b)). On day
10, the induction group began forming islet-line cell clus-
ters (ICCs) (Figure 2A(f)), while the control group com-
pacted more tightly, and no ICCs were observed

(Figure 2A(c)).

Dithizone Stain In IPCs

To confirm whether ADSC-derived IPCs were inducted,
we stained the induced ADSCs with dithizone (DTZ) for
10 days after the induction. DTZ is a zinc-chelating agent

* 4 con
I3 induction

Relative mRNA level

Figure 2 (A) Morphological changes of cells during IPC induction. Morphological changes of cells in the control group on days 3 (a), 6 (b) and 10 (c). Morphological changes
of cells in the induction group on days 3 (d), 6 (e) and 10 (f). Morphological changes of cells were observed by inverted microscope. (B) ADSCs with DTZ staining. (a)
Stained ADSC clusters in the induction group with intracellular brown particles (+) (100xmagnification), and the zoom-in figure in the lower left corner (200%magnification).
(b) No DTZ stained cells were found in the control group (-) (100xmagnification). (c) mMRNA expression changes of islet cell development—related genes in IPCs. qPCR was
performed to measure the mRNA expression of islet cell development—related genes, including PDXI, Insulin, Ngn3, GLUT2 and NeuroD|. Data were shown as the mean *
SD, n = 3. Values were significantly different compared with the corresponding control value at ¥p<0.05 and **p<0.01.

Abbreviations: ADSCs, adipose-derived mesenchymal stem cells; IPCs, insulin-producing cells, PDXI, pancreatic and duodenal homeobox |; Ngn3, neurogenin 3; GLUT2,
glucose transporter 2; NeuroD|, neurogenic differentiation I; con, control group.
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known to stain islet B cells selectively. As shown in
Figure 2B, induced ADSCs formed several clusters and
contained intracellular brown particles stained by DTZ
(Figure 2B(a)), compared to the uninduced control group
(Figure 2B(b)). These results indicated that ADSC-derived
IPCs were inducted.

To verify whether we successfully inducted ADSCs into IPCs,
we employed qPCR to analyze mRNA expression of genes
related to pancreatic B cell growth and function, including
PDX1, insulin, Ngn3, GLUT2 and neurogenic differentiation
1 (NeuroD1). The results showed that mRNA expression
levels of PDX1 (p<0.05), Insulin (p<0.01), Ngn3 (p<0.01)
and NeuroD1 (p<0.05) were significantly up-regulated in
ADSC-derived IPCs (Figure 2C). These results showed that
ADSCs were inducted into IPCs successfully.

Effect Of ML141 And Wnt/B-Catenin
Signaling On Induction Of ADSCs Into

IPCs

ML141 Negatively Affects Wnt/p-Catenin Signaling In
IPCs

Effect Of MLI41 On pB-Catenin, GSK3p And TCF7L2
mRNA Expression

To evaluate the effect of ML141 on B-catenin, GSK3p, and
TCF7L2 mRNA expression, we performed qPCR to deter-
mine mRNA expression of critical genes. As shown in
Figure 3A—C, qPCR results showed no significant differ-
ence of GSK3B mRNA expression between the induction
group and the induction+Wnt-3a group (Figure 3B), while
the mRNA expression of non-p-f-catenin (Figure 3A) and
TCF7L2 (Figure 3C) both increased (p<0.05). Compared
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Figure 3 (A-C) Effect of MLI41 and Wnt-3a on B-catenin, GSK3p, and TCF7L2 mRNA expression. qPCR detected the mRNA expression of (A) Non-p-B-catenin, (B)
GSK3B, (C) TCF7L2 in IPCs after induction with Wnt-3a or ML141 administration. (D-I) Effect of MLI4| and Whnt-3a on non-p-B-catenin, Dvl-2, p-GSK3p, non-p-GSK3p,
and Cdc42 protein expression. Western blot measured the protein expression of (E) non-p-B-catenin, (F) Dvl-2, (G) p-GSK38, (H) non-p-GSK3p and (I) Cdc42 in IPCs
after induction with Wnt-3a or MLI4| administration. Data were shown as the mean * SD, n = 3. Values were significantly different compared with the corresponding
control values at ¥p<0.01, *»<0.05, #p<0.01 and #p<0.05.

Abbreviations: GSK3p, glycogen synthase kinase 33; p-GSK3p, phosphorylated glycogen synthase kinase 3f; non-p-GSK3p, unphosphorylated glycogen synthase kinase 3p;
TCF7L2, transcription factor 7-like 2; Dvl-2, dishevelled homolog 2; IPCs, insulin-producing cells; Cdc42, cell division cycle protein 42; con, control group.
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with the induction group, mRNA expression of non-p-f-
catenin (Figure 3A) and TCF7L2 (Figure 3C) in the induc-
tiontML141 group both decreased significantly (p<0.01),
while GSK3B mRNA expression has no difference
(Figure 3B). Pre-treated with Wnt-3a, ML141-admini-
strated IPCs showed significant down-regulation of non-
p-B-catenin (Figure 3A) and TCF7L2 (Figure 3C) mRNA
expression (p<0.01) and up-regulation of GSK3f mRNA
expression (p<0.05) (Figure 3B). These results indicated
that ML141 might negatively affect Wnt/B-catenin signal-
ing via down-regulating B-catenin and TCF7L2 mRNA
expression and upregulating GSK33 mRNA expression.

Effect Of ML141 On B-Catenin, Dvl-2, GSK3p, P-GSK3p,
And Cdc42 Protein Expression

To evaluate the effect of ML141 on p-catenin, DvI2,
GSK3p, p-GSK3p and Cdc42 protein expression, we per-
formed Western blot to determine the protein expression of
B-catenin, Dv12, GSK3, p-GSK3p and Cdc42. As shown
in Figure 3D-I, the Western blot results showed no signifi-
cant difference of Dvl-2 (Figure 3F), phosphorylated
(Figure 3G) and unphosphorylated GSK3p (Figure 3H),
and Cdc42 (Figure 3I) protein expression between induction
group and inductiontWnt-3a group; however, unpho-
sphorylated B-catenin protein expression increased signifi-
cantly (»p<0.05) (Figure 3E). Compared with induction
group, protein expression of B-catenin (p<0.01)
(Figure 3E), Dvl-2 (p<0.01) (Figure 3F), p-GSK3pB
(p<0.01) (Figure 3G) and Cdc42 (p<0.01) (Figure 3I) in
the inductiontML141 group decreased, while protein
expression of non-p-GSK3B  increased  (p<0.01)
(Figure 3H). Pre-treated with Wnt-3a, ML141-administered
IPCs showed a significant down-regulation of B-catenin
(p<0.01) (Figure 3E), Dvl-2 (p<0.01) (Figure 3F), and
p-GSK3p (p<0.05) (Figure 3G) protein expression, while
up-regulation of non-p-GSK3p protein expression (p<0.01)
(Figure 3H). These results indicated that ML141 might
negatively affect Wnt/B-catenin signaling via down-regulat-
ing B-catenin, DvI-2 and p-GSK3f protein expression and
up-regulating non-p-GSK3p protein expression.

ML141 Negatively Affects The Expression Of Islet
Cell Development-Related Genes In IPCs

ML141 Suppresses The mRNA Expression Of PDXI,
Ngn3, Insulin, And GLUT?2

Considering that ML 141 negatively affects the Wnt/B-cate-
nin signaling, we next focused on the expression of islet cell
development-related genes in IPCs. After 10-dayinduction,

we performed qPCR to determine mRNA expression of
islet cell development-related genes. As shown in
Figure 4A—D, compared with the induction group, mRNA
expression of Ngn3 (Figure 4B), Insulin (Figure 4C) and
GLUT2 (Figure 4D) increased significantly (p<0.01) in
induction+Wnt-3a group. However, there was no significant
change in PDX1 mRNA expression (Figure 4A). mRNA
expression of PDX1 (Figure 4A) decreased significantly
(»<0.01) in the induction+tML141 group, while there was
no significant change in mRNA expression of Ngn3
(Figure 4B) and Insulin (Figure 4C). Pre-treated with
Wnt-3a, ML141-administered IPCs showed significant
downregulation of PDX1 (Figure 4A) (p<0.01), Ngn3
(Figure 4B) (p<0.01), Insulin (Figure 4C) (p<0.01), and
GLUT2 (Figure 4D) (p<0.01) mRNA expression.

MLI41 Suppresses Protein Expression Of PDXI, Ngn3
And Insulin

To identify the role of ML141 on the expression of islet cell
development—related genes, we applied Western blot and
determined the protein expression of PDX1, Ngn3, and
Insulin after 10-day induction. As shown in Figure 4E-H,
compared with the induction group, Insulin protein expression
increased significantly (p<0.05) in the induction+Wnt-3a
group (Figure 4H), while there was no significant change in
PDX1 (Figure 4F) and Ngn3 (Figure 4G) protein expression.
Protein expression of PDX1 (p<0.01) (Figure 4F), Ngn3
(p<0.01) (Figure 4G) and Insulin (p<0.05) (Figure 4H)
decreased significantly in the inductiontML141 group. Pre-
treated with Wnt-3a, ML141-administered IPCs showed sig-
nificant down-regulation of PDX1 (p<0.01) (Figure 4F) and
Insulin (p<0.05) (Figure 4H) protein expression. These results
indicated that Wnt-3a could promote Insulin protein expres-
sion in IPCs, while ML141 can suppress the expression of
PDX1, Ngn3 and Insulin protein. Thus, ML141 can negatively
affect the mRNA and protein expression of islet cell develop-
ment-related genes in IPCs.

MLI41 Inhibits Proliferation Rate And
Insulin Expression By ADSC-Derived
IPCs

ML141 Inhibits ADSC-Derived IPC Proliferation

To investigate the role of ML141 in IPC proliferation, we
performed CCK assay to measure IPC proliferation rate at
24hrs, 48hrs, and 72hrs. As shown in Figure SA, CCK
assay revealed no significant difference between each
group after 24hrs. However, we observed a significantly
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Figure 4 (A-D) MLI41| suppresses the mRNA expression of PDXI, Ngn3, Insulin and GLUT2. qPCR detected the mRNA expression of (A) PDXI, (B) Ngn3, (C) Insulin
and (D) GLUT2 in IPCs. (E-H) ML141 suppresses protein expression of PDXI, Ngn3 and Insulin. Western blot measured the protein expression of (F) PDXI, (G) Ngn3 and
(H) Insulin in IPCs. Data were shown as the mean + SD, n = 3. Values were significantly different compared with the corresponding control value at *p<0.05, *¥p<0.01,

#5<0.05 and #p<0.01.

Abbreviations: PDX|, pancreatic and duodenal homeobox |; Ngn3, neurogenin 3; GLUT2, glucose transporter 2; con, control group.

increased proliferation rate in the induction+Wnt-3a group
(p<0.01), while a significantly decreased proliferation rate
was observed in the inductiontML141 group (p<0.01)
after 48hrs and 72hrs, compared to control group.
Moreover, the inductiontML141+Wnt-3a group showed
a significant inhibited proliferation rate compared to the
induction+Wnt-3a group (p<0.01). These results indicated
that Wnt-3a could promote IPC proliferation, while
ML141 inhibits As
Figure 5B, we found a significant increased proliferation

IPC proliferation. shown in
rate in the control group compared to the induction group
(Figure 5A). These results indicated that ADSC-derived
IPCs might be limited in cell proliferation.

ML141 Inhibits ADSC-Derived IPC Insulin
Expression

To investigate the effect of ML141 on protein expression
of Insulin in ADSC-derived IPCs, we employed the

immunofluorescence test to detect Insulin protein expres-
sion levels in each group. As shown in Figure 5C, IPCs
in the

(Figure 5C(c)), while there was little protein expression

induction group expressed Insulin protein
of Insulin in the control group (Figure 5C(a)). Compared
with the induction group (Figure 5C(c)), the induction
+Wnt-3a group showed an increased protein expression
level of Insulin (Figure 5C(d)), while the induction
+ML141 group showed a decreased protein expression
level of Insulin (Figure 5C(e)). Moreover, compared with
induction+Wnt-3a group (Figure 5C(d)), IPCs in induc-
tion+Wnt-3a+ML141 group showed lower protein expres-
sion level of Insulin (Figure 5C(f)). These results
indicated that ADSC-derived IPCs can express Insulin
at the protein level, and Wnt-3a can promote Insulin
protein expression in ADSC-derived IPCs, while ML141

can suppress it.
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Figure 5 (A-B) MLI141 inhibits IPC proliferation. CCK assay determined the cell proliferation rate at 24, 48 and 72hrs. (A) Proliferation rate of IPCs in induction group. (B)
Proliferation rate of ADSCs in control group. Data were shown as the mean * SD, n = 3. Values were significantly different compared with the corresponding control value
at #p<0.01 and #p<0.01. (C) MLI41 inhibits Insulin protein expression in ADSC-derived IPCs. The Insulin protein expression levels were measured by immunofluores-
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Abbreviations: IPCs, insulin-producing cells; CCK, cell counting kit; ADSCs, adipose-derived mesenchymal stem cells; DAPI, 4',6-diamidino-2-phenylindole.
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MLI141 Inhibits ADSC-Derived IPC Insulin

Secretion In Vitro

To identify the effects of Cdc42/Wnt/B-catenin on insulin
secretion by ADSC-derived IPCs, we administered to
ADSC-derived IPCs with Wnt-3a and ML141 and then
stimulated them by KRBH containing 3.0 and 20.0 mM
glucose for 1 hr. The amount of secreted insulin in the
supernatant was measured by ELISA (Figure 6). The results
showed that under high-glucose stimulation, insulin secre-
tion by ADSC-derived IPCs increased significantly, com-
the group (p<0.001). ML141
administration into induction group inhibited insulin secre-

pared to control
tion (p<0.01), and Wnt-3a administration to induction
group promoted insulin secretion (p<0.001) under high-
glucose stimulation. ML141 administration reversed the
effect of the Wnt-3a regarding insulin secretion inhibition
under high-glucose stimulation (p<0.001). These in vitro
results further indicated that ML141 could inhibit insulin
secretion by ADSC-derived IPCs under high-glucose
stimulation.

Discussion

Irreversible islet B cell destruction in T1DM resulted from
an autoimmune disorder, and reducing impaired B cells
and functional B cell regeneration is an ideal treatment
for TIDM patients.” Previous studies have found that
MSC-derived IPCs not only effectively improve the

8000 H#it# +++

* %% #it

6000
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2000+

Insulin secretion
(pg/mg protein)

0-

Figure 6 MLI4| inhibits insulin secretion by ADSC-derived IPCs under high-
glucose stimulation. Data were shown as the mean + SD, n = 3. Values were
significantly different compared with the corresponding control value at *#p<0.01,
###5<0,001, ¥#p<0.001, and ***p<0.001.

function of the pancreas, but also cure complications.*’
MSCs are easier to isolate and cultivate than pluripotent
stem cell transplants, and they can proliferate without
forming teratomas. However, the lack of IPCs is a major
obstacle to the diabetes transplantation application.*'
ADSCs are a feasible source of IPCs, for the advantages
of more convenient acquisition.***> Activation of crucial
signaling pathways in the induction of ADSCs into IPCs is
a suitable way to improve differentiation protocols.*® In
summary, we demonstrated for the first time that there
exists a direct link between Cdc42 and induction of
ADSC s into IPCs; additionally, our main outcome is that
Cdc42/Wnt/B-catenin signaling plays a critical role in reg-
ulating the induction of ADSCs into IPCs and proliferation
and insulin secretion of ADSCs-derived IPCs.

Currently, many studies have demonstrated the positive
effect of Cdc42 in regulating migration, proliferation, and
differentiation of MSCs.**** In this study, we observed the
up-regulation of endogenous Cdc42 in ADSCs, compared
to rat islets. Thereby, the effect of Cdc42 might not be
obvious if we overexpress Cdc42 in the following experi-
ments, and so we selected a novel Cdc42 inhibitor ML141
to inhibit Cdc42 expression.*”*® There are no published
data showing the effect of ML141 on the induction of
ADSCs into IPCs. According to previous studies, we pre-
pared ML141 (10uM) with 1% DMSO, because ML141
and DMSO at this concentration would not affect ADSC
growth. Down-regulated expression of Cdc42 confirmed
the Cdc-42-inhibiting effects of ML141. We avoided direct
knockout of Cdc42 in ADSCs for reasons as follows: a) it
was time-consuming; b) it was hard to ensure cell status;
¢) long-term culturing would be hindered by growing cell
generation; d) proliferation situation would change after
more than 10 generations and thus obstructed follow-up
studies. In addition, we did not adopt transfecting siRNA
to interfere with the Cdc42 expression level because of the
particularity of this stem cell induction process. We tried
to transfect siRNA into ADSCs, which resulted in the
death of a large portion of ADSCs during the induction
process. However, explanations for this phenomenon
remain unclear. One possible reason may be the cytotoxi-
city of commonly used transfection liposomes, such as
1lip2000. The presence of cationic surfactant in cationic
liposomes makes the cell membrane unstable and damages
the cell membrane, and so cationic liposomes may con-
tribute to the death of ADSCs.

Many differentiation schemes can induce ADSCs into
B-like cells, and various

islet signaling pathways
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participate in this process, including Wnt signaling.**~°

After comparing the expression of endogenous Cdc42
protein in ADSCs and rat islets, in accordance with pre-
vious studies, we successfully induce ADSCs into IPCs.>'~
>3 Our data indicate that high glucose (4.5 g/L D-glucose)
and DMSO (10%) significantly promote the induction of
IPCs from ADSCs. Interestingly, after we constructed
DTZ staining to further verify the induction of IPCs,
some cells in the control group fell off, but the induction
group remained. DMSO at excessive concentration would
inhibit cell growth. It was possible that DMSO may have
pernicious effects on ADSCs and this might have led to
the death of control group cells, while induction was
already tolerance to DMSO.

The induction of ADSC-derived IPCs may be due to
the activation of the islet cell development-related genes
in IPCs. The expressions of PDX1,>* Ngn3,” NeuroD,>
and Insulin®® mRNA were in line with the results of pre-
vious studies, indicating that the ADSCs had differentiated
toward IPCs. The interaction of PDX1, Ngn3 and V-maf
musculoaponeurotic fibrosarcoma oncogene homolog A
(MafA) activated mouse insulin promoter to trans-differ-
entiate pancreatic and exocrine cells into insulin-producing
beta-like cells.”’® Interestingly, our results showed no
significant changes in GLUT2 expression before and
after the induction. As mentioned before, GLUT2 is a
membrane protein expressed in tissues involved in main-
taining glucose homeostasis and in cells where glucose
sensing is necessary. Similar to PDX1 and Insulin,
GLUT2 is one of the islet-specific markers. The reason
for this rather contradictory result is still not entirely clear,
but a reasonable explanation for this may be as follows:
we employ high-glucose (HG) culture medium containing
DMSO to induce ADSCs into IPCs. In many experimental
models of diabetes, GLUT2 gene expression decreased in
islet B cells, and a number of studies have demonstrated
that HG condition could be “toxic”, which ended up with
inhibited GLUT2 expression of islet B cells.>**° The pos-
sible mechanism may partly rely on the proximal 338 bp
of the murine GLUT2 promoter, which contains cis-ele-
ments required for the islet-specific expression of
GLUT2.°" Transcription regulationmay aim to prevent
high ambient glucose from entering islet B cells. In accor-
dance with islet B cell under HG conditions, we consider
that this protective regulation (regulation of GLUT2
mRNA) may also exist during the induction of ADSC
into IPCs, thereby resulting in an insignificant change of
GLUT?2 expression in induced ADSC-derived IPCs.

To elucidate the further bio-molecular mechanisms of
how Cdc42 plays in ADSC-derived IPCs, we conditionally
used Wnt-3a (Wnt signaling activator) and ML141 (Cdc42
inhibitor), respectively. Then, we analyzed the effects of
Wnt-3a and ML141 administration on Wnt signaling and
the islet cell development—related genes. As shown in this
report, Wnt-3a promotes IPC development as a Wnt/B-
catenin signaling activator; inhibiting Cdc42 (by ML141)
inactivated Wnt signaling, thus impeding IPC develop-
ment by impairing expression of islet cell development—
related genes (Ngn3, Insulin, GLUT2, and PDX10).
Furthermore, ML141 may reverse the Wnt-3a-mediated
activation of Wnt/B-catenin signaling and IPC develop-
ment. The above-mentioned findings indicate that Cdc42/
Whnt/B-catenin signaling may be important for this differ-
entiation process. Interestingly, pre-treated with Wnt-3a,
ML141 administration showed greater reductions than
independent ML141 administration, except a non-signifi-
cant deletion of Cdc42 protein expression. We attribute
this unexpected result to the lack of repeats. In addition,
when we measured the protein expression of these genes,
we found that Wnt-3a administration resulted in enhanced
Insulin protein expression, but PDX1 and Ngn3 remained.
A reasonable explanation for this unexpected result might
be the post-transcriptional modification and effects of
some microRNAs.

In the end, our data showed that ML141 administration
could inhibit proliferation rate and Insulin expression by
ADSC-derived IPCs in vitro; ML141 administration could
inhibit insulin secretion in vivo. Therefore, we suggested
that Cdc42 might play positive effects on proliferation and
GSIS by ADSC-derived IPCs via activating Wnt/B-catenin
signaling.

Collectively, according to all of our findings, we may
summarize the possible mechanism as shown in Figure 7.
Wnt-3a administration activates Wnt/B-catenin signaling
starting with DvI2 recruitment, which promotes GSK3p
phosphorylation. Due to the increasing expression of
p-GSK3p, the synthesis of the destruction complex
decreases. According to previous findings of Na et al, with
stimulation of Wnt ligand, non-p-B-catenin may escape
ubiquitin-proteasome-dependent degradation and activate
its target genes (TCF7L2, PDX1, Ngn3, and Insulin) after
translocation to the nucleus.®> Additionally, previous stu-
dies on TCF7L2 and PDX1 showed that TCF7L2 may
promote B cell regeneration and IPC formation via the
JAK2/STAT3 pathway®® and may activate mouse insulin
promoter by the interaction of PDX1, Ngn3 and MafA, thus

submit your manuscript

2336

Dove

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Xiao et al

Wnt-3a ML141

1

e °

Frizzled
Cell membrane

i

ADSCs-derived IPCs

Nucleus

Lo QR0
AT A —: '
development

Figure 7 The mechanism of Cdc42/Wnt/B-catenin signaling pathway in ADSC-
derived IPCs. Wnt-3a administration activates Wnt, which combines with LPR5/6
and Fz, and restores Dvl2 recruitment. GSK3p goes through phosphorylation to
impede P-catenin phosphorylation by obstructing the combination of Dvl, GSK38,
Axin, and CKI. As a result, non-p-f-catenin escapes ubiquitin-proteasome-depen-
dent degradation and activates TCF7L2 and downstream genes (PDXI, Ngn3,
NeuroDI, GLUT2, and Insulin) after translocation to the nucleus. Eventually,
Whnt/B-catenin signaling promotes ADSC-derived IPC development and insulin
secretion. Cdc42 inhibition by ML141 leads to down-regulation of Wnt/B-catenin
signaling. Therefore, interaction of Dvl, GSK3p, Axin, and CK| promotes B-catenin
ubiquitin-proteasome-dependent phosphorylation and degradation, ending up with
inactivated target genes (TCF7L2, PDXI, Ngn3, NeuroDI, and GLUT2), thereby
inhibiting ADSC-derived IPC development and insulin secretion.

Abbreviations: Cdc42, cell division cycle protein 42; LPR5/6, low-density lipopro-
tein receptor-associated protein 5/6; Fz, frizzled; GSK3p, glycogen synthase kinase
3p; p-GSK3p, phosphorylated glycogen synthase kinase 3f; Dvl, dishevelled; CKI,
casein kinase |; non-p-B-catenin, unphosphorylated B-catenin; TCF7L2, transcrip-
tion factor 7-like 2; PDXI, pancreatic and duodenal homeobox |; Ngn3, neurogenin
3; NeuroD|, neurogenic differentiation |; GLUT2, glucose transporter 2; ADSCs,
adipose-derived mesenchymal stem cells; IPCs, insulin-producing cells.

endowing function of trans-differentiated IPCs.>”>® Finally,
Wnt-3a administration resulted in promoted proliferation
and GSIS in ADSC-derived IPCs. On the contrary, it is
also reasonable to speculate that ML141-mediated Wnt
signaling inhibition starts with inhibiting DvI2 recruitment
and p-GSK3p expression, and then the destruction complex
promotes ubiquitin-proteasome-dependent phosphorylation
and degradation of B-catenin. Cdc42 inhibition impedes
translocation of B-catenin to the nucleus and islet cell devel-
opment-related gene expression (TCF7L2, PDX1, Ngn3
and Insulin), thus IPC proliferation and insulin secretion
are inhibited. Collectively, we suggest that Cdc42 inhibition

may impair proliferation and GSIS of ADSC-derived IPCs
via Wnt/B-catenin signaling.

In conclusion, our observations indicate that Cdc42/Wnt/
[B-catenin signaling pathway may play a positive effect on
induction, proliferation, and GSIS of ADSC-derived IPCs.
Further investigations need to be carried out to illustrate how
TCF7L2, PDX1, and Ngn3 modulate ADSC-derived IPC
proliferation and to illustrate the therapeutic effect of
ADSC-derived IPC transplantation for TIDM patients. Our
work clearly has some limitations. Nevertheless, we are
confident that our findings could provide further evidence
for the role of Cdc42 in the induction and development of
ADSC-derived IPCs. Appropriate manipulation of signaling
will enhance the efficiency of differentiation of islet B cells
and may provide a basis for regarding Cdc42 as a potential
target in the therapy for TIDM patients.
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