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Abstract

Aims/hypothesis—Stromal cell-derived factor-1 (SDF-1) is a chemokine produced in stromal
tissues in multiple organs. Earlier we reported on levels of SDF-1 and SDF-1 receptor (CXCR4) in
the insulin-producing beta cells of the mouse pancreas and determined that the SDF-1/CXCR4
axis is important for beta cell survival through activation of the prosurvival kinase, protein kinase
B (AKT). Since AKT is known to modulate the wingless-type MMTYV integration site family
(WNT) signalling cascade, we examined the effects of SDF-1/CXCR4 on WNT signalling in beta
cells and whether this signalling is important for cell survival.

Methods—Activation of downstream WNT signalling (beta-catenin and transcription factor 7-
like 2, [TCF7L2]) in response to SDF-1 was examined in the islets of WNT signalling reporter
(Tcf-optimal promoter beta-galactosidase) mice and in INS-1 and MING beta cells. Cytoprotection
of beta cells by SDF-1 in response to the induction of apoptosis was assessed by caspase 3 and
TUNEL assays.

Results—SDF-1 induced WNT signalling in beta cells of isolated islets and in INS-1 cells via
CXCR4-mediated activation of Galphai/o-coupled signalling and the phosphatidylinositol 3-
kinase/AKT signalling cascade resulting in the inhibition of glycogen synthase kinase 3-beta. The
key WNT signalling regulators, beta-catenin and AKT, were activated by SDF-1 at the
transcriptional and post-translational levels. Specific inhibition of beta-catenin in the WNT
signalling cascade reversed the anti-apoptotic effects of SDF-1.

Conclusions/interpretation—SDF-1 promotes pancreatic beta cell survival via activation of
AKT and downstream WNT signalling via the stabilisation and activation of beta-catenin/TCF7L2
transcriptional activators. These findings suggest a mechanism for SDF-1 based glucose-lowering
therapies by enhancing beta cell mass through increasing cell survival.
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Introduction

Diabetes results from inability of the beta cells of the endocrine pancreas (islets of
Langerhans) to produce insulin in amounts sufficient to maintain nutrient homeostasis. In
both type 1 and type 2 diabetes beta cell mass is reduced and the remaining beta cells are
stressed by the glucotoxic effects of prolonged, sustained hyperglycaemia [1]. Because a
common feature of diabetes is a reduction in beta cell mass, an understanding of the factors
and cellular mechanisms that control beta cell growth and survival may lead to new
treatments for diabetes that enhance beta cell mass. We recently described the expression of
the chemokine stromal cell-derived factor-1 Sdf1 and SDF-1 receptor (Cxcr4) on pancreatic
beta cells [2]. The SDF-1/CXCR4 axis exerts cytoprotective effects on beta cells by
activating the prosurvival kinase, protein kinase B (AKT), which in streptozotocin-induced
diabetic mice results in attenuation of diabetes [2].

SDF-1 is a chemokine originally identified as a bone marrow stromal cell-secreted factor
and now recognised to be produced in stromal tissues in multiple organs [3]. CXCR4 is
highly specific for SDF-1. The most extensively studied function of the SDF-1/CXCR4 axis
is that of chemoattraction involved in leucocyte trafficking and stem cell homing, in which
local tissue gradients of SDF-1 attract circulating stem/progenitor cells [4]. The SDF-1/
CXCR4 axis is also involved in many aspects of development, cell survival and tissue repair
and regeneration, as well as cancer [5, 6]. The importance of SDF-1 in stem and progenitor
cell recruitment has been established by observations that selective expression of SDF1 (also
known as CXCL12) in injured tissues correlates with adult stem cell recruitment and tissue
regeneration [7, 8]. Disruption of either Sdf1 or Cxcr4 genes in mice results in late
embryonic lethality with multiple, generalised developmental defects in organogenesis [9,
10].

SDF-1/CXCRA4 signalling in the pancreas remains relatively unexplored. WNT signalling in
the pancreas has been reviewed recently [11]. A role for SDF-1 in the modulation of WNT
signalling in the pancreas has not been reported to date. Sarvetnik and co-workers reported
production of SDF-1 and CXCRA4 in the fetal mouse pancreas and of CXCR4 in the
proliferating duct epithelium of the regenerating pancreas in non-obese diabetic mice [12].
They also found that SDF-1 stimulates phosphorylation of AKT, ERK1/2 and sarcoma
kinase (SRC), increases migration and decreases apoptosis of duct cells in vitro. Recent
studies indicate that transgenic mice p SDF-1 in their beta cells (RIP-SDF-1 mice) are
protected from streptozotocin-induced diabetes by activation of the prosurvival protein
kinase AKT and of resulting downstream prosurvival, anti-apoptotic signalling pathways
[2]. Interestingly, the gene encoding SDF-1 is located near the type 1 diabetes susceptibility
locus IDDM10, suggesting a contribution by SDF-1 to the induction of diabetes [13]. SDF-1
genetic polymorphisms are associated with the early onset of autoimmune diabetes [14].
Moreover, SDF-1/CXCR4 signalling is reported to confer anti-diabetogenic actions in the
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non-obese diabetic mouse model of autoimmune type 1 diabetes by the recruitment of Th2
cells [15].

The wingless-type MMTYV integration site family (WNT) signalling cascade controls several
cellular functions, including differentiation, proliferation and migration. The WNT proteins
form a large family of cell-secreted factors that control diverse aspects of development [16—
21]. WNT ligands exert their effect by binding to cell surface frizzled receptors and
modulate the expression of various target genes through a series of intracellular processes
ultimately leading to regulation of transcription [16-21]. The downstream WNT signalling
pathway involves beta-catenin, which when stabilised translocates to the nucleus, where it
associates with the T-cell-specific transcription factor/lymphoid enhancer binding factor
(TCF/LEF) family of transcription factors to regulate expression of canonical WNT target
genes. In pancreatic beta cells, transcription factor 7-like 2 (TCF7L2) is a major form of
transcription factor involved in the downstream WNT signalling that is responsible for
activating growth-promoting genes in response to glucagon-like peptide-1 (GLP-1) agonists
[22]. Notably, TCF7L2 has recently been found to be a major susceptibility factor for the
development of type 2 diabetes manifested by diminished insulin production [23].

To date one single report implicates crosstalk of SDF-1 signalling with WNT signalling

[24]. Stimulation of rat neural progenitor cells by SDF-1 results in the cytoplasmic
accumulation of beta-catenin and concomitant nuclear translocation through a CXCR4
receptor-mediated ERK activation pathway. These findings prompted us to examine whether
the SDF-1/CXCR4 axis regulates WNT signalling in pancreatic beta cells and whether WNT
signalling is involved in the prosurvival actions of SDF-1. We examined SDF-1-activated
WNT signalling in isolated islets and in INS-1 cells using a beta-catenin/TCF-activated
reporter gene assay. We found that SDF-1 enhances WNT signalling through the Galphai/o-
phosphatidylinositol 3-kinase (PI3K)-AKT axis, suppression of glycogen synthase kinase 3
(GSK3)p and stabilisation of beta-catenin. We also provide evidence that active WNT
signalling mediates prosurvival functions of SDF-1 on pancreatic beta cells.

Isolated mouse pancreatic islets

Mouse islets were isolated [25] from the pancreases of Tcf-optimal promoter beta-
galactosidase (TOPGAL) reporter mice transgenic for the LEF-LacZ WNT signalling
reporter [26]. Freshly isolated islets were treated for 4 h with SDF-1 with and without the
addition of the Galphai/o inhibitor pertussis toxin or the CXCR4 antagonist AMD3100.
Beta-galactosidase activity was determined by incubation of the islets with X-gal for 6 h. All
mouse studies were approved by and in compliance with the MGH Institutional Animal Care
Utilization Committee.

Polymerase chain reaction analyses of beta-galactosidase mRNA levels in isolated mouse

islets

Islets from TOPGAL mice were removed after treatments with SDF-1, SDF-1 + AMD3100
and SDF-1+pertussis toxin. RNA was extracted and beta galactosidase mRNA levels were
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measured by PCR using a kit (SYBR Green QPCR; Stratagene, La Jolla, CA, USA) with the
primers as described [22].

WNT signalling luciferase reporter assay (TOPflash)

INS-1 cells were plated into 24-well dishes for 24 h before transfection with TOPflash (gift
from R. Moon, Stanford University, CA, USA) or the mutant, control reporter FOPflash
(gift from R. Moon, Stanford University, CA, USA) (1 pg/well) using LipofectAMINE2000
(Invitrogen, San Diego, CA, USA). Various concentrations of SDF-1 or AMD3100 were
then added to the culture medium at 24 h following transfection for the indicated periods of
time. In studies using inhibitors, LY 294002 (50 umol/I) (Cell Signaling Technology,
Danvers, MA, USA), PD98059 (Cell Signaling Technology) (10 umol/l) or SH-5 (10
nmol/l) were added concomitantly with SDF-1. In studies in which wild-type, dominant-
negative or constitutively active forms of kinase were used, dominant-negative TCF7L2,
dominant-negative GSK3p, constitutively active GSK3p, dominant-negative AKT or
constitutively active AKT (0.5 pg/well) was co-transfected with TOPflash. Luciferase
activity in transfected cells was determined with a luciferase assay kit (Promega,
Milwaukee, WI, USA).

SiRNA-mediated knock-down of beta-catenin expression

Small interfering RNA (siRNA) fragments against beta-catenin (GenBank accession number
NM_053357) were from Dharmacon (Lafayette, CO, USA) (siRNA1 J-100628-05, SiRNA2
J-100628-06). siRNAs (50 nmol/l) were transfected into INS-1 cells using Dharmafect
reagent. Transfected cells were grown for 48 or 72 h at 37°C in 5% CO,, then collected or
stained for western blot analysis, caspase-3 assay and TUNEL assay, and TOPflash/
FOPflash WNT signalling reporter assays.

Western immunoblots

Membrane immunoblots were prepared from extracts of INS-1 cells and were interrogated
with antisera to beta-catenin (total protein from Santa Cruz Biotechnology, Santa Cruz, CA,
USA, active form with the mutated GSK-3 phosphorylation sites from UpState 8E7,
UpState, Waltham, MA, USA). Protein density was quantified by densitometric analysis
using an image station (440 CF; Eastman Kodak, Rochester, NY, USA).

Thapsigargin or cytokine-induced apoptosis in INS-1 or MING6 cells

For western immunoblot assay (Cell Signaling Technology, Beverly, MA, USA), MING
cells were seeded into six-well plates then treated with 1 pumol/l thapsigargin or DMSO
control for 16 h, after which apoptotic activity was measured by western immunoblotting
using antisera specific for cleaved (active) caspase-3 (9661; Cell Signaling Technology) and
cleaved (active) poly ADP ribose polymerase (PARP) (9548; Cell Signaling Technology).
For caspase-3 assay, INS-1 cells or MIN-6 cells in 24-well plates were treated with 1 pmol/I
thapsigargin or DMSO for 16 h and caspase-3 activity was determined (Molecular Probes,
Eugene, OR, USA). Caspase-3 activity per well was assessed by a microplate fluorescence
reader and normalised for total protein with the BCA protein assay (Pierce, Rockford, IL,
USA). In studies examining the anti-apoptotic effects of SDF-1, 10 nmol/l SDF-1 was added
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concomitantly in the presence or absence of thapsigargin. For cytokine treatment,
thapsigargin or DMSO was replaced by cytokine cocktail (10 ng/ml IL-1p, 50 ng/ml TNF-a,
50 ng/ml IFN-vy) or PBS control. In studies where siRNAs were used, beta-catenin siRNA or
scramble siRNA were transfected into cells with Dharmafect reagent 1 day (Dharmacon,
Lafayette, CO, USA) before thapsigargin treatment.

DAPI (nuclei fluorescence) and TUNEL staining

For the TUNEL assay, cells seeded in four-well chamber slides (Lab-Tak) were treated with
thapsigargin and TUNEL assay performed using a kit (DeadEnd Fluorimetric TUNEL
System; Promega).

Other methods

Results

For details on remaining methods, see Electronic supplementary material (ESM).

SDF-1/CXCR4 axis activates WNT signalling in isolated mouse islets

Earlier we reported on production of SDF-1 in MING beta cells and in the peri-islet stromal
tissue and intra-islet endothelial tissue of adult mouse pancreas, as well as on the abundance
of the SDF-1 receptor, CXCR4, on mouse islet beta cells and the MING and INS-1 clonal
beta cell lines [2]. Since SDF-1 was recently reported to activate the WNT signalling
pathway in rat neural progenitor cells [24], we determined whether SDF-1 activates WNT-
signalling in pancreatic beta cells. We used isolated islets prepared from the pancreas of the
TOPGAL WNT signalling reporter mouse, in which beta-galactosidase activity (blue colour)
indicates activation of the downstream WNT signalling pathway. Addition of SDF-1 (1
nmol/l) to isolated TOPGAL islets turned them blue (Fig. 1a—d). Since the majority of cells
(>80%) in islets are beta cells, we conclude that SDF-1 activates WNT signalling in beta
cells. The specificity of the interaction of SDF-1 with its receptor CXCR4 is shown by
inhibition of the WNT signalling response with the specific CXCR4 antagonist, AMD3100
(Sigma-Aldrich, St Louis, MO, USA), and with pertussis toxin, an inhibitor of Galphai/o
(Fig. 1a—d). To confirm that SDF-1 activates transcription of the beta-galactosidase gene,
PCR of extracts of the islets was performed to demonstrate corresponding changes in levels
of beta-galactosidase mRNA (Fig. 1e).

SDF-1 activates WNT signalling in INS-1 cells via the SDF-1 receptor

To investigate the mechanisms by which SDF-1/CXCR4 activates WNT signalling in beta
cells, we examined SDF-1 induction of WNT signalling in INS-1 cells using a WNT
signalling reporter assay (TOPflash/FOPflash). The TOPflash and FOPflash constructs
contain the luciferase reporter either under the control of consensus TCF7L2-binding sites or
mutated TCF7L2-binding sites, respectively. Luciferase activity was measured for 4 h after
addition of 1 nmol/l SDF-1 (Fig. 2a). SDF-1 activated WNT signalling dose-dependently
with maximum responses achieved at 0.4 nmol/l (Fig. 2b). SDF-1 activation of luciferase
activity was antagonised by co-incubation with increasing amounts of the CXCR4
antagonist AMD3100 (Fig. 2c), indicating that the activation of WNT signalling by SDF-1
occurs via the SDF-1 receptor. Compared with WNT3a, SDF-1 activated the TOPFlash
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reporter in INS-1 cells with similar potency, indicating that SDF-1 and WNT3a both
impinge equivalently on beta-catenin/TCF7L2 activation of transcription (ESM Fig. 1).

SDF-1/CXCR4 are coupled to the Galphai/o-PI3K-AKT-GSK3 signalling pathway

The SDF-1 receptor CXCR4 is a G-protein-coupled receptor (GPCR) coupled to pertussis
toxin-sensitive Galphai2. Both PI3K/AKT and mitogen-activated protein kinase (MAPK) or
ERK kinase (MEK)//ERK1/2 pathways are activated by SDF-1/CXCR4 in HelLa epithelioid
carcinoma cells [27]. SDF-1 promotes pancreatic beta cell survival in RIP-SDF-1 transgenic
mice and in MING and INS-1 clonal beta cells through activation of AKT [2]. Because
GSK-3p is inhibited by AKT phosphorylation, which is part of the WNT signalling pathway,
we explored whether the activation of PI3K, AKT and inactivation of GSK3p are required
for SDF-1-enhanced TOPflash activity. TOPflash reporter assays were performed in INS-1
cells co-transfected with active or inactive forms of GSK3p or pretreated with different
kinase inhibitors. Because mutant FOPflash activity was not altered by SDF-1 in repeated
experiments, we only measured TOPflash activity in the ensuing experiments. Constitutively
active GSK3p inhibited SDF-1-induced TOPflash activity (Fig. 3a), suggesting inactivation
of GSK3p is required for SDF-1-induced WNT signalling. Active Galphai/o—PI3K-AKT
axis is also required for the effects of SDF-1 on WNT signalling. SDF-1-stimulated
TOPflash activity was inhibited by the Galphai inhibitor pertussis toxin, the PI3K inhibitor
LY294002 and the AKT inhibitor SH-5 (Fig. 3b) or dominant negative AKT (Fig. 3c). A
constitutively active AKT did not augment SDF-1-induced activity, indicating that SDF-1
achieved maximum AKT-mediated effects. In contrast, the activation of (MAPK) was not
involved in SDF-1-induced WNT signalling, since the inhibitor of that kinase, PD98059, did
not affect SDF-1-stimulated TOPflash activity (Fig. 3b).

TCF7L2 and beta-catenin necessary for SDF-1-mediated WNT signalling

The transcriptional activation of WNT target genes requires the association of TCF7L2 with
nuclear beta-catenin. Therefore, we investigated whether active TCF7L2 is necessary for
SDF-1-induced WNT signalling. INS-1 cells were transfected with a dominant-negative
TCF7L2 construct that lacks the beta-catenin interactive domain and thereby inhibits
canonical WNT signalling. The expression of dominant-negative TCF7L2 reduced basal and
SDF-1 induced TOPflash activity compared with cells transfected with control vector (Fig.
4a). In addition to examining the effects of the inhibition of TCF7L2 on SDF-1-mediated
WNT signalling, we examined the requirement for active beta-catenin in this signalling.
siRNAs to beta-catenin markedly inhibited basal and SDF-1-mediated TOPFlash activity
(Fig. 4b). To investigate whether SDF-1 increases the stability of beta-catenin, the level of
active beta-catenin (unphosphorylated on Ser-33 and Ser-37) was examined. An immunoblot
of cells treated with SDF-1 for different periods of time was probed with an antibody
specific for unphosphorylated beta-catenin. In response to SDF-1, the level of active beta-
catenin increased 30 min after treatment of INS-1 cells with SDF-1, whereas PBS treatment
had no effect (Fig. 4c, d). Although no changes were observed in cellular levels of total beta-
catenin for up to 60 min of SDF-1 treatment of INS-1 cells, a substantial increase in total
beta-catenin was observed after 24 to 48 h of SDF-1 treatment (ESM Fig. 2b). Pertussis
toxin abrogated SDF-1-induced accumulation of active beta-catenin, indicating that
stabilisation of beta-catenin by SDF-1 is mediated by a GPCR coupled to Galphai/o (Fig. 4c,
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d). The semi-quantitative changes for data obtained on western blots is shown in ESM Fig.
3.

SDF-1 attenuation of thapsigargin-induced apoptosis in INS-1 and MING beta cells is
mediated by beta-catenin

To directly explore the role of downstream WNT signalling in the cytoprotective actions of
SDF-1 on beta cells, the clonal INS-1 and MING beta cells were treated with thapsigargin, a
potent inducer of endoplasmic reticulum stress-induced apoptosis in beta cells [2].
Apoptosis was measured by western immunoblots that specifically detect the cleaved
fragments of caspase-3 and PARP (Fig. 5a). Thapsigargin increased the levels of cleaved
caspase-3 and PARP, which were inhibited by SDF-1. Addition of siRNA to beta-catenin,
but not scrambled siRNA control, attenuated inhibition of cleaved caspase-3 and PARP (Fig.
5a). The activation of caspase-3 was also measured to evaluate apoptosis during thapsigargin
treatment. Thapsigargin induced caspase-3 activity by threefold, whereas SDF-1 attenuated
the pro-apoptotic effect (Fig. 5b, ¢). We also measured caspase-3 activity when endogenous
beta-catenin expression was inhibited by siRNA. Reduction of beta-catenin expression with
beta-catenin siRNA partially reversed the anti-apoptotic effects of SDF-1 (Fig. 5b, c). To
substantiate these findings, we performed additional apoptosis assay/TUNEL assays (Fig.
5d). Under standard conditions, only a few cells were TUNEL-positive. The numbers of
TUNEL-positive cells increased after treatment with thapsigargin. The effect of thapsigargin
was inhibited by co-incubation of the cells with SDF-1. The introduction of beta-catenin
SiRNA, but not scramble siRNA, reversed the cytoprotective actions of SDF-1. The
introduction of siRNA alone in INS-1 cells did not induce apoptosis (Fig. 5d and data not
shown). These findings indicate that SDF-1 exerts beta-catenin-dependent anti-apoptotic
effects on INS-1 cells.

SDF-1 protects against cytokine-induced apoptosis

In addition to thapsigargin, we examined cytokines as inducers of apoptosis, as this is a
model more relevant to autoimmunity type 1 diabetes. SDF-1 also inhibited apoptosis
(caspase-3 induction) mediated by cytokines (10 ng/ml IL-18, 50 ng/ml TNF-a, 50 ng/ml
IFN-y) in INS-1 cells (ESM Fig. 4).

SDF-1 does not stimulate proliferation of INS-1 cells

In contrast to the GLP-1 agonist, exendin-4, as reported earlier [22], SDF-1 exerts no
detectable effects on the proliferation of INS-1 cells as determined by BrdU incorporation
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays (Fig. 5e—
9)-

SDF-1 regulation of gene expression on focused micro-arrays

The expression of transcripts in INS-1 cells in response to SDF-1 (10 nmol/l, 4 h) was
determined on focused arrays of genes expressed in the WNT signalling pathway. Notably,
the expression of Ctnnbl mRNA and protein was substantially upregulated (ESM Table 1,
ESM Fig. 5). This finding is consistent with the downregulation of genes expressing
components of the beta-catenin destruction box, which is involved in the degradation of
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beta-catenin that occurs in the absence of active WNT signalling. Examples of these genes
are Axin (also known as Axinl), Gsk3 (also known as Gsk3b) and Csnk-1. These findings are
consistent with the mechanism of WNT/frizzled-induced signalling involving Galphai/o
activation of DV (also known as Dvi1) and inhibition of the destruction box enzymes GSK3
and Csnk1 that destabilise and degrade beta-catenin. Notably, SDF-1 resulted in the
downregulation of Ccnd2 and Myc, both involved in cell cycle progression (ESM Fig. 5,
ESM Table 1). Ccndl was upregulated by SDF-1 (ESM Fig. 5, ESM Table 1), confirmed by
real-time quantitative PCR (ESM Fig. 2a), suggesting that the failure of SDF-1 to stimulate
INS-1 cell proliferation (Fig. 5e—g) is due to a lack of cyclin D2, and not of cyclin D1.

Regulation of the expression of different cyclins in beta cells is complex. Of note, it has
been shown that GLP-1 agonists enhanced expression of cyclinA2 in beta cells [28].

Discussion

In the present studies we tested the hypothesis that SDF-1 activates WNT signalling in
pancreas-derived INS-1 beta cells and isolated islets ex vivo. These studies provide novel
evidence that SDF-1 enhances WNT signalling in beta cells and isolated islets. Further, we
found that SDF-1 activates WNT signalling by binding to its receptor CXCR4, a G-protein-
coupled receptor that activates Galphai and the downstream PI3BK-AKT axis, resulting in the
subsequent deactivation of GSK3p and stabilisation of beta-catenin (Fig. 6). The
mechanisms of SDF-1-mediated WNT signalling differ from those of GLP-1 agonists
reported earlier [22] in that GLP-1-activated protein kinase A (PKA) directly stabilises beta-
catenin independently of PI3K/AKT and GSK3 (Fig. 6).

A functional role of beta catenin and TCF7L2 in SDF-1-mediated survival and
cytoprotection of beta cells was demonstrated by knock-down of beta-catenin with sSiRNAs.
siRNAs antagonised the SDF-1-mediated inhibition of thapsigargin-induced beta cell
apoptosis, indicating that WNT signalling is obligatory to the prosurvival effects of SDF-1.
Modulation of WNT signalling regulates apoptosis in cancer cell lines and primary cells
[20]. WNT3a and WNT5a promote proliferation and inhibit apoptosis in HEK293 cells [29].
Anti-WNT-1 siRNA inhibits WNT signalling and induces apoptosis in human breast cancer
MCEF-7 cells [30]. Increased expression of beta-catenin increases proliferation and inhibits
apoptosis of vascular smooth muscle cells following carotid injury in Sprague-Dawley rats
[31].

Luo et al. reported that in rat hypothalamus SDF-1 stabilised cytoplasm levels of beta-
catenin and induced both beta-catenin translocation into the nucleus and binding to TCF7L2,
as well as activating transcription of proproliferative genes such as Ccnd1, Cend2, Cend3
and the transcription factor Myc [24]. Our findings reported here show that the coupling of
SDF-1/CXCR4 signalling to downstream WNT signalling involves Galphai/o as a major
coupling component and that Galphai/o is an activator of PI3K, which in turn activates the
prosurvival kinase AKT. We also found that SDF-1 induces transcription of beta-catenin in
INS-1 cells. In contrast to the well-defined mechanism that accounts for the post-
translational regulation of beta-catenin, the transcriptional regulation of beta-catenin is less
well studied. SDF-1 is among the few ligands that have been shown to activate beta-catenin
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gene transcription. Our discovery raises the interesting possibility of a biphasic upregulation
of WNT and beta-catenin signalling by SDF-1, achievable acutely by post-translational
modifications and in the longer term by de novo synthesis of beta-catenin.

The involvement of WNT signalling and beta-catenin in pancreas development remains
unclear. The expression of a frizzled receptor antagonist in pancreatic progenitor cells of
transgenic mice resulted in a 75% reduction in overall pancreatic mass and a 50% reduction
in absolute beta cell numbers [32]. Most recently, human islet-derived precursor cells
(hIPCs) have been shown to exhibit intense beta-catenin nuclear staining, an indicator of
activated WNT signalling [33]. hIPCs exhibit nuclear beta-catenin throughout exponential
cell growth. Beta-catenin signalling is indispensable for hIPC proliferation and during hIPC
derivation from islets. Coincidently, we discovered that inhibition of TCF7L2, an obligatory
binding partner of beta-catenin, suppressed proliferation of INS-1 cells and resulted in a
reduction in beta cell mass [22]. TCF7L2 appears to be required for maintaining glucose-
stimulated insulin secretion and beta cell survival, since genetic studies in humans have
identified a close association of polymorphisms in TCF7L2 and susceptibility towards type 2
diabetes [23]. Our findings indicate that WNT activation is required for the proproliferative
function of GLP-1 agonists and the prosurvival functions of SDF-1 in pancreatic beta cells.

Dissimilarities and similarities between SDF-1 and GLP-1-mediated WNT signalling in beta

cell

These studies of SDF-1 actions and earlier studies of GLP-1 actions [22] on beta cells
demonstrate that both SDF-1 and GLP-1 activate downstream WNT signalling via beta-
catenin/TCF7L2-regulated gene transcription. Here we show that downstream WNT
signalling is required for the anti-apoptotic actions of SDF-1, having reported earlier the
requirement of WNT signalling for the proproliferative actions of GLP-1 [22]. Notably, in
the studies reported here, we found no detectable effects of SDF-1 on beta cell proliferation

(Fig. 5e-0).

There are differences between the interactions of SDF-1/CXCR4 signalling and GLP-1/
GLP-1 receptor (GLP-1R) signalling with the WNT signalling pathway in beta cells.
Although SDF-1 and GLP-1 activate the downstream pathway of WNT signalling,
consisting of beta-catenin/TCF7L2-mediated gene expression, they do so by different
pathways of interactions with the more upstream components of the WNT signalling
pathway. SDF-1 inhibits the destruction box of the canonical WNT signalling pathway
consisting of axis inhibition protein (AXIN), adenoma polyposis coli, and the protein
kinases GSK3 and casein kinase-1 (CSNKZ1). This inhibition of GSK3 and Csnk1 by SDF-1
is likely to be mediated by the well-known actions of AKT in inhibiting these kinases,
resulting in the stabilisation and accumulation of beta-catenin [11]. In marked contrast to the
actions of SDF-1 on beta cells, GLP-1 activates beta-catenin/TCF7L2 complexes via the
stabilisation of beta-catenin by a different mechanism involving phosphorylation and
stabilisation of beta-catenin by the CAMP-dependent PKA. PKA activated by GLP-1/
GLP-1R phosphorylates beta-catenin on Serine-675, resulting in its stabilisation and
accumulation. Thus, unlike SDF-1, GLP-1-induced activation of gene expression by beta-
catenin/TCF7L2 in beta cells occurs independently of the destruction box and the activities
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of GSK3 [22]. It also remains possible that beta-catenin may be stabilised by its direct
phosphorylation by AKT [33, 34]

Notably, beta-catenin and TCF7L2 comprise the components of a non-covalent bipartite
transcriptional activation complex. Beta-catenin is the activation domain and TCF7L2 is the
DNA-binding domain of the transactivator. We speculate that different phosphorylation
forms of beta-catenin provided by SDF-1 signalling vs GLP-1 signalling result in different
conformations of beta-catenin. When different conformers of beta-catenin interact with
TCF7L2, they confer different conformations to the DNA-binding domains of TCF7L2,
resulting in differing affinities of TCF7L2 for its cognate enhancer binding sites on the
promoters of various WNT signalling target genes. Such a combinatorial mechanism could
account for the difference in genes regulated by beta-catenin/TCF7L2 in beta cells in
response to SDF-1 compared with GLP-1 (ESM Fig. 5) [22].

WNT-signalling may be a final downstream pathway for SDF-1 and GLP-1 signalling in
beta cells. However, gene expression targets diverge so that SDF-1 predominately regulates
genes involved in cell survival, whereas GLP-1 regulates genes involved in cell cycle
control (proliferation). If this circumstance proves to be valid, our findings raise the
possibility of a dual therapeutic approach for increasing beta cell mass. GLP-1 is
predominantly progrowth and SDF-1 is predominantly pro-survival. Thus the two peptides
may act additively or synergistically to promote both growth and survival of beta cells, and
to conserve or even enhance beta cell mass in response to injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GSK3 Glycogen synthase kinase 3

hiPC Human islet-derived precursor cell

PARP Poly ADP ribose polymerase

PI3K Phosphatidylinositol 3-kinase
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SDF-1 Stromal cell-derived factor-1

SIRNA Small interfering RNA

TCF7L2 Transcription factor 7-like 2

TCF/LEF T-cell-specific transcription factor/lymphoid enhancer binding factor
TOPGAL Tcf-optimal promoter beta-galactosidase
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Fig. 1.
SDF-1 (1 nmol/l) activates WNT-signalling in isolated islets from the TOPGAL WNT

signalling reporter mouse. In comparison to control (&), isolated islets expressed reporter-
driven beta-galactosidase (blue colour) (b), an indicator of activation of the WNT signalling
reporter LacZ transgene. Specificity of SDF-1 for its receptor CXCR4 is shown by the
inhibition of beta-galactosidase expression by AMD3100 (c), a specific antagonist of
CXCR4. d Coupling of the SDF-1/CXCR4 axis i to the G-protein, Galphai/o, is shown by
inhibition of beta-galactosidase expression with pertussis toxin (PTX). e Polymerase chain
reaction showing changes in beta-galactosidase mRNA levels in islets shown above.
*p<0.05 compared with control

Diabetologia. Author manuscript; available in PMC 2014 July 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liu and Habener

Relative TOPflash: Q)

FOPflash ratio

w

n

-

Page 14

op

w

Relative TOPflash: ©
FOPflash ratio
N

3

N
-

/—i/'

FOPflash ratio

Relative TOPflash:

o
o

0 0.08 0.4 2 10 ' 0 0.016 OA'08 0.4 2
Time (h) SDF-1 (nmol/l) AMD concentration (nmol/l)

o
-
n
w
IS

Fig. 2.
SDF-1 activates WNT signalling, as indicated by TOPflash luciferase activity:FOPflash

activity, in INS-1 cells. a Time course of the TOPflash:FOPflash ratio of INS-1 cells treated
with 1 nmol/l SDF-1. b Ratio of TOPflash:FOPflash activity in INS-1 cells treated with
increasing doses of SDF-1. ¢ Increasing doses of AMD3100 (AMD) antagonised 1 nmol/I
SDF-1 activation of WNT signalling. The x-axes for b and c are logarithmic scales. All
values are relative to the value of untreated INS-1 cells. Data were normalised for
transfection efficiency by co-transfected beta-galactosidase and are presented as means+SD
of three experiments
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Fig. 3.
Roles of PI3K, AKT, epidermal growth factor (EGF receptor) and GSK3p in basal levels of

and SDF-1-induced WNT signalling in INS-1 cells. a Constitutively active GSK3f
(caGSK3b) inhibited TOPflash activity whereas dominant-negative GSK3f (dnGSK3b) had
no effect. b The inhibitors pertussis toxin (PTX) (Galphai), LY294002 (PI3K) and PD98059
(ERK) did not affect basal level TOPflash activity. In contrast, pertussis toxin and
LY294002, but not PD98059, did inhibit SDF-1 induced TOPflash activity. The AKT
inhibitor SH-5 inhibited basal and SDF-1-induced TOPflash activity. ¢ Constitutively active
AKT (caAKT) stimulated basal endogenous WNT signalling (TOPflash activity), whereas
dominant-negative AKT (dnAKT) inhibited basal and SDF-1-induced TOPflash activity. All
values are relative to the first (Ieftmost) bar. Data were normalised for transfection
efficiency by co-transfected beta-galactosidase and are presented as means=SD of three
experiments. White bars, vehicle treatment (control); black bars, 1 nmol/l SDF-1 treatment.
*p<0.05 compared with vehicle treated vector only
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Fig. 4.
Inhibition of TCF7L2 or beta-catenin suppresses SDF-1-induced TOPflash activity. a

Dominant-negative (dn) TCF7L2 inhibits basal (white bars) and SDF-1-induced (black bars)
TOPflash activity. b Scrambled siRNAs to beta-catenin siRNAs inhibit SDF-1-stimulated
WNT signalling in INS-1 cells. INS-1 cells were transfected and preincubated with
TOPflash and the combination of either sSiRNAs 1 and 2, or scrambled siRNA, and then
treated for 4 h with 1 nmol/l SDF-1 or control vehicle. Data were normalised for transfection
efficiency by co-transfected beta-galactosidase and are presented as means=SD of three
experiments. All values are relative to the first (leftmost) bar. *p<0.05 compared with
control values (first bar). ¢ Immunoblot analysis with anti-beta-catenin or anti-
unphosphorylated beta-catenin (active beta-catenin) showing that SDF-1 stabilised beta-
catenin through GPCR-coupled Galphai/o. INS-1 cell cultures were stimulated with SDF-1
for the indicated times. A time-course study showed that SDF-1 (1 nmol/l) significantly
increased the accumulation of cellular beta-catenin within 30 min of stimulation. d Co-
incubation of Galphai inhibitor pertussis toxin (PTX) inhibited the accumulation of beta-
catenin
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Fig. 5.
Inhibition of apoptosis by SDF-1 in INS-1 and MIN-6 cells is reversed by knock-down of

beta-catenin. a Western blot analysis of extracts from MING cells that were mock-treated,
thapsigargin-treated (1umol/l) and/or siRNA-transfected (0.25 mg/ml) by using anti-sera
against cleaved caspase-3 and cleaved PARP, and actin antibody as a loading control. b
Caspase-3 activity (fluorescence [mg protein] 1 x 107°) of INS-1 or (c) MING cells treated
as above (a). Cell treatments from left to right: white bars, control; light grey, beta-catenin
SiRNA,; dark grey, scramble siRNA; black, SDF-1; mottled, SDF-1 and beta-catenin siRNA;
striped, SDF-1 and scramble siRNA. Results are presented as mean+SD for n=3 independent
experiments. All values are relative to the first (leftmost) bar. *p<0.05 compared with
untreated control values (leftmost bar); tp<0.05 compared with 1 mmol/l thapsigargin
treated control values. d Representative images of TUNEL staining of INS-1 cells of n=3
independent experiments. e Quantification of apoptotic cells expressed as per cent apoptotic
cells relative to total cells counted. f The proliferation rates of INS-1 cells after SDF-1 (grey
bars) or exendin-4 (black bars), presented as relative BrdU and (g) MTT incorporation
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values compared with control-treated cells. *p<0.05 when compared with control values
(leftmost bar)
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Schematic models of signalling pathways used by SDF-1/CXCR4 and GLP-1/GLP-1R in the
activation of beta catenin/TCF7L2-mediated transcriptional expression of genes involved in
beta cell survival and proliferation a SDF-1 activation of WNT signalling. Upstream SDF-1/
CXCR4 actions are transmitted to beta-catenin/TCF7L2 predominantly via action of PI3K/
AKT, the inhibition of GSK3 by AKT and the resultant stabilisation of beta catenin. Beta-
catenin/TCF7L2 activated by SDF-1 results in the transcription of genes involved in cell
survival. A direct action of AKT on the stabilisation of beta-catenin has been suggested [34,
35], but remains conjectural. b GLP-1 activation of WNT signalling. Upstream GLP-1/
GLP-1R actions are transmitted to beta-catenin/TCF7L2 via cAMP/PKA and the direct
stabilisation of beta-catenin by PKA. PI3BK/AKT and GSK3 are minimally or not at all
involved in the GLP-1-mediated pathway. The actions of beta-catenin/TCF7L2 mediated by
GLP-1 are primarily to activate the transcription of genes responsible for cell proliferation.
APC, adenomatous polyposis coli; AXIN, axis inhibition protein; B-CAT, beta-catenin; E-
CAD, epithelial cahedrin; DVL, dishevelled, dsh homologue 1; Gg,, G protein beta subunits;
G0, G protein alpha unit o; Gas, G protein alpha unit s; Gai, G protein alpha unit i; FZ,
frizzled; LRP, low-density lipoprotein receptor-related protein; MEK, mitogen activated
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protein kinase; P, phosphorylation; Raf, v-raf-1 murine leukaemia viral oncogene
homologue 1; Ras, rat sarcoma viral oncogene homologue

Diabetologia. Author manuscript; available in PMC 2014 July 07.

Page 20



