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Abstract

To investigate the therapeutic efficacy and mechanism of B-cells with insulin receptor (IR) overexpression on diabetes
mellitus (DM), rat insulinoma (INS-1) cells were engineered to stably express human insulin receptor (INS-IR cells), and
subsequently transplanted into streptozotocin- induced diabetic rats. Compared with INS-1 cells, INS-IR cells showed
improved B-cell function, including the increase in glucose utilization, calcium mobilization, and insulin secretion, and
exhibited a higher rate of cell proliferation, and maintained lower levels of blood glucose in diabetic rats. These results were
attributed to the increase of f-catenin/PPARy complex bindings to peroxisome proliferator response elements in rat
glucokinase (GK) promoter and the prolongation of S-phase of cell cycle by cyclin D1. These events resulted from more
rapid and higher phosphorylation levels of insulin-signaling intermediates, including insulin receptor substrate (IRS)-1/IRS-2/
phosphotylinositol 3 kinase/v-akt murine thymoma viral oncogene homolog (AKT) 1, and the consequent enhancement of
B-catenin nuclear translocation and Wnt responsive genes including GK and cyclin D1. Indeed, the higher functionality and
proliferation shown in INS-IR cells were offset by B-catenin, cyclin D1, GK, AKT1, and IRS-2 gene depletion. In addition, the
promotion of cell proliferation and insulin secretion by Wnt signaling activation was shown by 100 nM insulin treatment,
and to a similar degree, was shown in INS-IR cells. In this regard, this study suggests that transferring INS-IR cells into
diabetic animals is an effective and feasible DM treatment. Accordingly, the method might be a promising alternative
strategy for treatment of DM given the adverse effects of insulin among patients, including the increased risk of modest
weight gain and hypoglycemia. Additionally, this study demonstrates that the novel mechanism of cross-talk between
insulin and Wnt signaling plays a primary role in the higher therapeutic efficacy of IR-overexpressing f-cells.
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Introduction secretion [7]. In addition, previous studies have revealed that B-
catenin activates GK promoter activity in the presence of the
peroxisome proliferator-activated receptor (PPAR)y [5], and that
the cyclin D1 promoter contains consensus TCF7L2 binding sites.
Furthermore, a dominant-negative form of TCF7L2 causes cells
to arrest in the G1l-phase of the cell cycle. These results strongly
suggest that Wnt signaling could regulate B-cell functionality and
proliferation.

Interestingly, insulin treatment in intestinal L-cells enhances
nuclear translocation and binding of P-catenin to TCF7L2
through the phosphatidylinositol 3 kinase (PI3K)-dependent
inhibition of glycogen synthase kinase 3 (GSK3p), an inhibitor
of B-catenin [8]. Furthermore, cross-talk between insulin and Wnt
signaling pathways has been revealed to exist in a variety of cells,
including preadipocytes, skeletal muscle cells, and intestinal cells
[9-11], but not yet in B-cells. Generally, early intensive insulin
therapy controls hyperglycemia and delays B-cell damage and
restores P-cell function in type 2 diabetic patients. However,

A cure for type 1 diabetes and some cases of type 2 diabetes
would require the means to replace the functions of deficient
insulin-secreting P-cells to regulate abnormal levels of blood
glucose. Most studies have focused on islet or B-cell transplantation
for the treatment of diabetes. However, the limited supply of
islets/ B-cells is always an obstacle to treatment procedures [1].
Thus cell therapy with gene manipulation that confers B-cells with
higher proliferative ability and functionality has emerged as an
alternative and desirable method for the treatment of diabetes [2].

Recently, variants of transcription factor 7-like 2 (TCF7L2), a
component of Wnt/B-catenin signaling, have been shown to be
involved in B-cell dysfunction and the pathogenesis of type 2
diabetes [3]. In addition, a link between glucose sensing, cell
proliferation and Wnt/B-catenin signaling has been reported in
macrophages, B-cells, and colonic cells [4-6]. Glucokinase (GK)
plays a glucose-sensing role in pancreatic B-cells and hepatocytes,
and functions in the glucose-dependent modulation of insulin
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msulin therapy can induce adverse effects, however, including
modest weight gain and hypoglycemia. In this regard, the
replacement with B-cells with IR overexpression could be a
promising tool in the treatment of diabetes mellitus (DM), as long
as the insulin receptor (IR)-overexpressing B-cells show similar
functions and abilities as insulin through Wnt signaling.

Accordingly, we hypothesized that the overexpression of IR in -
cells could amplify PI3K/v-akt murine thymoma viral oncogene
homolog (AKT), capable of inhibiting GSK3B-dependent B-catenin
degradation [12], which could activate Wnt responsive genes cyclin
D1 and GK [13], and subsequently promote -cell functionality. To
investigate the therapeutic efficacy of B-cells with IR manipulation, a
plasmid containing human IR was stably introduced into rat B-cell
line INS-1 cells (namely, INS-IR cells). In the INS-IR cells, the role
of cross-talk between insulin and Wnt signaling pathways in
improving the functionality of P-cells was investigated with a
transient B-catenin small interfering RNA (siRNA).

Materials and Methods

Animals and Transplantation

Eight-week-old male Sprague-Dawley rats (Harlan, Indianapo-
lis, IN) were housed at a constant temperature (23.5+2.0°C) and
humidity (50%5%), with a 12:12-hour light/dark cycle. The
animals had free access to water and food (Purina Formula, St.
Louis, MO). The rats were injected intraperitoneally with a
40 mg/kg solution of streptozotocin (STZ, 0.05 mM, pH 4.5,
which was freshly dissolved in citric acid and sodium citrate) for 5
consecutive days. Once nonimplanted mice reached blood glucose
levels >300 mg/dl, the left kidney was exposed through a small
incision in the flank. A small channel was made under the renal
subcapsular space of the kidney with a 23-gauge needle, through
which 2x10° of INS-1 and INS-IR cells were transplanted into the
subcapsular space of the kidney in the diabetic rat. The non-fasting
blood glucose levels were monitored at 09:00 every day following
transplantation. Blood was drawn from the tail for determination
of glucose levels (AccuCheck Active, Roche Applied Science).
Blood glucose levels were monitored daily until killed. The rat
were anesthetized and then killed by cervical dislocation. Serum
was collected for insulin levels analyses using a rat insulin
radioimmunoassay kit (Linco Research, St. Louis, MO) and
kidneys were harvested for immunohistochemical analyses.

Animal studies were conducted with the approval (SBRI No. C-
A9-228-1) of and in accordance with the guidelines of the Animal
Care and Use Committee of the Samsung Biomedical Research
Institute, which complies with national and international laws and
policies (National Institutes of Health Guide for Care and Use of
Laboratory Animals, 7" edition, 1996).

Cell Culture

The INS-1 rat insulinoma cells were maintained in RPMI 1640
(Gibco/Invitrogen, Burlington, ON, CA) supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 1 mM sodium pyruvate, and 50 uM 2-mercaptoethanol.

Stable INS-IR Cells

Plasmid pCMV6 containing a neomycin selection cassette
harboring human IR c¢DNA (pCMV6-hIR) was used. The
pCMV6-hIR or empty pCMV6 (as control) was transfected using
Effectene (Qiagene, Chatsworth, CA) into INS-1 cells. After 24—
48 h of transfection, 1.0x10? cells were plated onto 10 cm plates
containing selection medium with 600 pg/ml neomycin/G418
(Sigma-Aldrich, St. Louis, MO). After 2—4 weeks, G418 resistant
colonies were isolated using a colony separator (Sigma-Aldrich),
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and seeded into one well of a 96-well plate containing selection
medium. These 4 clones were further screened for the positive
clones through glucose-stimulated insulin secretion (GSIS) re-
sponse. Based on insulin secretion response, Clone 4 was selected
as the primary clone for INS-IR cell (Figure S1 in File S1). All the
further studies were performed on the primary clone, Clone 4.

Insulin Treatment

Insulin and cycloheximide were from Sigma Chemical Co. INS-
1 cells were transferred to a glucose- and serum-free RPMI 1640
medium for 24 h and then were exposed to insulin (0.1-100 nM)
in serum-free RPMI-1640 medium for 4 h. To abolish the
reflection of de novo synthesis of insulin or endogenous autocrine
insulin  signaling in INS-1 cells, cycloheximide (10 pg/ml in
ethanol), an inhibitor of translational elongation in eukaryotic
organism, was added 30 min prior to insulin treatment [14]. After
insulin treatment, insulin secretion was measured by the equal

method of GSIS.

TOPflash/FOPflash Transfection

In ¢cDNA TOPflash and FOPflash plasmids (Millipore, Billerica,
MA), expression of a luciferase (LUC) reporter gene is driven by a
minimum TK promoter, fused with three copies of the TCF7L2
binding sites and the mutant TCF7L2 binding site. Approximately
5x10" INS-IR cells were seeded in wells of a 24-well plate for
24 h, and then transfected with 100 ng of TOPflash or FOPflash
using Lipofectamine 2000 (Invitrogen) for 24 h. After transfection,
the cells were exposed to 33.3 mM glucose for measuring insulin
secretion. The activity of TOPflash and FOPflash was analyzed
with LUC reporter assay (Promega, Madison, WI).

Immunoprecipitation

For immunoprecipitation (IP), cells were lysed by lysis buffer
(20 mM Tris-HCL; pH 7.5, 150 mM NaCl, 1 mM EDTA, lvimM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerol phosphate) containing NaF, phenylmethanesulfonyl
fluoride (PMSF), and Na3VO4, and were centrifuged at 12,000 g
for 10 min at 4°C. Proteins were immunoprecipitated with primary
antibodies for 2 h at 4°C and reacted with protein A-agarose for 1 h.
The immunoprecipitates were washed with lysis buffer A and
solubilized in a sodium dodecyl sulfate (SDS) sample buffer
(63.5 mM Tris-HCI; pH 6.8, 2% w/v SDS, 10% glycerol, 50 mM
dithiothreitol (D'T'T), 0.01% w/v bromophenol blue). The proteins
were separated by 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred onto nitrocellulose membranes, and
visualized with other primary antibodies (1:1000) followed by
horseradish peroxidase-labeled secondary antibodies (1:5000 dilu-
tion).

Chromatin Immunoprecipitation

Crosslinking of DNA with histones was performed by adding
formaldehyde to culture medium (1% final concentration) for
10 min at 37°C.. After washing, the cells were scraped, centrifuged,
and lysed in chromatin immunoprecipitation (ChIP) lysis buffer
(Upstate Biotechnology, Lake Placid, NY). The lysates were
sonicated to shear DNA to lengths between 200 and 1000 bp. The
sheared chromatin (supernatant) was diluted with ChIP dilution
buffer (Upstate Biotechnology) and pre-cleared with salmon sperm
DNA/Protein A-agarose 50% slurry (agitation for 30 min at 4°C),
and subsequently transferred and divided into two fractions (IP
and NoAb). A B-catenin antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was added to the IP sample, and the fraction
without antibody (NoAb) was used for quantification of total
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chromatin. Both fractions were incubated overnight at 4°C on a
rotator, and then incubated for 1 h at 4°C with 60 ul of salmon
sperm DNA/Protein A-agarose slurry. The A-agarose/antibody/
histone pellets were serially washed once with 1 ml low salt, high
salt, and LiCl wash buffer, and twice with 1xTE bufter (10 mM
Tris base, ] mM EDTA). To elute any histones caught by the
antibody, the pellets were resuspended in 250 ul SDS elution
buffer (1% SDS, 0.1 M NaHCOs) for 15 min at room temper-
ature. In order to reverse crosslink histones and DNA, the eluted
supernatants were added to 20 pl 5 M NaCl at 65°C for 4 h, and
then to 10 ul 0.5 M EDTA, 20 ul 1M Tris-HCI (pH 6.5), and 2 ul
10 mg/ml proteinase K at 45°C for 1 h. DNA isolation was
performed by phenol/chloroform extraction and ethanol precip-
itation. The region and sequence of peroxisome proliferator
response elements (PPRE) in rat-specific B- cell GK promoters
(NC_005113.2, Chrl4q21) was quoted in a previous study [15].

Glucose-Stimulated Insulin Secretion (GSIS)

Cells were preincubated for 2 h at 37°C in Krebs-Ringer-
bicarbonate-HEPES (KRB) buffer plus 0.5% BSA for glucose
deprivation condition, and then washed twice with KRB buffer
plus 0.5% BSA. Next, cells were incubated for an additional
60 min at 37°C in 1 ml KRB buffer containing 3 mM and
33.3 mM glucose. After glucose stimulation, the supernatant were
collected and determined insulin release by using a rat insulin
radioimmunoassay kit (Linco Research, St. Louis, MO).

Perifusion

Cells were preincubated for 30 min at 37°C in KRB buffer
containing 3.3 mM glucose. These cells were put onto a column
between two layers of filter (Millipore Corporation, Bedford, MA)
and perifused at a flow rate of 0.3 ml/min for 30 min in KRB
buffer containing 3.3 mM glucose. This was followed by glucose
stimulation (33.3 mM) for 60 min. Insulin (collected per interval of
2-3 min) was quantified by rat insulin RIA (Linco Research).

Glucose Transport

Cells were serum-starved for 3 h, and washed three times with
HEPES buffer containing 1% bovine serum albumin (BSA),
10 nM HEPES, 131.2 mM NaCl, 4.7 mM KCI, 1.2 mM MgSO,,
2.5 mM CaCly, and 2.5 mM NaH,PO,, pH 7.6. The cells were
incubated with the same HEPES buffer for 1h at 37°C.
Subsequently, 0.2 uCi of 2-[*H] glucose (final concentration of
33 mM) was added for 5 min. The cells were washed with cold
phosphate buffered saline (PBS) and solubilized with 0.1 N
NaOH. The radioactivity incorporated into the cells was
measured by liquid scintillation counting.

Measurement of Intracellular ATP

After 33.3 mM glucose stimulation, cells were harvested and
2.5% trichloroacetic acid (TCA) was added to extract ATP. The
supernatant containing TCA was neutralized with Tris-acetate
(pH 7.75). Measurement of ATP content was performed by a
luciferin/LUC method (Promega) and determined using a Wallac
Trilux 1450 Microbeta liquid scintillation counter (Wallac, Turku,
Finland).

Measurement of Intracellular Calcium Concentration
([Ca*T)

Cells were loaded with Fura-2-acetoxylmethyl ester (4 M) in
KRB buffer for 30 min, and then washed twice with KRB and
incubated for an additional 30 min at 37°C. Dishes were placed
mto a heated chamber mounted on the stage of an inverted

PLOS ONE | www.plosone.org

IR-Overexpressing B-Cells as a Diabetic Therapy

fluorescence microscope and perifused with KRB plus 3.3 mM
glucose at a rate of 1.5 mL/minat out with fresh solution. Baseline
was established for at least 6 min before stimulation (33.3 mM).
The level of [Ca®"]; was assessed using a microfluorometric system
consisting of an IX-70 inverted fluorescence microscope (Olym-
pus, Tokyo, Japan) with a dry-type fluorescence objective (x40,
NA 0.85), a type R 1527 photomultiplier tube (Hamamatsu,
Shizuoka, Japan) and a Deltascan illuminator (Photon Technology
International, Lawrenceville, NJ). Light was provided by a 75-W
xenon lamp (Ushino, Tokyo, Japan). A chopper wheel alternated
the light path to monochromators (340 and 380 mM) with a
frequency of 5 Hz, and the intensity of the emitted light was
measured at 510 nm. The ratio of the fluorescence emissions at
340 and 380 nm excitation was taken as a measure of [Ca®'];.

Cell Growth and Doubling Time

Cells were grown for 72 h in culture medium after serum-free
starvation. To estimate cell volume growth, the doubling time (DT)
was calculated using the Schwartz equation:

DT =[(In2)(2—11)]/In(v2/v1), where t is time and v is

volume.

Cell Cycle Analysis by Flow Cytometry

Cells were harvested, resuspended in PBS containing 1% FBS,
and then fixed with 70% ethanol. Cells were resuspended again in
PBS containing 30 pg/ml propidium iodide and 250 mg/ml
RNase A, and further incubated at 4°C for 1 h before analysis
with a FACGSCalibur laser-based flow cytometer (BD Biosciences,
Franklin Lakes, NJ). The cell cycle phase distribution was analyzed
with FLOWJO software (Tree Star, Ashland, OR.).

BrdU Incorporation

Two days before the procedure, cells were seeded onto 25-mm
glass coverslips at a density of 2x106 cells/ml, and 5-bromo-2'-
deoxyuridine (BrdU, 10 pM) was added to the medium. BrdU was
detected with immunohistochemistry utilizing an anti-BrdU
monoclonal antibody according to the manufacturer’s recommen-
dations (Roche Diagnostics, Indianapolis, IN).

Apoptosis Assay

Cells were cultured for 4-6 h in serum-free medium, and then
treated with 33.3 mM glucose, 0.5 mM oleic acid, 100 uM 30%
hydrogen peroxide (HyoOy), and 10 ng/ml tumor necrosis factor-
alpha (TNF-0), as well as the siRNA of IRS-2, AKT1, B-catenin,
and cyclin D1. Apoptotic cells were labeled with an annexin V-
Fluos kit and confirmed by flow cytometry.

Immunofluorescence (IF) and Immunohistochemistry
(IHO)

Immunofluorescent cells were incubated with primary B-catenin
antibodies (1:200) followed by secondary antibodies (1:1000)
labeled with fluorescein isothiocyanate (Invitrogen). Nuclei were
stained with Hoechst 33258 (0.5 mM in PBS; Sigma-Aldrich).
Isolated rat kidney tissues for IHC were fixed with 10% formalin,
embedded in paraffin, mounted on slides, deparaffinized in xylene
and ethanol, and blocked with 10% normal horse serum. Tissues
were incubated with primary antibodies (1:200 dilution) overnight
at 4°C followed by the addition of biotinylated anti-rabbit IgG and
then avidin-biotin-peroxidase complex (Vector Laboratories,
Burlingame, CA). Nuclei were stained with hematoxyline
(Sigma-Aldrich). The BrdU positive kidney cells were detected
using a cell proliferation kit (Amersham Pharmacia Biotech,
Piscataway, NJ) according to the manufacturer’s instructions.
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Images were captured on an Eclipse TE 200 confocal microscope
(Nikon, Tokyo, Japan).

Western Blotting

Cells were lysed with a buffer (20 mM Tris-HCI, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100) containing proteinase
inhibitors (1 mM aprotinin, 1 mM leupeptin, ] mM PMSF) and
protease inhibitors (1 mM NaOVs;, 1 mM NaF) at 4°C. The
lysates were cleared by centrifugation at 13,000 rpm for 15 min,
and the supernatant protein content was quantified. Twenty
micrograms of protein were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto nitrocellulose membranes. Proteins were visualized
with primary antibodies, followed by horseradish peroxidase-
labeled anti-goat, rabbit, and/or mouse Ig (1:5000 dilution; Santa
Cruz Biotechnology).

RNA interference

Small interfering RNA (siRNA) against rat B-catenin, GK,
AKT1, IRS-2, Cyclin D1 and scrambled RNA (as control) were
purchased from Dharmacon Research (Lafayette, CO). INS-1 cells
(5x10° cells) were seeded in 6-well plates for 24 h and then
transfected with 50 nM  siRNAs using Lipofectamine 2000
(Invitrogen) for 48 h. The magnitude of knockdown of gene was
quantified by Image J program (Figure S3-S6 in File S1).

Microarray Analysis

Each sample, 500 ng of RNA were linearly amplified and
fluorescently labeled with either Cy3-CTP with the Agilent Low
RNA Input Fluorescent Linear Amplification Kit (Agilent Tech-

nologies, Amstelveen, The Netherlands). Equal amounts (1 pg) of

Cy3-CTP labeled samples were hybridized to Agilent 4x44 K
Whole Rat Genome arrays (Agilent Technologies) according to the
manufacturer’s instructions. Microarrays were scanned using an
Agilent DNA Microarray Scanner, and scans were quantified using
Agilent Feature Extraction software (version 8.5.1). Raw expression
data generated by the Feature Extraction software. Target sequence
signals were normalized using Per Spot and Per Chip: Intensity
Dependent (Lowess) Normalization in Agilent’s GeneSpring Soft-
ware. After normalization, the separate intensity channels were
extracted from the ratio measurements and combined to the
intensities of the reference. Biological processes were analyzed via
Protein Analysis Through Evolutionary Relationships (PANTHER;
http://www.pantherdb.org). The microarray data were deposited
in ArrayExpress (Access number: E-MEXP-3836; Repository name:
ArrayExpress EBI) and listed in Table 1.

Total RNA Extraction and Real-Time PCR

Total RNA was isolated and reverse-transcribed using TRIzol
reagent and a reverse transcriptase kit (Invitrogen, Carlshad, CA)
according to the manufacturer’s instructions. For the relative
quantification of gene expression, real-time PCR was conducted
using a Biosystem 7500 real-time PCR system (Applied Biosys-
tems, Foster City, CA). Five hundred nanograms of cDNA were
amplified by a 25 pl SYBR Green PCR master mix (Applied
Biosystems) and specific primer pairs (Table 2). The relative
expression levels of target genes were calculated as 2744C \yhere
AACt= ACtyreaiment — ACteoniror and ACt=ACt, argetgene — ACt/f'actin .

Statistical Analyses

Data were expressed as the mean = SEM, and were analyzed
using t-tests or via ANOVA with Duncan’s multiple range test
using SAS Proprietary Software Release 8.2 (SAS Institute, Cary,
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NC).The data with dissimilar superscript letters (a, b, c, etc.) and/
or * were analyzed by ANOVA post-hoc Duncan’s multiple range
test and/or Student t-test, respectively. Data with p-values <0.05
were considered statistically significant.

Results

Improvement of B-cell functions by IR overexpression

INS-IR cells showed a higher expression of the hIR gene at
mRNA and protein levels than INS-1 cells. Also, INS-IR cells
displayed a higher expression of B-cell marker genes including
insulin, GK, and glucose transporter 2 (GLUT?2) and the insulin
signaling pathway intermediators such as insulin receptor substrate
(IRS)-1,IRS-2 and AKTT, than the INS-1 cells (P<<0.05, Figure 1A).
The cells showed improvement in various parameters of B-cell
functions such as glucose uptake, intracellular ATP content, Ca%*
mobilization, insulin secretory ability, and gene expression in
comparison to INS-1 cells (Figure 1B-G). At the higher glucose
concentration (33.3 mM), INS-IR cells showed increased glucose
uptake and intracellular ATP levels in comparison to INS-1 cells
(P<C0.05, Figures 1B and C). Subsequently, L-type Ca®" channels
were opened due to membrane depolarization. In INS-1 and INS-
IR cells, the baseline [Ca*"]i varied between 1.0 and 1.1. In the
presence of 33.3 mM stimuli, however, [Ca**]i rose more rapidly in
response to glucose in INS-IR cells (0.275£0.018) than in INS-1
cells (0.199+0.029) (P<<0.05, Figure 1D). The [Ca®"]iwas expressed
as AR = Rpeak — Rbasal; that is, the fluorescence level at the peak
obtained with high glucose (Rpeak) and the basal level of
fluorescence (Rbasal). An increase in Ca®" modulation induces the
exocytosis of insulin granules. The secretion of insulin was increased
1.32%0.09-fold in INS-IR cells over INS-1 cells in response to 33.3
mM glucose (P<<0.05, Figure 1E). Moreover, perifusion was
performed to observe the dynamic insulin response after the glucose
challenge. INS-IR cells showed significantly increased first-phase
and second-phase insulin release (first peak: 2.5-fold, second peak:
1.7-fold), as compared with INS-1 cells (P<<0.05, Figure IF).
Increased insulin secretion or perifusion resulted from the increase
in calcium-dependent protein kinase, cAMP response element
binding protein (CREB), its downstream gene pancreatic and
duodenal homeobox-1 (PDX-1), and a subsequent insulin gene
(Figure 1G).

Also, glucose uptake, ATP content, perifusion, and insulin
secretion were determined in response to 16.7 mM glucose
stimulus (Figure 1E and Figure S2A-C in File S1) but these
parameters, except for insulin secretion, were not significantly
different between INS-1 and INS-IR cells. Moreover, low doses of
STZ 40 mg/kg, i.p. to rat for five consecutive days induced the
higher blood glucose levels (>400 mg/dl) in our study. Consid-
ering these points, we exposed INS-1 or INS-IR cells to the
33.3 mM glucose for following mechanism study. Collectively, IR
overexpression improves B-cell functionality.

Improved B-cell functionality occurs through Wnt
signaling and GK transcription

The transfection of B-catenin siRNA into INS-IR cells diminished
the effects of IR overexpression on GSIS (33.3 mM, P<0.05,
Figures 2A and B), compared to scrambled siRNA. These results
might be attributed to the reduced transcriptional activity of GK, a
glucose sensor in B-cells, by blocking Wnt signaling pathways.
Indeed, depletion of GK with siRNA reduced GSIS in INS-IR cells
as shown in B-catenin depletion (P<<0.05, Figure 2A and Figure S1
in File S1 and Figure S2 in File S1). Moreover, in IP and ChIP
analyses, INS-IR cells showed significantly increased levels of the
PPARY that binds to B-catenin and the binding of B-catenin/
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PPARY complex to PPRE (+47~+68 bp) in rat B-cell GK promoters
in comparison to the INS-1 cells (P<<0.05, Figure 2B and C). Taken
together, our data suggest that an increase in GSIS by IR
overexpression was obtained by augmenting the binding of B-
catenin/ PPARY complex to PPRE in rat GK promoters, which is a
process that depends on the enhancement of B-catenin stabilization
and nuclear translocation by IR overexpression. Indeed, IR
overexpression activated the TOPflash reporter, but not FOPflash
reporter, and thus these findings implied the enhancement of the
transcriptional activity of B-catenin-TCF/LFE (P<<0.05, Figure 2D).
This TOPflash activation was probably mediated by engaging
endogenous B-catenin because IR overexpression increased levels of
nuclear translocation of B-catenin (Figure 3E). These results were
confirmed with microarray data showing that most of the genes
involved in Wnt signaling pathways, such as Frizzled homolog (Izd)

Table 2. Sequences of primers used in RT-PCR.

Table 1. Gene expression profiles altered by IR overexpression.

Gene bank ID Gene symbol Gene description Fold change
Insulin signaling-related genes

NM_013005 Pik3r1 phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 1.50
BE118080 Irs2 Insulin receptor substrate 2 2.64
NM_053483 Kpna2 karyopherin (importin) alpha 2 1.59
Wnt signaling-related genes

NM_021266 Fzd1 frizzled homolog 1 (Drosophila) 2.65
NM_153474 Fzd3 frizzled homolog 3 (Drosophila) 2.62
XM_232466 Lrp6 low density lipoprotein receptor-related protein 6 0.82
AF486617 Ctnnb1 catenin (cadherin associated protein), beta 1 0.94
NM_053369 Tcf4 transcription factor 4 1.03
NM_001024252 Pcaf p300/CBP-associated factor 2.07
NM_012499 Apc adenomatosis polyposis coli 0.53
NM_024355 Axin2 axin2 0.78
NM_024405 Axin1 axin 1 0.61
NM_031617 Csnkle casein kinase 1, epsilon 0.87
NM_053615 Csnklal casein kinase 1, alpha 1 0.80
The fold changes were represented with the mean gene expression ratios from microarray experiments comparing INS-1cells with INS-IR cells.
doi:10.1371/journal.pone.0067802.t001

1 and 5, LRP5L,and PCAF and insulin-signaling intermediates such
as PIK3 and IRS2, were upregulated in INS-IR cells compared to
INS-1 cells (Table 1). Also, Wnt signaling inhibitors, APC, Axin2
and CSNK1 were downregulatd in INS-IR cells compared to INS-1
cells (Table 1).

Enhanced B-cell proliferation results from B-catenin-
dependent cyclin D1 transcription

Along with the improved functionality of B-cells, INS-IR cells
also showed increased proliferation rate. Iirst, the S-phase of the
cell cycle in which DNA is replicated was more prolonged in INS-
IR cells (GO/G1 60%, S 23% and G2/M 17%) than INS-1 cells
(GO/G1 68%, S 12% and G2/M 20%) (P<<0.05, Figure 3A).
These results are similarly with a study comparing cell cycle
progression of rodent insulinoma cell lines including INS-1 with

Amplicon size

Gene name

Forward Primer

Reverse Primer Accession number

(bp)

GSK3p CAGTGGTGTGGATCAGTTGG AATTTGCTCCCTTGTTGGTG NM_032080.1 64
B-catenin CATATGCGGCTGCTGTTCTA CCGAAAGCCGTTTCTTGTAG NM_053357.2 69
TCF7L2 GTCCACCCACTCACACCTCT TTCCTGTTTTGGGGTCTACG NM_001191052.1 100
Cyclin D1 ATGCTAGAGGTCTGCGAGGA GGCTCCAGAGACAAGAAACG NM_171992.4 89
IRS-2 TATACCGAGATGGCCTTTGG CCATGAGACTTAGCCGCTTC NM_001168633.1 121
IRS-1 GGCTGACTCCAAGAACAAGC CTTGTTCAGCCTCGCTATCC NM_012969.1 86
Insulin GCCTTTGTGAACCAACACCT CGGGTCTTGGGTGTGTAGAA NM_001185097.1 95
GLUT2 GGACAAACTCGGAAGGATCA AATTTGGAACACCCCATCAA NM_012879.2 84
AKT1 TCAGGTTCACCCAGTGACAA TCTCCTTCACCAGGATCACC NM_033230.1 145
GK TGAGGGACAGAGTTACCTGTTG GGGGATGGCTTTTGAGTAATG NC_005113.2 48

PLOS ONE | www.plosone.org

The sets of primer sequences were designed by Primer Express Software v2.0 (ABI, USA) and verified with a basic local alignment search tool (BLAST) provided by the
National Center for Biotechnology Information (NCBI).
doi:10.1371/journal.pone.0067802.t002
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Figure 1. IR overexpression improves B-cell functions. The plasmid pCMV6 containing the human IR ¢cDNA was stably transfected into INS-1
NS-IR cells). A, Left panel: Comparison of hIR band by using RT-PCR and the western blot method. Right cells (I panel: Relative mRNA levels of B-cell
markers and insulin signaling intermediators using real time PCR. B, Radio-labeled glucose incorporation into INS-1 and INS-IR cells in response to
33.3 mM glucose stimulus. C, Intracellular ATP concentration using a luciferin/LUC method. D, Fura-2 AM staining Ca®" influx into cells using a
microfluorometric system. E, Insulin concentration in media in response to glucose stimulus. F, First-phase and second-phase insulin release pattern.
Insulin secretion was tested by perfusion with KRBB containing 33.3 mM glucose. G, Protein levels of CREB/PDX-1/insulin using the western blot
method. Values are mean * SE of three independent experiments, each performed in triplicate. *P<<0.05, **P<<0.001 INS-1 vs. INS-IR cells (Student t-
test).

doi:10.1371/journal.pone.0067802.g001

primary rodent B-cells, which showed that the two rat lines modestly increased the rate of apoptosis. However, the rate of
(RINmSF and INS1) showed a decreased G0/G1 population (70— apoptosis was reduced in INS-IR cells in comparison to INS-1 cells
80%) and an increased proportion (24-46%) of cells actively (P<<0.05, Figure 3D). Furthermore, depletion of Wnt signaling
engaged in the cell cycle (S and G2/M), unlike primary rat islet effectors, such as P-catenin and cyclin D1, as well as insulin-
cells, which are arrested in GO/G1 (96%) [16]. signaling molecules and potent anti-apoptotic materials, AKT1

Second, the BrdU incorporation assay showed that the number and IRS-2, amplified the rate of glucose-induced apoptosis in INS-
of BrdU positive cells was greater in INS-IR cells (23.23=1.419) IR cells (P<<0.05, Figure 3D and Figure S3-S6 in File S1). These
than those in INS-1 cells (18.11%0.765) (P<<0.05, Figure 3B), and results suggest that higher proliferative ability by IR manipulation

third, the doubling time of cells was shortened in INS-IR cells in might be associated with cross-talk between insulin and Wnt
comparison to INS-1 cells (P<<0.05, Figure 3C). However, the signaling pathways.
number of BrdU positive cells was reduced by transfecting - Indeed, INS-IR cells showed increased IRS-2 expression and

catenin siRNA (P<<0.05, Figure 3B) and the doubling time of INS- increased phosphorylation of PI3K and AKT in comparison to
IR cells was clongated by transfecting B-catenin siRNA (P<<0.05, INS-1 cells in the presence of 33.3 mM glucose (Figure 3E). These
Figure 3C). We also investigated the rate of apoptosis using an events resulted in phosphorylation of GSK3 at serine residue 9,
annexin V assay. The 24-hour exposure to glucose and oleic acid thereby inducing nuclear translocation of B-catenin and the
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Figure 2. Improvement of p-cell function occurs through p-catenin-dependent GK transcription. The plasmid pCMV6 containing the
human IR cDNA was stably transfected into INS-1 cells (INS-IR cells). A, Left panel: Insulin secretion after transfection of -catenin and GK siRNA into
INS-IR cells. Right panel: The magnitude of the knockdown of each gene after transfection of -catenin and GK siRNA. B, Interaction of PPARy with -
catenin using IP analysis. C, The binding of PPARy/B-catenin complex to PPRE in B-cell-specific GK promoters using ChIP analysis. The GK-PPRE is
located in the region between +47 and +68 bp (expressed in red letters). D, Relative LUC activity after transfection of TOP- and/or FOPflash into INS-IR
cells. Transfected INS-IR cells were stimulated by 3.3 or 33.3 mM glucose. Values are mean = SE of three independent experiments, each performed in
triplicate. > Mean values with dissimilar superscript letters were significantly different between each group (ANOVA post-hoc Duncan’s multiple

range test; P<<0.05). *P<<0.05, CTL plasmid vs. TOP/FOP flash plasmid or INS-1 vs. INS-IR cells (Student t-test).

doi:10.1371/journal.pone.0067802.g002

increase of cyclin D1 expression in INS-IR cells (Figure 3E).
Additionally, IR overexpression rapidly transmitted insulin signal-
ing to Wnt signaling (Figure 3F). In IP analysis with cells
stimulated by 100 nM insulin, maximal tyrosine phosphorylation
of IRB, IRS-1, and PI3K, as well as serine 9 phosphorylation of
GSK3p, were detected more rapidly in INS-IR cells than in INS-1
cells.

Insulin activates Wnt signaling similarly to IR

overexpression

Insulin increased the mRNA levels of B-catenin, TCF7L2, and
their target gene cyclin D1 in a dose-dependent manner, and
100 nM insulin showed protein expression levels of these genes
similar to IR overexpression (P<<0.05, Figure 4A). 100 nM insulin
phosphorylated PI3K, AKT, and GSK3 serine residue 9. It also
increased the total protein level of B-catenin, but not the alteration
of TCF7L2 (Figure 4B). Moreover, nuclear translocation of B-
catenin (i.e., the color green) was increased in cells treated with
100 nM insulin and INS-IR in comparison to the control
(Figure 4C). This Wnt signaling activation by insulin treatment
might lead to cell proliferation (MTT data) and insulin secretion

PLOS ONE | www.plosone.org

(GSIS data) (P<<0.05, Figures 4D and E). These results were a
pattern similar to the pattern of IR overexpression (INS-IR cells)
(Figure 3E).

Transplantation of INS-IR cells in STZ-induced diabetic

rats and glucose-lowering effects

INS-1 and INS-IR cells (2x10%) were transplanted under the
kidney capsule of STZ-induced diabetic rats. Although the STZ/
INS-1 group (400-500 mg/dl) showed slightly lower blood glucose
levels than the STZ group (500-600 mg/dl), the STZ/INS-IR
group (<200 mg/dl) showed significantly lower blood glucose
levels than other groups. In addition, the level of blood glucose was
maintained for 50 days. When nephrectomy was undertaken at
50 days after transplantation, the blood glucose levels climbed up
sharply to higher than 400 mg/dl in both the STZ/INS-1 and
STZ/INS-IR groups (P<<0.05, Figure 5A). To verify whether INS-
IR cells were working i wvivo, histological examination of the
transplanted cells in kidney tissues of the rats was conducted after
50 days of transplantation and serum insulin levels were deter-
mined after 20, 40 and 60 days of transplantation. The STZ/INS-
IR group showed greater rates of insulin activity and proliferation
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Figure 3. IR overxpression enhances p-cell proliferation via p-catenin-dependent cyclin D1 transcription. The plasmid pCMV6
containing the human IR cDNA was stably transfected into INS-1 cells (INS-IR). A, Cell cycle analysis using FACS. B, BrdU incorporation into INS-IR and/
or INS-IR cells. C, Doubling time in INS-1 and/or INS-IR cells. Doubling time was calculated using the Schwartz equation. D, Left panel: Apoptosis rate
by 0.5 mM oleic acid (0.A), 33.3 mM glucose, 100 M H,0,, and cytokine TNFa (10 ng/ml) and IFNy (20 ng/ml). Middle panel: Glucose-induced
apoptosis rate after transfection of B-catenin, cyclin D1, IRS-2, and AKT1 siRNAs into INS-1 and/or INS-IR cells. Apoptosis was analyzed by annexin V-
Fluos kit and confirmed by flow cytometry. Right panel: The magnitude of the knockdown of each gene after transfection of p-catenin, cyclin D1, IRS-
2, and AKT1 siRNAs into INS-1 and/or INS-IR cells. E, Protein levels of genes involved in insulin-signaling and Wnt- signaling pathways using the
western blot method. F, Insulin signaling in INS-1 and/or INS-IR cells treated with 100 nM insulin for 2, 5, 30, and 60 min, and 24 h. Values are mean *=
SE of three independent experiments, each performed in triplicate. > Mean values with dissimilar superscript letters were significantly different
between each group (ANOVA post-hoc Duncan’s multiple range test; P<<0.05). *p<<0.05, INS-1 vs. INS-IR cells or CTL siRNA vs. Each gene siRNA
(Student t-test).

doi:10.1371/journal.pone.0067802.9003

(Figure 5B) than the STZ/INS-1 group. Also, The STZ/INS-IR peutic potential and function than pure B-cells without gene
group had higher serum msulin levels at 20 and 40 days of manipulation for DM and activated Wnt signaling pathway, e.g.,

transplantation, but not 60 days after the removal of kidney the increase in cyclin D1 and GK or the stimulation of B-catenin
containing graft, than the STZ/INS-1 group or STZ group nuclear translocation. These results were associated with the
(P<<0.05, Figure 5C). evidence that insulin or IR-activated insulin signaling could
interplay with Wnt signaling through GSK3f phosphorylation or

Discussion inducible interaction with LRP 5/6 co-receptors [9]. LRP5/6 co-
receptor leads to an inactivation of GSK3p. In turn, the GSK3p

Recently, it has been shown that pancreatic B-cells are a target can no longer phosphorylate f3-catenin. This induces stabilization
tissue as well as a depot of insulin. Previous studies about insulin and nuclear translocation of P-catenin, and a consequent

and IR—stimulated GSIS in B-cells [17;18J ha}/e (?bser}/ed that combination of B-catenin to TCF7L2 and transcription of the
GSIS is not performed in the absence of insulin signaling [19]. Wnht responsive genes including cyclin D1, PPARY, and GK [12].

Also, it has been reported that attenuated Wnt signaling perturbs Based on the results of microarray-based gene expression profiling,
pancreatic growth and TCF7L2 enhances B-cell survival and we found the expression of LRP6 was rather lowered, but the
function in human pancreatic islets [20,21]. Indeed, our study phosphorylation of GSK3f was increased by IR overexpression,
demonstrated that IR-overexpressing B-cells have higher thera- In this regard, we suggest that Wnt signaling activation by IR
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Figure 4. Insulin activates Wnt signaling similarly to IR overexpression. A, Relative mRNA levels of Wnt intermediates (B-catenin, TCF7L2,
cyclin D1) using real time PCR. B, Protein levels of genes involved in insulin and Wnt signaling in the presence of 100 nM insulin using the western
blot method. C, Nuclear translocation of B-catenin by 100 nM insulin or IR overexpression (the green color represents B-catenin and the blue color
represents DAPI); original magnification, x400. D, MTT assay. The cell proliferation index is expressed as a percentage of the mean value measured in
the untreated controls. E, Insulin secretion in response to glucose (33.3 mM) in the presence of 100 nM insulin or IR overexpression. Values are means
+ SE of three independent experiments, each performed in triplicate. >°< Mean values with dissimilar superscript letters were significantly different
between each group (ANOVA post-hoc Duncan’s multiple range test; P<<0.05).

doi:10.1371/journal.pone.0067802.9g004

overexpression, occurred through GSK3, rather than LRP5/6.
Furthermore, this result is due to higher induction and activation
of insulin signaling intermediates, such as PI3K and AKT, and the
fast transmission of insulin signaling to Wnt signaling pathways by
IR overexpression. Generally, AKT1 phosphorylates both GSK3
isotypes (GSK3a and GSK3) on serine residues at the N terminus
(serine 21 of GSK3a and serine 9 of GSK3B) [22,23]. This
phosphorylation leads to a decrease in GSK3f activity.

PLOS ONE | www.plosone.org 9

This interaction between insulin and Wnt signaling pathways
has been recently demonstrated in a variety of organs or cells, such
as kidney, bone, preadipocyte, intestinal endocrine cells, and
skeletal muscle cells [8,9,24-26]. However, there is not yet known
the cross-talk between insulin and Wnt signaling pathways in p-
cells, and more previous studies focused on insulin repceptor
substrate or IR regulation by Wnt signaling [9,24,27]. Further-
more, the impairment of B-cell growth and overt glucose
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Figure 5. Transplantation of INS-IR cells into STZ-induced diabetic rats and the glucose-lowering effects. STZ (60 mg/kg) was injected
on day 1, and 2x10° INS-1 cells and INS-IR cells were implanted on day 5 (n=5). A, Daily blood glucose levels before and after transplantation of INS-
1 and/or INS-IR cells. B, Insulin expression and BrdU uptake in kidneys with transplanted INS-1 and/or INS-IR cells using immunohistochemistry;
original magnification, x100 and x400. C, Serum insulin levels at 20, 40 and 60 days after transplantation of INS-1 and/or INS-IR cells. Values are mean
+ SE of three independent experiments, each performed in triplicate. > Mean values with dissimilar superscript letters were significantly different
between each group (ANOVA post-hoc Duncan’s multiple range test; P<<0.05) and *p<<0.05 INS-1 vs. INS-IR (Student t-test).

doi:10.1371/journal.pone.0067802.g005

intolerance shownin a B-cell-specific IR knockout (BIRKO) mouse
[28] or an IRS-2 null mouse [29] are relevant to AKT-mediated
anti-apoptotic and proliferative mechanisms [30,31] regardless the
involvement of Wnt signaling. Thus, our findings are the first
report to demonstrate that the cross-talk between insulin and Wnt
signaling plays central role in B-cell functionality and proliferation
improvement by IR overxpression, which confirmed by the

PLOS ONE | www.plosone.org
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application of P-catenin, GK, and cyclin D1 siRNA to IR-
overexpressing B-cell.

Indeed, better responsiveness to the glucose challenge shown in
IR overexpression can be explained by GK. Commonly, GK exists
as two isoforms that have independent tissue-specific promoters. In
pancreatic B-cells, GK acts as a glucose sensor and contributes to
the regulation of GSIS [32]. Loss of GK alleles results in
permanent neonatal diabetes, whereas the heterozygous mactivat-
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ing mutations of GK lead to maturity-onset diabetes of the young
(MODY?2) [33]. However, there are some differences between GK
isoforms in the pancreas and the liver. The pancreatic GK isoform
is an absolute requirement for survival, as gkdel/del (either global
or B-cell-specific GK knockout mice) is lethal [34,35]. Addition-
ally, GK of B-cells is activated by glucose, in contrast to liver GK,
which is regulated by insulin [13]. However, our collective data
suggest f-catenin as a new activator for GK of B-cells in IR
overexpression condition. In the presence of insulin, the protein
interaction of B-catenin and PPARY and the binding of B-catenin/
PPARY complex to PPRE in GK promoters were increased in
INS-IR cells and these findings are consistent with previous studies
that B-catenin coactivates PPARy-mediated transcription on GK
gene promoters in PB-cells [5,15,36]. Also, the increased GK
transcriptional activity might lead to the increase in glucose
utilization, calcium mobilization, and in turn the upregulation of
CREB/PDX-1/Insulin in INS-IR cells, because the increase of
intracellular ATP by GK activation opens L-type Ca®* channels
through membrane depolarization, the increased calcium can
phosphorylate the serine 133 residue of CREB through binding to
its upstream gene CAMKII [37], and in turn these events increase
the expression of PDX-1, a transcription factor binding to insulin
gene promoter, and insulin [38].

Also, IR overexpression showed a significant increase in cell
proliferation and a reduced B-cell apoptosis. At this point, it is
becoming clear that IRS-2 and AKT are key signaling molecules
for the maintenance of B-cell mass [39,40]. In one study, IRS2 ™/~
mice exhibited type 2 diabetic phenotypes due to a defect in
compensatory B-cell hyperplasia for hepatic insulin resistance.
Furthermore, studies have shown that B-cell-specific upregulation
of IRS-2 promotes B-cell growth, survival, and insulin secretion,
and therefore prevents diabetes [40]. Constitutively active AK'T
has prevented free fatty acid-induced B-cell apoptosis via
inhibition of the pro-apoptotic proteins GSK-3a/p, FoxOl, and
p53 [41,42]. In accordance with previous observations, our results
also demonstrate that amplification of insulin signaling through
hIR reduces IRS-2 serine/threonine phosphorylation (inactive
form), and by contrast, increases AK'T serine phosphorylation
(active form) and decreases the rate of B-cell apoptosis. More
interestingly, both P-catenin and its target gene cyclin DI
knockdown accelerated glucose-induced apoptosis up to the
similar rate of apoptosis shown in AKT and IRS-2 gene depletion.
These results are consistent with another study [43] which showed
that purified WNT3a (which is known to activate the canonical
WNT pathway) stimulates proliferation of both the mouse B-cell
line (MIN6) and primary mouse pancreatic B-cells, possibly
through cell cycle regulator cyclin DI, and 3-month-old rat
insulin I promoter (RIP)-Cre, B-catenin **™® mice showed a
threefold increase in the production of Ki67 in pancreatic B-cells.
Taken together, these observations suggest that B-catenin/cyclin
D1 is as necessary for proliferation as IRS-2 and/or AKT in IR-
overexpressing B-cells. In addition, the activation of Akt is one of
the most frequent alterations observed in human cancer and
tumor cells due to its characteristic of AK'T for survival. Indeed,
AKT?2 is amplified and overexpressed in pancreatic carcinomas
and AKT2 antisense RNA can greatly diminish the tumorigenic
phenotype of pancreatic cancer cells harboring amplified AKT?2
[44]. Considering this point, constitutively active AKT is not
appropriate for clinical applications. Also, it has been recently
demonstrated that autocrine insulin signaling is essential to up-
regulate both basal and glucose-stimulated PIP3 levels, and this
result is completely abrogated by IR blockade. The binding of
PIP3 to the PH domain of AK'T anchors Akt to the plasma
membrane and allows to the plasma membrane and allows its
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phosphorylation and activation by PDKI1 (Phosphoinositide-
Dependent Kinase-1) [45]. In this regard, the manipulation of
IR gene of PISK/AKT upstream would have better beneficial
effect than AKT in f-cells transplantation for DM patients.
However, IR-enhanced proliferation of insulinoma cells has the
possibility not to be replicated in endogenous B-cells because the
cell cycle in insulinoma cells is different from primary B-cells.

These positive results, however, are limited to studies i vitro.
Thus, we transplanted the same number of INS-1 cells and INS-
IR cells (cells with IR overexpression) to STZ-induced diabetic rats
for testing therapeutic efficiency. There was a striking difference in
the glucose control between the two groups. Although the blood
glucose levels of the STZ/INS-1 group were still high (400
500 mg/dl) after transplantation, the STZ/INS-IR group dis-
played near-normal blood glucose level for up to 50 days and
increased serum insulin levels during transplantation.

In conclusion, our study seems to be the first one to demonstrate
that the cross-talk between insulin and Wnt signaling operates IR-
overexpressing B-cell functionality and proliferation improvement
through GK and/or cyclin D1-dependent Wnt pathways. In
addition, this study proved the higher therapeutic efficiency of IR-
overexpressing B-cells than pure B-cells. In this regard, transplan-
tation of IR-overexpressing f3-cells will be a promising potential tool
for the treatment of insulin-dependent DM rather than insulin drug,
islet transplantation, xenotransplantation and stem cell technology
because these therapeutic approaches have their own limitations,
such as weight gain, hypoglycemia, the limited donor supply,
Immune rejection, tumor formation, and ethical issues [46].

Supporting Information

File S1 Figure S1, Clone 4 selection as a primary clone,
based on GSIS. (A), Four clones were further screened for the
positive clones through glucose-stimulated insulin secretion
response. Based on insulin secretion response (Clone 4 responded
the best to 16.7 or 33.3 mM glucose stimulus), Clone 4 was
selected as the primary clone for INS-IR cell. All the further
studies were performed on the primary clone, Clone 4. Data are
expressed as mean = SEM (n =3-5). (B), the process of establish
stable cells. *™“Mean values with dissimilar superscript letters were
significantly different between three groups (ANOVA post hoc
Duncan’s multiple range test; P<<0.05). Figure S2, Glucose
uptake, intracellular ATP content and insulin release in
response to 16.7 mM glucose challenge. 16.7 mM glucose
did not increase glucose uptake (A), intracellular ATP content (B),
and first-phase insulin release (C) in INS-IR cells as compared with
INS-1 cells. Data are expressed as mean * SEM (n=3-5 '
represented significant differences between two groups (Student’s
t-test; P<<0.05). Figure S3, The magnitude of P-catenin
knockdown obtained in f-catenin siRNA. INS-IR cells were
transfected with B-catenin  siRNA for 48h. RT-PCR was
performed to confirm B-catenin knockdown. GAPDH was used
as the housekeeping gene. RT-PCR bands were quantified by
using Image J program and then corrected by GAPDH. Data are
expressed as mean * SEM (n=3-5). “represented significant
differences between two groups (Student’s t-test; P<<0.05). Figure
S4, The magnitude of GK knockdown obtained in GK
siRNA. INS-IR cells were transfected with GK siRNA for 48 h.
RT-PCR was performed to confirm GK knockdown. B-actin was
used as the housekeeping gene. RT-PCR bands were quantified by
using Image J program and then corrected by B-actin. Data are
expressed as mean * SEM (n=3-5). ‘represented significant
differences between two groups (Student’s t-test; P<<0.05). Figure
S5, The magnitude of knockdown obtained in AKT1,
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IRS-2, p-catenin, and cyclin D1 siRNA. INS-1 or INS-IR
cells were transfected with AKT'1, IRS-2, B-catenin, and cyclin D1
siRNA for 48 h. RT-PCR was performed to confirm each gene
knockdown. GAPDH or B-actin were used as the housekeeping
gene. RT-PCR bands were quantified by using Image J program
and then corrected by GAPDH or B-actin. Data are expressed as
mean * SEM (n=3-5). ‘represented significant differences
between two groups (Student’s t-test; P<<0.05). Figure S6, The
magnitude of knockdown obtained in AKT1, IRS-2, f-
catenin, and cyclin D1 siRNA by Western blot. INS-IR
cells were transfected with AKT'1, IRS-2, B-catenin, and cyclin D1
siRNA for 48 h. Western blot was performed to confirm each gene
knockdown. B-actin were used as the housekeeping gene. Western
bands were quantified by using Image ] program and then
corrected by B-actin. Data are expressed as mean = SEM (n= 3—

References

1. Berney T, Toso C (2006) Monitoring of the islet graft. Diabetes Metab 32: 503~
512.

2. Garcia-Ocana A, Vasavada RC, Takane KK, Cebrian A, Lopez-Talavera JC, et
al. (2001) Using beta-cell growth factors to enhance human pancreatic Islet
transplantation. J Clin Endocrinol Metab 86: 984-988.

3. Welters HJ, Kulkarni RN (2008) Wnt signaling: relevance to beta-cell biology
and diabetes. Trends Endocrinol Metab 19: 349-355.

4. Anagnostou SH, Shepherd PR (2008) Glucose induces an autocrine activation of

the Wnt/beta-catenin pathway in macrophage cell lines. Biochem J 416: 211~
218.

5. Schinner S, Ulgen F, Papewalis C, Schott M, Woelk A, et al. (2008) Regulation
of insulin secretion, glucokinase gene transcription and beta cell proliferation by
adipocyte-derived Wnt signalling molecules. Diabetologia 51: 147-154.

6. Tetsu O, McCormick F (1999) Beta-catenin regulates expression of cyclin D1 in
colon carcinoma cells. Nature 398: 422-426.

7. Johnson D, Shepherd RM, Gill D, Gorman T, Smith DM, et al. (2007) Glucose-
dependent modulation of insulin secretion and intracellular calcium ions by
GKADJ50, a glucokinase activator. Diabetes 56: 1694-1702.

8. YiF, Sun J, Lim GE, Fantus IG, Brubaker PL, et al. (2008) Cross talk between
the insulin and Wnt signaling pathways: evidence from intestinal endocrine L
cells. Endocrinology 149: 2341-2351.

9. Palsgaard J, Emanuelli B, Winnay JN, Sumara G, Karsenty G, et al. (2012)
Cross-talk between insulin and Wnt signaling in preadipocytes: role of Wnt co-
receptor low density lipoprotein receptor-related protein-5 (LRP5). J Biol Chem
287: 12016-12026.

10. Sun J, Wang D, Jin T (2010) Insulin alters the expression of components of the
‘Wnt signaling pathway including TCF-4 in the intestinal cells. Biochim Biophys
Acta 1800: 344-351.

11. Abiola M, Favier M, Christodoulou-Vafeiadou E, Pichard AL, Martelly I, et al.
(2009) Activation of Wnt/B-Catenin Signaling Increases Insulin Sensitivity
through a Reciprocal Regulation of Wnt10b and SREBP-1c in Skeletal Muscle
Cells. PLoS ONE 4: ¢8509-.

12. Cohen P, Frame S (2001) The renaissance of GSK3. Nat Rev Mol Cell Biol 2:
769-776.

13. Matschinsky FM (1990) Glucokinase as glucose sensor and metabolic signal
generator in pancreatic beta-cells and hepatocytes. Diabetes 39: 647-652.

14. Luciani DS, Johnson JD (2005) Acute effects of insulin on beta-cells from
transplantable human islets. Mol Cell Endocrinol 241: 88-98.

15. Kim HI, Cha JY, Kim SY, Kim JW, Roh K], et al. (2002) Peroxisomal
proliferator-activated receptor-gamma upregulates glucokinase gene expression
in beta-cells. Diabetes 51: 676-685.

16. Cozar-Castellano I, Harb G, Selk K, Takane K, Vasavada R, et al. (2008)
Lessons from the first comprehensive molecular characterization of cell cycle
control in rodent insulinoma cell lines. Diabetes 57: 3056-3068.

17. Ohsugi M, Cras-Meneur C, Zhou Y, Bernal-Mizrachi E, Johnson JD, et al.
(2005) Reduced expression of the insulin receptor in mouse insulinoma (MING6)
cells reveals multiple roles of insulin signaling in gene expression, proliferation,
insulin content, and secretion. J Biol Chem 280: 4992-5003.

18. Leibiger 1B, Leibiger B, Berggren PO (2002) Insulin feedback action on
pancreatic beta-cell function. FEBS Lett 532: 1-6.

19. Srivastava S, Goren HJ (2003) Insulin constitutively secreted by beta-cells is
necessary for glucose-stimulated insulin secretion. Diabetes 52: 2049-2056.

20. Papadopoulou S, Edlund H (2005) Attenuated Wnt signaling perturbs
pancreatic growth but not pancreatic function. Diabetes 54: 2844-2851.

21. Shu L, Sauter NS, Schulthess FT, Matveyenko AV, Oberholzer J, et al. (2008)
Transcription factor 7-like 2 regulates beta-cell survival and function in human
pancreatic islets. Diabetes 57: 645-653.

22. Sutherland C, Leighton IA, Cohen P (1993) Inactivation of glycogen synthase
kinase-3 beta by phosphorylation: new kinase connections in insulin and growth-
factor signalling. Biochem J 296 (Pt 1): 15-19.

PLOS ONE | www.plosone.org

IR-Overexpressing B-Cells as a Diabetic Therapy

5). “represented significant differences between two groups
(Student’s t-test; P<<0.05).
(DOC)

Acknowledgments

We thank Dr. P. Maechler (Geneva, Switzerland) for providing the INS-1
rat insulinoma cell line.

Author Contributions

Conceived and designed the experiments: MHK SHH MKL. Performed
the experiments: MHK SHH. Analyzed the data: MHK SHH MKL.
Contributed reagents/materials/analysis tools: MKL. Wrote the paper:
MHK SHH.

23. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA (1995)
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B.
Nature 378: 785-789.

24. Bommer GT, Feng Y, Iura A, Giordano TJ, Kuick R, et al. (2010) IRS1
regulation by Wnt/beta-catenin signaling and varied contribution of IRS1 to the
neoplastic phenotype. J Biol Chem 285: 1928-1938.

25. Hie M, Iitsuka N, Otsuka T, Tsukamoto I (2011) Insulin-dependent diabetes
mellitus decreases osteoblastogenesis associated with the inhibition of Wnt
signaling through increased expression of Sost and Dkk1 and inhibition of Akt
activation. Int J Mol Med 28: 455-462.

26. Abiola M, Favier M, Christodoulou-Vafeiadou E, Pichard AL, Martelly I, et al.
(2009) Activation of Wnt/beta-catenin signaling increases insulin sensitivity
through a reciprocal regulation of Wntl0b and SREBP-Ic in skeletal muscle
cells. PLoS ONE 4: ¢8509.

27. Singh R, De Aguiar RB, Naik S, Mani S, Ostadsharif K, et al. (2013) LRP6
Enhances Glucose Metabolism by Promoting TCF7L2-Dependent Insulin
Receptor Expression and IGF Receptor Stabilization in Humans. Cell Metab
17: 197-209.

28. Otani K, Kulkarni RN, Baldwin AC, Krutzfeldt J, Ueki K, et al. (2004) Reduced
beta-cell mass and altered glucose sensing impair insulin-secretory function in
betalRKO mice. Am J Physiol Endocrinol Metab 286: E41-49.

29. Withers DJ, Burks DJ, Towery HH, Altamuro SL, Flint CL, et al. (1999) Irs-2
coordinates Igf-1 receptor-mediated beta-cell development and peripheral
insulin signalling. Nat Genet 23: 32-40.

30. Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, Boxer LM, et al. (2000)
Akt/protein kinase B up-regulates Bcl-2 expression through cAMP-response
element-binding protein. J Biol Chem 275: 10761-10766.

31. Kitamura T, Nakae J, Kitamura Y, Kido Y, Biggs WH 3rd, et al. (2002) The
forkhead transcription factor Foxol links insulin signaling to Pdx1 regulation of
pancreatic beta cell growth. J Clin Invest 110: 1839-1847.

32. Schuit FC, Huypens P, Heimberg H, Pipeleers DG (2001) Glucose sensing in
pancreatic beta-cells: a model for the study of other glucose-regulated cells in
gut, pancreas, and hypothalamus. Diabetes 50: 1-11.

33. Hattersley AT, Turner RC, Permutt MA, Patel P, Tanizawa Y, et al. (1992)
Linkage of type 2 diabetes to the glucokinase gene. Lancet 339: 1307-1310.

34. Bali D, Svetlanov A, Lee HW, Fusco-DeMane D, Leiser M, et al. (1995) Animal
model for maturity-onset diabetes of the young generated by disruption of the
mouse glucokinase gene. J Biol Chem 270: 21464-21467.

35. Grupe A, Hultgren B, Ryan A, Ma YH, Bauer M, et al. (1995) Transgenic
knockouts reveal a critical requirement for pancreatic beta cell glucokinase in
maintaining glucose homeostasis. Cell 83: 69-78.

36. Jansson EA, Are A, Greicius G, Kuo IC, Kelly D, et al. (2005) The Wnt/beta-
catenin signaling pathway targets PPARgamma activity in colon cancer cells.
Proc Natl Acad Sci U S A 102: 1460-1465.

37. Sheng M, Thompson MA, Greenberg ME (1991) CREB: a Ca(2+)-regulated
transcription factor phosphorylated by calmodulin-dependent kinases. Science
252: 1427-1430.

38. Wang X, Cahill CM, Pineyro MA, Zhou J, Doyle ME, et al. (1999) Glucagon-
like peptide-1 regulates the beta cell transcription factor, PDX-1, in insulinoma
cells. Endocrinology 140: 4904-4907.

39. Tuttle RL, Gill NS, Pugh W, Lee JP, Koeberlein B, et al. (2001) Regulation of
pancreatic beta-cell growth and survival by the serine/threonine protein kinase
Akt]1/PKBalpha. Nat Med 7: 1133-1137.

40. Hennige AM, Burks DJ, Ozcan U, Kulkarni RN, Ye J, et al. (2003)
Upregulation of insulin receptor substrate-2 in pancreatic beta cells prevents
diabetes. J Clin Invest 112: 1521-1532.

41. Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a play in three
Akts. Genes Dev 13: 2905-2927.

42. Wrede CE, Dickson LM, Lingohr MK, Briaud I, Rhodes CJ (2002) Protein
kinase B/Akt prevents fatty acid-induced apoptosis in pancreatic beta-cells (INS-
1). J Biol Chem 277: 49676-49684.

July 2013 | Volume 8 | Issue 7 | 67802



43. Rulifson IC, Karnik SK, Heiser PW, ten Berge D, Chen H, et al. (2007) Wnt
signaling regulates pancreatic beta cell proliferation. Proc Natl Acad Sci U S A
104: 6247-6252.

44, Altomare DA, Testa JR (2005) Perturbations of the AKT signaling pathway in
human cancer. Oncogene 24: 7455-7464.

PLOS ONE | www.plosone.org

13

IR-Overexpressing B-Cells as a Diabetic Therapy

. Yu J, Berggren PO, Barker CJ (2007) An autocrine insulin feedback loop

maintains pancreatic beta-cell 3-phosphorylated inositol lipids. Mol Endocrinol
21: 2775-2784.

5. Bonner-Weir S, Weir GC (2005) New sources of pancreatic beta-cells. Nat

Biotechnol 23: 857-861.

July 2013 | Volume 8 | Issue 7 | 67802



