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R-spondin-1 (Rspol) is an intestinal growth factor known to
exert its effects through activation of the canonical Wnt (cWnt)
signaling pathway and subsequent expression of cWnt target
genes. We have detected Rspol mRNA in murine islets and the
murine MIN6 and BTC f3-cell lines, and Rspo1l protein in MIN6
B-cells. Rspol activated cWnt signaling in MIN6 B-cells by
increasing nuclear f3-catenin and c-myc, a cWnt target gene.
Rspol also induced insulin mRNA expression in MING6 cells.
Analysis of MIN6 and mouse B-cell proliferation by [*H]thymi-
dine and BrdU incorporation, respectively, revealed that Rspol
stimulated cell growth. Incubation of MIN6 and mouse f3-cells
with cytokines (IL1f3/TNFa/interferon-y) significantly in-
creased cellular apoptosis; this increase was abolished by pre-
treatment with Rspol. Rspol also stimulated insulin secretion
in a glucose-independent fashion. We further demonstrated
that the glucagon-like peptide-1 receptor agonist, exendin4
(EX4), stimulated Rspol mRNA transcript levels in MING6 cells
in a glucose-, time-, dose-, and PI3-kinase-dependent fashion.
This effect was not limited to this 3-cell line, as similar time-de-
pendent increases in Rspol were also observed in the BTC 3-cell
line and mouse islets in response to EX4 treatment. Together,
these studies demonstrate that Rspol is a novel 3-cell growth
factor and insulin secretagogue that is regulated by EX4. These
findings suggest that Rspol and the cWnt signaling pathway
may serve as a novel target to enhance -cell growth and func-
tion in patients with type 2 diabetes.

Type 2 diabetes mellitus (T2DM)* represents a serious and
growing epidemic that poses a major public health threat in the
21st century. The development of T2DM usually requires the
presence of both insulin resistance and impaired B-cell func-
tion, but also involves the loss of B-cells (1). Moreover, type 1
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diabetes mellitus (T1DM) is characterized by the autoimmune-
mediated destruction of B-cells. Therefore, novel therapeutic
approaches that enhance B-cell mass expansion, as well as
B-cell function, represent an exciting arsenal against diabetes.

Wnt signaling has been demonstrate to play important roles
in development as well as in the pathogenesis of a variety of
diseases, including diabetes (2). Activation of this pathway
requires interaction between a secreted glycoprotein, Wnt, and
a seven transmembrane receptor protein, Frizzled (Frz). There
are at least three distinct intracellular Wnt pathways, including,
most notably, the canonical Wnt (cWnt) cascade that leads to
changes in intracellular B-catenin levels and is thought to be
involved in cell fate specification and proliferation. B-catenin is
normally phosphorylated and targeted for proteolysis by a com-
plex of proteins, including adenomatosis polyposis coli (APC),
axin and the serine/threonine kinase glycogen synthase
kinase-3 B (GSK3p) (Fig. 14). cWnt activation of the Frz and
low density lipoprotein receptor-related protein (LRP) co-recep-
tors results in dissociation of this degradation complex, permitting
entry of 3-catenin into the nucleus to activate cWnt target genes in
conjunction with TCF/LEF family transcription factors and, pos-
sibly, other DNA-binding partners (3). cWnt target genes have
been identified in different models and these include, but are not
limited to, the cell-cycling genes, c-myc, and cyclin D1.

Interestingly, mice that lack the gene encoding LRP5 show
impaired glucose tolerance because of perturbed glucose-stim-
ulated insulin secretion (GSIS) (4). Furthermore, adipocyte-se-
creted Wnts have been shown to stimulate insulin secretion
and glucokinase gene transcription in INS1 cells in vitro
through the activation of cWnt signaling (5). In contrast, trans-
genic mice that overexpress a dominant-negative form of
mouse Frz8 under the Ipf-1/Pdx-1 promoter are normoglyce-
mic and display normal GSIS (6). However, the B-cells of these
mice produce four times more and secrete twice as much insu-
lin as those of wild-type littermates, suggesting the presence of
compensatory mechanisms to achieve and maintain normogly-
cemia (6). Finally, Rulifson et al. (7) demonstrated that condi-
tional pancreatic B-cell specific expression of degradation-re-
sistant 3-catenin leads to B-cell expansion, increased insulin
production and serum levels, and enhanced glucose handling.
This observation is further strengthened by a recent study from
Liu and Habener showing that exendin4 (EX4), a glucagon-like
peptide-1 (GLP-1) receptor agonist, stimulates 3-cell prolifer-
ation via activation of the cWnt signaling pathway (8).

The roof plate-specific spondin (R-spondin, Rspo) protein
family consists of four structurally related members (Rspol-4),
with conserved cysteine-rich furin-like and thrombospondin
domains. Several lines of evidence indicate that Rspo family
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members function as Frz and/or LRP receptor ligands in vitro:
1) Rspois a secreted protein (9); 2) unlike Wnt ligands that form
a ternary complex with Frz and LRP receptors, Rspo proteins
failed to form a ternary complex but can nonetheless bind to
both receptors (10); 3) there is a positive modulation of Wnt
ligand activity by Rspo via direct interaction between the two
ligands (11); and 4) Rspo prevents LRP6 internalization (12).
Furthermore, transgenic mice expressing human Rspol exhibit
aprofound increase in proliferation of intestinal crypt epithelial
cells, which correlates with the activation of B-catenin (9).
Adenoviral-mediated transfection of each isoform of Rspo into
mice also induces gastrointestinal proliferation in association
with B-catenin activation (13). Unexpectedly, although ex-
pressed at high levels in the gut, Rspo1 has also been detected in
human pancreatic islets by immunohistochemisty (9). How-
ever, no studies to-date have examined the role of Rspol in
B-cell physiology. Therefore, in the present study, we have
determined the role of Rspol in the mature pancreatic B-cell,
through analysis of the effects of Rspol on -cell proliferation,
apoptosis and insulin secretion, as well as through analysis of
the effects of known -cell regulatory factors (i.e. glucose and
GLP-1) on Rspol expression.

EXPERIMENTAL PROCEDURES

Cell Culture—MING6 B-cells (mouse insulinoma cell line, a
kind gift from Drs. J. Miyazaki, University of Tokyo and D. F.
Steiner, University of Chicago) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) containing 25
mM glucose and supplemented with 2 mm L-glutamine, 10%
heat-inactivated fetal bovine serum (FBS), penicillin (100 units/
ml), streptomycin (100 ug/ml), and 71 uM 2-mercaptoethanol
in humidified 5% CO,, 95% air at 37 °C. The BTC B-cell line was
maintained in DMEM containing 25 mm glucose, 2 mMm L-glu-
tamine, 10% heat-inactivated FBS, penicillin (100 units/ml),
and streptomycin (100 wg/ml).

Isolation and Culture of Intact and Dispersed Mouse Islets—
Islets were isolated from 20-30 g of CD1 mice (Charles River,
St. Constant, Quebec, Canada) by collagenase digestion, as
previously described (14) and were cultured in RPMI 1640
containing 10% FBS, 100 units/ml penicillin, and 100 ug/ml
streptomycin (Invitrogen) for 2 days after isolation. Mouse
islet cells were dispersed by incubation with Dispase II
(Roche Laboratories, Mississauga, Ontario, Canada) as pre-
viously described (15) and were plated on 35-mm Petri
dishes (for Live-Cell Analyses, ibidi, Ingersoll, Ontario, Can-
ada). Cells were then cultured overnight.

RNA Isolation—Animal tissues or cells grown to ~80-90%
confluence were lysed for preparation of RNA using either the
RNeasy or RNeasy Micro Kit according to the manufacturer’s
instructions (Qiagen). RNA was quantified by spectrophoto-
metry (absorbance at 260 nm) and stored at —80 °C until use.

RT-PCR—Equal amounts of RNA isolated from animal tis-
sues, cells, or islets were analyzed by RT-PCR using a One-Step
kit (Qiagen). RT-PCR primers and conditions have been
reported previously (16 —25) and are listed in Table 1. All prim-
ers were further verified using positive control samples selected
based on previous reports listed in the expression data base
(Roel Nusse, the Wnt home page (Stanford, Palo Alto, CA) and
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data not shown). Negative control reactions were performed
using RNase-free water without template.

Real-time PCR—MING6, BTC and islets were serum-starved
overnight and then incubated with medium alone (containing
the appropriate vehicle, PBS or DMSO), recombinant Wnt3a
(641 pm, R&D Systems, Minneapolis, MN), recombinant mouse
Rspol (34.5 pM to 34.5 nm, R&D Systems), or EX4 (1-100 nwm,
Bachem, Torrance, CA) with or without high glucose (25 mm)
or inhibitors (LY294002 (50 um, Sigma-Aldrich), wortmannin
(100 nm, Sigma-Aldrich), H89 (10 uwm, Sigma-Aldrich),
SB239063 (10 um, Calbiochem, Mississauga), PD98059 (20 um,
Sigma-Aldrich), or U0126 (1 um, New England Biolabs, Missis-
sauga)) for the indicated amount of time, ranging from 30 min
to 24 h. 5 ug of total RNA from samples were reverse-tran-
scribed with Superscript II Reverse Transcriptase (Invitrogen).
Semi-quantitative RT-PCR (qRT-PCR) was performed in a
Chromo4 Continuous Fluorescence Detection unit with Opti-
con Monitor 3 software (Bio-Rad) using Tagman Gene Expres-
sion Assays for specific primers (Applied Biosystems, Foster
City, CA). All reactions were performed in duplicate, and con-
trol reactions were performed without RT enzyme and/or with-
out template. The linearity of amplification of the Tagman
primer-probe sets was verified over nine orders of magnitude
(data not shown). Ribosomal protein 18 S RNA (no.
Hs99999901_sl) was used as the endogenous control for all
quantitative analyses of mRNA expression and was not found to
change in response to any of the experimental treatments
tested (data not shown). Relative quantification of Rspol (2 sets
of primers used, set 1 no. Mm00507076_m1 and set 2 no.
Mm00507077_m1), c-myc (no. Mm00487803_m1), cyclin D1
(no. Mm00432359_m1), and insulin2 (no. Mm00731595_gH)
mRNA expression was calculated using the AA cycle threshold
[AAC(t)] method (26).

Protein Extraction, Cell Fractionation, and Immunoblotting—
Cells and islets were lysed with radioimmune precipitation
assay buffer (50 mm S-glycerol phosphate, 10 mm HEPES (pH
7.4), 1% Triton X-100, 70 mm NaCl, 2 mm EGTA, 1 mMm
Na;VO,, 1 mm NaF, and EDTA-free protease inhibitors (Roche
Laboratories)). Proteins of interest were detected with primary
antibodies targeted against mouse Rspol (goat IgG, 1:1000,
R&D Systems), cleaved caspase3 (rabbit IgG, 1:1000, New Eng-
land Biolabs), or pan-actin (rabbit IgG, 1:1000, Sigma-Aldrich).
Immunoblotted membranes were then probed with the appro-
priate secondary antibodies (horseradish peroxidase (HRP)-
linked anti-rabbit (1:2000, New England Biolabs), and
HRP-linked anti-goat (1:2000, Jackson ImmunoResearch Lab-
oratories, West Grove, PA)) and visualized by electrochemical
luminescence detection system (Amersham Biosciences, Baie
d’Urfe, Quebec, Canada). Membranes were subsequently
treated at 50 °C for 30 min with stripping buffer (62.5 mm Tris-
HCI, pH 6.8, 2% SDS, and 100 mMm B-mercaptoethanol) for a
second round of immunoblotting.

To determine protein levels of nuclear B-catenin, MING6 cells
were grown to 80 —90% confluency in 10-cm dishes and serum-
starved overnight, followed by treatment with either medium
alone (control), EX4 (10 nm), LiCl (20 mMm), Wnt3a (641 pMm), or
Rspol (34.5 pm to 34.5 nm) for 30 min or 8 h. Lysates were then
centrifuged at 2,000 X g for 5 min. The pellets were resus-
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TABLE 1

RT-PCR primers

Primers and conditions used to detect multiple cWnt signaling molecules as depicted in Fig. 1A. The RT-PCR primers were designed to recognize mouse sequences.

Target Primer sequence Size Annealing Cycle # Ref.
Sense Antisense temperature
Wntl AAATCGCCCAACTTCTGCA AATACCCAAAGAGGTCACAGC 599 53.2 40 16
Wnt2 CGGCCTTTGTTTACGCCATC TGAATACAGTAGTCTGGAGAA 513 55.3 40 16
Wnt2b TGTACTCTGCGCACCTGCT TGCACTCACACTGGGTGAC 318 60.0 40 16
Wnt3a ATTGAATTTGGAGGAATGGT CTTGAAGTACGTGTAACGTG 317 57.5 40 16
Wnt4 TGTACCTGGCCAAGCTGTCAT TCCGGTCACAGCCACACTT 344 60.0 40 16
Wntba TCCTATGAGAGCGCACGCAT CAGCTTGCCCCGGCTGTTGA 224 60.0 40 16
Wnt5b TCGGAGGAGCAGGGCCGAGC CAGCTTGCCCTGGCGGGTGA 223 65.0 40 16
Wnt6 GCACCGAGTGTAAGTGCCAT GAAGCGGCACAGACAGTTCT 377 56.2 40 16
Wnt7a CAAGGCCAGTACCACTGGGA GGCTCCACGTGGACGGCCTC 307 56.5 40 16
Wnt7b ACCAAAACTTGCTGGACCAC ACGTGTTGCACTTGACGAAG 385 56.2 40 16
Wnt8b AACGTGGGCTTCGGAGAGGC GCCCGCGCCTTGCAGCAGGT 272 62.9 40 16
Wnt9b GTAAGTGCCATGGTGTGTC GTGTCATAGCGTAGCTTCAG 160 55 28 17
Wntl0a AAAGTCCCCTACGAGAGCCC CAGCTTCCGACGGAAAGCTT 179 52.3 40 16
Wnt10b CGGCTGCCGCACCACAGCGC CAGCTTGGCTCTAAGCCGGT 179 59.3 40 16
Wntll GTGGCTGCTGACCTCAAGACC TTCTTCATGCAGAAGTCAGGAG 103 55 28 17
Wntl6 ACAGCATCCAGATCTCAGAC ACTACATGGGTGTTGTAGCC 238 55 28 17
Frz2 CTAGCGCCGCTCTTCGTGTACCTG CAGCGTCTTGCCCGACCAGATCCA 387 60 25 18
Frz3 TAGCAATGGAGCCCTTCCACC CTCCATATCTTCAGGCCACGG 200 55 28 17
Frz4 GCTTGTGCTATGTTGGGAACCCAC ACAGGTTGCAGGAACCGT 230 55 28 17
Frz5 GTCTGTGCTGTGCTTCATC AGTGACACACACAGGTAGCA 123 55 28 17
Frz6 TGAAGGAGAGAAGCAATGGATC TGAACAGGCAGAGATGTGGAG 160 55 28 17
Frz7 GCCAGACCCACCTTTCACT CGAACCGTCTCTCCTCTTCTT 198 58 35 19
Frz8 TTTGTGCTGGCGCCACTGGTT TAGAGCACGGTGAAGAGGCCC 170 55 28 17
Frz9 CGGAGTCTTTTCCATCCTTTACAC GCCATTTTTCGGTAGCACAGG 250 58 35 20
Frz10 TGTCCGGTTGCTACACCATGGGCT GCCAGGAACCAGGTGAGG 220 55 28 17
LRP5 GATGTGCGGCTAGTGGATG GCCCGAGATGACAATGTTCT 195 58 35 21
LRP6 GGGCCGATGCAAAACTTAAT CCTCTGTTGGCTGAAAGCAT 242 58 35 21
Dsh1l GGGGGTAGTGGCAGTGAA ACCTGTAAGTTCTGGAGGGACA 237 58 35 21
Dsh2 GCAGTGGCAGTGAGTCAGAA TCATGGGGTTATAGGGGAGAG 192 58 35 21
Dsh3 CAAGGAGAAGGACCCAAAAG ATCGGGGGACCATAGAGAG 240 58 35 21
APC TCACCTAGCGGGACTGTTG CTTCTTCGTGTTGGTGCTCA 132 55 40 Roel Nusse, The Wnt Homepage
(Stanford, Palo Alto, CA)

Axinl CAGGGTTTCCCCTTGGACC GGTCAAACATGGCAGGATC 535 58 30 22
Axin2 CTCCTTGGAGGCAAGAGC GGCCACGCAGCACCGCTG 657 58 40 23
GSK3B CAGCAGCCTTCAGCTTTTGG CCGGAACATAGTCCAGCACCAG 358 60 35 24
Rspol TGTGAAATGAGCGAGTGGTCC TCTCCCAGATGCTCCAGTTCT 416 58 32 25
RSP02 TTGCATAGAGGCCGCTGCTTT CTGGTCAGAGGATCAGGAATG 501 58 32 25
RSPOB GTACACTGTGAGGCCAGTGAA ATGGCTAGAACACCTGTCCTG 474 58 32 25
Rspo4 CTGGAGTCCCTGCATACACAA CACGGGGAGAAGGAAAGTTTC 439 58 32 25

pended in 350 ul of Buffer A (20 mm HEPES (pH 7.5), 10 mm
KCl, 0.1 mm EDTA, 0.1 mm EGTA, 1 mm dithiothreitol, and
protease and phosphatase inhibitors (Roche Laboratories) and
incubated on ice for 15 min. Cells were further lysed by addition
of 10% Nonidet P-40 (to a final concentration of 1%, Sigma-
Aldrich) and vortexed for 1 min. Nuclei were pelleted by cen-
trifugation for 10 min at 1,600 X g at 4 °C. The pellets were
washed once with 400 ul of Buffer A and the nuclear fraction
was further pelleted for 10 min at 1600 X gat 4 °C. Nuclei were
solubilized by addition of one pellet volume of NE buffer (20
mw Tris, pH 8.0), 420 mMm NaCl, 1.5 mm MgCl,, 0.2 mm EDTA,
25% glycerol, and protease and phosphatase inhibitors). One-
fourth pellet volume of 5 M NaCl and one pellet volume of NE
buffer were further added to the resulting pellet. Nuclei were
then homogenized by sonication for 5 s and were stored at
—80 °C until used (27). 50 ug of nuclear protein, as measured by
Bradford protein assay (Bio-Rad), was used for immunoblotting
using antibodies against B-catenin (mouse IgG, 1:1000, BD
Transduction Laboratories, Franklin Lakes, NJ) and poly-ADP-
ribose polymerase (PARP, mouse IgG, 1:1000, nuclear fraction
protein loading control (28), BD Transduction Laboratories) as
described.

Cell Proliferation Assays—MING cells were grown to 80 —90%
confluence in 24-well plates, serum-starved overnight, and
then treated with medium alone (control), EX4 (10 nMm) or var-
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ious doses of recombinant Rspol (34.5 pMm to 34.5 nm) overnight
in the presence of serum-free medium with 25 mm glucose. Cell
proliferation was measured as described (29). Briefly, cells were
incubated with 37 kBq/ml [*H]methylthymidine (specific activ-
ity: 3000 GBq/mmol, Amersham Biosciences) for 4 h. Cells
were then washed twice in cold PBS and incubated for 30 min in
1 ml of 5% trichloroacetic acid at 4 °C to precipitate the DNA.
The liquid layer was removed by aspiration and 500 ul of 0.1 m
sodium hydroxide was added to the cells for an additional 30
min at room temperature with gentle shaking. The solubilized
material was then transferred to 4 ml of scintillant, and radio-
active counts were determined by liquid scintillation counting.

For measurement of murine (3-cell proliferation, dispersed
islet cells were treated for 48 h with medium alone (control),
EX4 (10 nm) or recombinant Rspo1 (34.5 nm) in the presence of
serum-free medium with 20 mm glucose and, for the last 24 h,
5'-bromo-2'-deoxyuridine (BrdU, 10 um). Cells were washed
with PBS and fixed in 10% formalin and incubated with mouse
anti-BrdU (1:200, Sigma-Aldrich) and guinea pig anti-insulin
(1:200, Dako Diagnostics, Mississauga, ON, Canada) antibod-
ies. Cells were then gently washed with PBS and incubated for
30 min with appropriate secondary antibodies (Texas-Red-
conjugated anti-mouse (1:200) and Cy2-conjugated anti-
guinea pig (1:200), Jackson ImmunoResearch Laboratories) and
then mounted with mounting medium for fluorescence con-
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taining 4’,6-diamidino-2-phenylindole (VectaShield, Vector
Laboratories, Inc., Burlingame, CA). Proliferative index is
expressed as a percentage of BrdU- and insulin-positive cells
over total insulin-positive cells analyzed under Zeiss Axioplan
microscope with Axiovision software (Carl Zeiss Canada, Don
Mills, Ontario, Canada). A minimum of 100 B-cells was
counted per treatment.

Apoptosis Assays—MING cells were grown to 80-90% con-
fluency and apoptosis assay was performed as previously
described (14). Briefly, cells were seeded in 12-well cell culture
dishes for 24 h and subsequently preincubated with either
medium alone (control), EX4 (10 nMm), Wnt3a (641 pm), or
Rspol (34.5 pm - 34.5 nm) for 18 h. The cells were then incu-
bated with a mixture of cytokines (10 ng/ml IL-13, 50 ng/ml
TNFa, 50 ng/ml [FNY, Sigma-Aldrich) in the absence or pres-
ence of treatment, as described above, for another 18 h. This
incubation time was based on the results of (14). Apoptosis was
measured by immunoblotting for cleaved caspase3 (14).

For measurement of murine (3-cell apoptosis, after over-
night serum starvation, cells were preincubated with either
medium alone (control), EX4 (10 nm), or Rspol (34.5 nm) for
18 h. The cells were then incubated with a mixture of cyto-
kines, as above, in the absence or presence of treatment, as
described, for an additional overnight incubation. Dispersed
cells were then washed and fixed in 10% formalin, and
stained for insulin as above, with apoptosis detection per-
formed using a TUNEL detection kit (Roche Laboratories).
B-Cell apoptosis is expressed as a percentage of TUNEL- and
insulin-positive cells over total number of insulin-positive
cells, analyzed as above.

Insulin Secretion Assay—MING cells were grown to 90% con-
fluence in 24-well plates, and serum-starved overnight. Cells
were then treated for 2 h with low (2 mm) or high glucose (25
mMm) serum-free medium containing medium alone (control),
EX4 (10 nm), Wnt3a (641 pm), or Rspol (34.5 pMm to 34.5 nm) for
an additional 2 h with serum-free medium. The medium was
then transferred and spun at 2,000 X gat4 °C for 1 min, and the
supernatant was collected and placed on ice. Insulin secretion
studies on isolated mouse islets were performed as previously
described (30). Briefly, islets were cultured overnight in 2 mm
glucose RPMI 1640 (Invitrogen) with 10% FBS and penicillin/
streptomycin. Islets were then washed and incubated with
experimental medium that consisted of either low (2 mm) or
high glucose (20 mm) RPMI 1640 with or without Rspol (34.5
nm) for 2 h. Media samples were taken and centrifuged at 700 X
gat4 °C for 1 min, and the supernatant was collected. Samples
were diluted into the assay buffer and assayed for insulin using
an insulin RIA kit according to the manufacturer’s instructions
(Linco Research, St. Louis, MO). Cell protein content was
determined by Bradford assay.

Statistical Analysis—All data are expressed as mean = S.E.In
some experiments, data were logl0 transformed to normalize
variance for statistical analysis. Data were analyzed by Student’s
t test or by one- or two-way ANOVA, followed by appropriate
post-hoc testing using Statistical Analysis System software
(SAS v 9.1.3, Cary, NC). Statistical significance was assumed at
p < 0.05.
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RESULTS

Expression of Rspol and cWnt Signaling Molecules in Murine
B-Cells—Conventional RT-PCR demonstrated that Rspol
mRNA is expressed in whole mouse pancreas as well as in iso-
lated murine islets (Fig. 1B). Rspol mRNA was also detected in
the murine MIN6 and BTC B-cell lines. Moreover, the Rspo3
and Rspo4, but not Rspo2, isoforms were detected in both
mouse islets and MIN6 B-cells (Fig. 1B). Examination of the
relative expression levels of Rspol by qRT-PCR using two dif-
ferent Rspol primer sets revealed that, although expression was
lower in mouse islets and BTC B-cells, Rspol was highly
expressed in the MIN6 B-cell line (Fig. 1C). Therefore, the
MING6 (-cell line was used as our main iz vitro model to study
Rspol.

RT-PCR of total RNA from MING6 B-cells was conducted to
determine the expression of essential components of the cWnt
pathway, including specific isoforms of Wnt ligands, Frizzled,
and LRP receptors, and intracellular cWnt signaling molecules
such as Axin, dishevelled, APC, and GSK3p (Fig. 14). As shown
in Fig. 1D, MING6 B-cells expressed mRNA transcripts for the
majority of Wnt ligands (except Wnt2b, Wnt5b, and Wnt9b)
and Frz receptors (except Frz9 and Frz10). Both isoforms of the
LRP co-receptors and all tested intracellular cWnt signaling
molecules were also detected in MIN6 B-cells. Collectively,
these observations imply that MIN6 B-cells are capable of a
functional cWnt signaling response.

Rspol Stimulates cWnt Signaling and Insulin mRNA Expres-
sion in MIN6 B-Cells—Activation of cWnt signaling involves
the stabilization of B-catenin and its subsequent translocation
to the nucleus where it interacts with the TCF/LEF family of
transcription factors to initiate transcription of cWnt target
genes. To determine whether Rspol induces cWnt signaling in
MING6 B-cells, cells were incubated for 30 min with medium
alone or Rspol at 34.5 pm, 345 pm, and 3.45 nm, as well as with
EX4 (10 nm) and Wnt3a (641 pMm), positive controls, and nuclear
lysates were used to immunoblot for 3-catenin. Rspol at the
345 pM and 3.45 nM doses, but not Wnt3a, was found to signif-
icantly enhance nuclear B-catenin levels (p < 0.05). Although
EX4 did not increase nuclear B-catenin within this time frame,
we found that EX4 (and LiCl, positive control) significantly
enhanced nuclear 3-catenin after 8 h of incubation, by 1.5-fold
(p < 0.05, data not shown).

To determine if Rspol-induced increases in nuclear 3-cate-
nin translate to transcriptional output, two cWnt target genes,
c-myc and cyclin D1, were analyzed by qRT-PCR. Rspol, at
concentrations of 345 pMm and 3.45 nw, significantly, increased
c-myc, but not cyclin D1 mRNA, after 12 h of incubation (Fig.
2B; p < 0.05-0.01), at which time, there was no effect of Wnt3a
(641 pm). However, incubation with Wnt3a for 4 h stimulated a
3.5-fold increase in c-myc and a 3-fold increase in cyclin D1
mRNA levels in the MING6 cells (p < 0.05 for both, data not
shown). Together, these findings establish that Rspol induces
cWnt signaling in MIN6 B-cells by increasing nuclear 3-cate-
nin levels, resulting in a subsequent elevation of c-myc mRNA
levels, and that the timing and effects of Rspol on MING6 B-cells
differ from those of both EX4 and Wnt3a. Moreover, qRT-PCR
revealed that, at all concentrations tested, Rspo1 also enhanced
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FIGURE 1.Rspo1 and cWnt signaling molecules are expressed in murine B-cells. A, simplified schematic of cWnt and Rspo1 signaling showing cWnt ligand
and Rspo1 binding to the Frz receptor and LRP5/6 co-receptor, as well as the intracellular protein Dishevelled and the B-catenin degradation complex
consisting of APC, Axin, and GSK3B. B, RT-PCR analysis of Rspo1-4 mRNA in murine pancreas, islets, and MIN6 and BTC B-cell lines. A 100-1000-bp ladder was
used. No RNA was used in the negative (-ve) control. G, relative qRT-PCR quantification of Rspo1 mRNA transcripts in murine islets, and MIN6 and BTC B-cells.
Primer set 1, exons 2-3 and primer set 2, exons 3- 4. Relative expression levels of Rspo1 were normalized to 18 S rRNA expression. (n = 5-30). D, RT-PCR for mRNA
transcripts of various cWnt signaling molecules in MIN6 B-cells. A 100-1000-bp ladder was used.

insulin mRNA levels after 12 h (Fig. 2D, p < 0.05-0.01). Inter-
estingly, treatment with EX4 stimulated insulin mRNA levels
only after 24 h of incubation by 2-fold (p < 0.01, data not
shown), indicating that Rspol and EX4 may regulate insulin
mRNA expression via different pathways.

Rspol Stimulates B-Cell Proliferation—Cell proliferation
assay using [*H]methylthymidine incorporation revealed that
EX4 and Wnt3a (positive controls) stimulated MIN6 B-cell
proliferation by nearly 2-fold compared with the control group
(Fig. 34, p < 0.05-0.01), consistent with prior reports (7, 8).
Treatment with recombinant mouse Rspol at doses of 345 pm
and 3.45 nMm also stimulated MING6 B-cell proliferation, reaching
a maximum of 2.2-fold (p < 0.01) of controls. The highest dose
of Rspol tested (34.5 nm) did not stimulate further prolifera-
tion. To assess whether Rspol can stimulate B-cell prolifera-
tion, dispersed mouse islet cells were incubated with EX4 (10
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nMm, positive control) and Rspol (34.5 nm) for 48 h, and BrdU
was added for the last 24 h. Fig. 3B shows that Rspol at 34.5 nm
induced a 2.5-fold increase in BrdU incorporation in insulin-
positive cells (p < 0.01), whereas EX4 enhanced B-cell prolifer-
ation by 2.8-fold (p < 0.01).

Rspol Prevents Cytokine-induced Apoptosis in [-Cells—In
addition to the enhancement of cell growth, inhibition of
apoptosis is another important variable in the B-cell growth
equation. As shown in Fig. 44, the level of activated, cleaved
caspase3 was significantly increased by 7-fold (p < 0.05) follow-
ing treatment of the MING cells with a mixture of cytokines for
18 h, and this increase was completely prevented by pretreat-
ment with EX4 (p < 0.05) or Wnt3a (641 pm), as well as by all
doses of Rspol (p < 0.01). The level of activated caspase3 in the
presence of cytokines was not further reduced when MING cells
were co-treated with both Wnt3a and Rspol (data not shown).
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A similar observation was observed in dispersed murine 3-cells,
such that treatment with cytokines for 18 h significantly
increased the number of TUNEL-positive 3-cells by 6-fold (p <
0.01); however pretreatment with either EX4 (10 nm) or Rspol
(34.5 nm) significantly reduced cytokine-induced apoptosis
(p < 0.05, Fig. 4B).

Rspol Stimulates B-Cell Insulin Secretion—TIt is well estab-
lished via knock-out of LRP5 that the manipulation of cWnt
signaling induces changes in B-cell function (4). MIN6 B-cells
were therefore treated for 2 h with either medium alone (con-
trol), EX4 (10 nwm, positive control), Wnt3a (641 pm) or Rspol
(34.5 pm to 34.5 nwm, Fig. 5A) in the presence of high (25 mm)
glucose. Not only EX4, but also Wnt3a stimulated insulin secre-
tion under these conditions (p < 0.001). Furthermore, while no
changes were seen with Rspol at the low doses tested (34.5 and
345 pm), insulin secretion from MIN6 B-cells treated with
Rspol at higher doses (3.45 and 34.5 nm) was increased to 2-
and 5-fold of control, respectively, in a dose-dependent fashion
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(Fig. 54, p < 0.001 versus control, p < 0.001 for 34.5 nm versus
3.45 nMm). Rspol-stimulated insulin secretion in MIN6 B-cells
was not glucose dependent as no difference in secretion was
seen between low and high glucose in the presence of Rspol
(Fig. 54, inset). We next evaluated whether Rspol can regulate
insulin secretion in mouse islets. Static incubation of islets with
Rspol at 34.5 num for 2 h induced a significant increase in insulin
secretion, and this effect was glucose-independent (Fig. 5B).
EX4 Stimulates Rspol Expression in a Glucose-, Dose-, Time-,
and PI3-kinase-dependent Manner—Finally, because B-cell
behavior is regulated by both glucose and GLP-1, we deter-
mined whether Rspol is affected by these factors. Rspol mRNA
levels were therefore examined in MING cells treated for vari-
ous times with either medium alone (control) or incremental
doses of EX4 (1-100 nm) at either low (5 mm) or high (25 mm)
glucose. Treatment with high glucose increased Rspol mRNA
levels by 2-fold, while EX4 at 10 nm for 8 h induced a further
increase in Rspol mRNA levels, an effect that was seen only
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under high glucose conditions (Fig. 64, p < 0.05). A time course
study demonstrated that Rspol mRNA levels peaked at 3-fold
of control levels following 8 h of EX4 (10 nm) treatment with
high glucose (Fig. 6B, p < 0.05) and returned back to basal levels
at 12-24 h (Fig. 6B). Consistent with the mRNA findings,
changes in Rspol protein levels were observed in response to
EX4 treatment at 12 h but not at 8 h (Fig. 6C, p < 0.01). To
determine if the observed effect of EX4 on Rspol mRNA is
restricted to the MING6 B-cells, the murine BTC B-cell line as
well as isolated mouse islets were also tested. Treatment with
EX4 at 10 nm stimulated Rspol mRNA by 4-fold at 8 h in the
BTC cells (Fig. 6D, p < 0.05). A similar induction of Rspol
mRNA was also observed in the isolated mouse islets (Fig. 6E,
p < 0.05), albeit only at an earlier (i.e. 4 h) time point (prelimi-
nary 8 h and 12 h data not shown).

To delineate the mechanism of action whereby EX4 regulates
Rspol mRNA expression, MING cells were co-treated with EX4
and various inhibitors of the known GLP-1 receptor signaling
pathway. Consistent with previous observations, EX4 treat-
ment increased Rspol mRNA levels by 2-fold (Fig. 6F). Co-
treatment with LY294002 (a PI3-kinase inhibitor) significantly
attenuated Rspol mRNA expression (p < 0.01 versus EX4
alone), and a similar reduction was seen in cells cotreated with
wortmannin (data not shown). In contrast, H89 (a PKA inhibi-
tor), SB203580 (p38 MAPK inhibitor), and PD98059 and U0126
(MEK inhibitors) had no effect on EX4-induced Rspol mRNA
levels. Treatment with each of these inhibitors alone did not
alter Rspol mRNA levels (data not shown). These findings indi-
catethat EX4 regulates Rspol mRNA expressioninaPI3-kinase-
dependent fashion.

21298 JOURNAL OF BIOLOGICAL CHEMISTRY

A

Cleaved :
caspase3

actin

-
[+ N

Apoptotic index
(Fold change; cleaved caspase3/actin)
S

# ## ## #i #i
[ -_- N 8 &8 8
Control Control  EX4 Wnt3a 345pM 345pM 3.45nM 34.5nM
(basal) (10nM) (641 pM)

o

Cytokines: IL-18 (10 ng/ml), TNF-a (50 ng/ml), IFNy (50 ng/m1)

Rspo1
B £_ 8] *%

]

£3

= 6
552
2.8
- o
o222,
R #  #
Su?

c

< 23 2 .

&2

o=

]

o

32

= Control Control EX4 Rspo1

(basal) (10nM)  (34.5nM)

Cytokines: IL-18 (10 ng/ml),
TNF-a (50 ng/ml), IFNy (50 ng/ml)
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in dispersed murine B-cells (B). Cells were incubated in serum-free medium
overnight, pretreated with medium alone (control), EX4, Wnt3a, or the spec-
ified doses of Rspo1 for 18 h, and then incubated without (basal) or with a
combined cytokine mixture for a further 18 h. MIN6 B-cells were analyzed by
immunoblotting for cleaved caspase-3 and pan-actin (n = 4-8). A represen-
tative blot is shown. Dispersed islet cells were fixed, and then co-stained for
insulin and TUNEL (n = 6). Apoptotic index was expressed as fold change
relative to the basal control group. *, p < 0.05 and **, p < 0.01 when com-
pared with control (basal); #, p < 0.05 and ##, p < 0.01 when compared with
control + cytokines.

DISCUSSION

Previous studies have demonstrated that the cWnt signaling
pathway plays a crucial role in the maintenance of 3-cell behav-
ior. Recently, Rspo has been established as a novel family of
secreted activators of cWnt signaling (13). Although Rspol has
been detected in human pancreas (9), the effects of Rspol on
the B-cell have not been explored. We now provide evidence
that murine islets, MIN6 and BTC B-cells express Rspol. We
further found that Rspo1 activates cWnt signaling in the MIN6
B-cells, and that Rspol not only enhances B-cell growth and
survival but is also an insulin secretagogue.

In the present study, we have found expression of Rspol in
multiple B-cell models. It is interesting to note that the MIN6
and BTC B-cells as well as murine islets also expressed two
other isoforms of Rspo (i.e. Rspo3 and Rspo4). However, BTC
B-cells also expressed Rspo2, whereby this isoform was unde-
tectable in the other models, raising the possibility that the BTC
B-cell line may not be directly comparable to murine islets in
vivo. Moreover, MIN6 [3-cells were demonstrated to express
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FIGURE 5. Rspo1 stimulates insulin secretion in MIN6 3-cells and isolated mouse islets. A, insulin secretory
response to Rspo1 in MING6 B-cells (n = 5 - 12) was tested by static incubation of medium containing medium
alone (control), EX4, Wnt3a, or indicated doses of Rspo1 for 2 h with high glucose. Insulin in the medium was
measured by radioimmunoassay, and the results were normalized to total protein content. (inset: MIN6 3-cells
were treated with or without Rspo1 (34.5 nm) under low (2 mm) or high glucose (25 mm) conditions (n = 6-12).
Data were normalized to total protein content and expressed as fold of low glucose alone). B, insulin secretion
in isolated mouse islets was determined after 2 h incubation with low or high glucose and with or without
Rspo1. The results were normalized to total protein content and expressed as fold of low glucose alone. *, p <
0.05; **, p < 0.01; ***,p < 0.001 compared with control values, @@@, p < 0.001 for 34.5 nm compared with 3.45
nM Rspo1, and #, p < 0.05 and ###, p < 0.001 for high glucose compared with high glucose in presence of 34.5

nm RspoT.

high levels of Rspol mRNA, as well as Rspol protein, therefore
serving as a useful model for the present investigation. The
MING6 B-cells were further found to express functional cWnt
signaling, as indicated by expression of essential cWnt signaling
molecules, as well as nuclear B-catenin translocation and cWnt
target gene expression (i.e. c-myc and cyclin DI) in response to
LiCl and Wnt3a respectively. In line with previous reports that
Rspol can activate cWnt signaling (9, 11-13, 31), we also found
that Rspol increased nuclear B-catenin as well as the cWnt
target gene, c-myc in MIN6 B-cells. In contrast, we did not see
any changes in expression levels of cyclin D1 after 12 h of treat-
ment of Rspol. This observation gives rise to the possibility of a
differential responsiveness of these genes to Wnt3a and Rspol
in the MIN6 B-cells, such as reported for their responses to
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(8). Consistent with these findings,
we found an enhancement of MIN6
B-cell proliferation in response to
treatment with Wnt3a. Further-
more, Rspol was also found to
induce significant growth of both
the MIN6 cells and dispersed
murine B-cells in vitro. Interest-
ingly, the highest dose of Rspol
tested did not stimulate any further
proliferation in the MIN6 B-cells,
and it remains possible that this cell
line became desensitized by this
recombinant protein. Further stud-
ies to examine the potential regula-
tory mechanisms induced by Rspol
are crucial in understanding its role
in cWnt signaling. Nevertheless,
these findings are consistent with
studies demonstrating that Rspol
enhances intestinal growth through
a cWnt-dependent pathway (9, 13).

Our finding that Rspol exerts
proliferative effects on the B-cell
prompted the question as to
whether Rspol also protects the
MING6 B-cells from apoptosis. The
cytotoxic effects of cytokines on
B-cells have been demonstrated to include apoptosis, with
caspase3 as the enzyme responsible for the features of cell death
in this model (34). Consistent with previous results in INS-1E
B-cells (14), we found that cytokine treatment increased
cleaved caspase3 activity in the MIN6 -cells, whereas treat-
ment with EX4 decreased cytokine-induced caspase3 levels.
However, in addition to proliferation, several downstream
mediators of cWnt signaling has been found to regulate apo-
ptosis in a variety of cell types, including B-cells (35—42).
The present study shows, for the first time, that Rspo1 inhib-
its cytokine-induced apoptosis in the MIN6 B-cells. Consis-
tent with this observation, we also report a parallel anti-
apoptotic effect of Rspol in dispersed mouse 3-cells treated
with cytokines. Moreover, we found that the anti-apoptotic
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of action is unclear. Nonetheless,
Fujino et al. (4) found impaired glu-
cose-stimulated insulin secretion in
LRP5 knock-out mice, in associa-
tion with decreased expression of
glucokinase. In this study, we dem-
onstrated that Rspol enhances
insulin secretion in MING6 and dis-
persed mouse [-cells under acute
conditions. Interestingly, Rspol-in-
duced insulin secretion in both
MING6 and dispersed B-cells was
independent of glucose levels.
Moreover, we also found that Rspol
up-regulates insulin mRNA expres-
sion in vitro. In line with this obser-
vation, Loder et al. reported that
silencing of TCF7L2, a crucial tran-
scription factor in the cWnt signal-
ing pathway, results in reduced lev-
els of insulin mRNA (43). A recent
study by da Silva et al. (44) has fur-
ther demonstrated that the TCF7L2
gene is required for maintenance of
B-cell genes regulating secretory
granule fusion. It therefore remains

12hr 24hr

24 hr

Hs9
(10M)

SB239063 PD98059
(10uM)  (20uM)

FIGURE 6. Rspo1 is regulated by EX4 in the B-cell. A, MIN6 B-cells were treated with EX4 at indicated con-
centrations under low or high glucose conditions for 8 h. mRNA levels of Rspo1 were examined by relative
gRT-PCRusing 18 S as the internal control and then normalized to control (5 mm glucose without EX4 at the 0 h
time point). B, MIN6 B-cells were incubated in high glucose conditions with medium alone (control) or EX4 for
the indicated times. C, protein levels of Rspo1 and actin were determined by immunoblot of MIN6 B-cells
treated with medium alone (control) or EX4 for 8 or 12 h. Optical densities of Rspo1 were normalized to that of
pan-actin and were further normalized to their appropriate controls. A representative blot is shown for the 12-h
time point. D, qRT-PCR for Rspo1 mRNA expression in BTC B-cells after incubation with medium alone (control)
or EX4 for the indicated times. Relative expression values were normalized 18 S rRNA and then to the 4 h control
group. E, qRT-PCR for Rspo1 mRNA levels in mouse islets after incubation with medium alone (control) or EX4
for 4 h. Relative expression values were normalized to the control group. F, MIN6G B-cells were treated with or
without EX4 and with various inhibitors, as indicated, for 8 h. Relative expression values for Rspo1 were nor-
malized to 18 S rRNA and then to the control treatment. *, p < 0.05; **, p < 0.01.

effect of Rspol in MIN6 B-cells is not further enhanced by
the addition of the cWnt ligand, Wnt3a. However, given the
possibility that one mechanism of action of Rspol involves
enhanced Wnt ligand activity through stabilization of the
Frz and LRP5/6 receptor complex (31), this observation does
not preclude a requirement for endogenously secreted Wnt
ligands for the actions of Rspol. It remains possible that the
MING6 B-cells, like INS-1E B-cells (8), secrete endogenous
Wnt ligands, in which case, further addition of the Wnt
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possible that Rspol and the cWnt
signaling pathway can also regulate
insulin secretion chronically, at the
level of insulin secretory granules.
Given the importance of the
TCF7L2 gene as a strong predictor
for the development of T2DM (45),
the regulation of insulin secretion
and gene expression by Rspol war-
rants more detailed investigation.
B-Cell behavior is determined by
many factors including glucose as a
major regulator of insulin synthesis
and release, as well as of B-cell mass (46 —48). Furthermore,
GLP-1 and its long-acting receptor agonist, EX4, have been
well-characterized as both glucose-dependent insulin secre-
tagogues and B-cell growth factors. We have now demon-
strated that EX4 increases Rspol expression in the MIN6
B-cells in a dose- and time-dependent fashion and that this
occurs only under high glucose conditions. This novel find-
ing was not restricted to the MIN6 B-cell line, as similar
effects of EX4 on Rspol mRNA were observed in mouse BTC

EX4 (10 nM)
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cells, as well as in murine islets. Although interesting to note
that glucose levels altered EX4-induced Rspol mRNA levels,
this observation was not entirely surprising. Glucose regula-
tion of B-cell behavior has been well-established and numer-
ous studies have shown this nutrient can operate as a facili-
tator to enhance the actions of B-cell growth factors. Most
notably, glucose confers -cell responsivity by co-regulation
with cAMP-increasing incretins such as GLP-1 that is espe-
cially vital for their mitogenic/anti-apoptotic actions
(49 -51).

Finally, the binding of GLP-1 or EX4 to the GLP-1R is known
to stimulate adenylyl cyclase, leading to an increase in intra-
cellular cAMP levels and activation of PKA (52-55). How-
ever, treatment with the PKA inhibitor H89 did not change
basal or EX4-stimulated levels of Rspol mRNA, indicating
that PKA is not required for this effect. GLP-1 has also been
reported to stimulate a number of MAPK signaling pathways
including ERK1/2 (56 —60) and p38 MAPK (61, 62) to regu-
late B-cell behavior. Nonetheless, we found that inhibition of
ERK1/2 with either PD98059 or U0126, or of p38 MAPK with
SB203580, did not affect basal or EX4-induced changes in
Rspol mRNA levels. In contrast, co-incubation of MIN6
B-cells with EX4 and the PI3-kinase inhibitors, LY294002
and wortmannin, abolished the EX4-induced increase in
Rspol transcript levels. It is interesting to note that the PI3-
kinase/Akt pathway appears to be involved in many path-
ways regulating -cell behavior. Most notably, GLP-1 has
been shown to exert its proliferative and anti-apoptotic
effects in INS-1E cells via PI3-kinase/Akt, as these beneficial
effects were abolished in the presence of wortmannin and by
overexpression of a kinase-dead Akt construct (14, 29).
Moreover, PI3-kinase 'y knock-out mice demonstrate abnor-
mal B-cell secretory responses that may involve downstream
glucose-sensing pathways (63, 64). Our findings that EX4
regulates Rspol mRNA levels via a PI3-kinase-dependent
pathway, therefore adds further evidence for a role of PI3-
kinase in GLP-1 signaling in the B-cell.

Numerous investigations of transgenic mice expressing
cWnt signaling molecules have provided clear evidence for
the impact of cWnt signaling pathway in regulating B-cell
biology. Our present data provides further support for this
view by demonstrating, for the first time, the growth, sur-
vival and functional effects of Rspol on the -cell. Studies of
cWnt signaling in B-cells from insulin resistant or diabetic
models have only been recently reported. Kriitzfeldt et al.
(65) observed a relative increase in Wnt4, a specific inhibitor
of cWnt signaling, in islets of insulin-resistant mice. Alter-
natively, Lee et al. (66) reported up-regulation of several
cWnt signaling molecules, including B-catenin, TCF7L2,
and cWnt ligand Wnt2b in islets from subjects with T2DM.
The results of these studies suggest that cWnt signaling can
be altered in insulin resistant and/or diabetic states. There
are currently no reports to-date to examining the B-cell
responses to and/or secretion of Rspol under such patho-
physiological conditions. Future research in this area will
therefore be important if Rspol is to be considered as a novel
target for the therapeutic treatment of patients with T2DM.
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