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Abstract

Aims/hypothesis Individuals carrying type 2 diabetes risk
alleles in 7CF7L2 display decreased beta cell levels of T cell
factor 7 like-2 (TCF7L2) immunoreactivity, and impaired
insulin secretion and beta cell sensitivity to glucagon-like
peptide 1 (GLP-1). Here, we sought to determine whether
selective deletion of 7¢f712 in mouse pancreas impairs insulin
release and glucose homeostasis.

Methods Pancreas-specific Tcf7/2-null (pTcf712) mice were
generated by crossing mice carrying conditional knockout
alleles of Tcf712 (Tcf712-flox) with mice expressing Cre
recombinase under the control of the Pdx/ promoter
(Pdx1.Cre). Gene expression was assessed by real-time
quantitative PCR and beta cell mass by optical projection
tomography. Glucose tolerance, insulin secretion from iso-
lated islets, and plasma insulin, glucagon and GLP-1 content
were assessed by standard protocols.

Results From 12 weeks of age, pTcf7I2 mice displayed
decreased oral glucose tolerance vs control littermates; from
20 weeks they had glucose intolerance upon administration
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of glucose by the intraperitoneal route. pTcf712 islets dis-
played impaired insulin secretion in response to 17 (vs 3.0)
mmol/l glucose (54.6+4.6%, p<0.01) or to 17 mmol/l glu-
cose plus 100 nmol/l GLP-1 (44.3£4.9%, p<0.01) com-
pared with control islets. Glplr (42+0.08%, p<0.01) and
Ins2 (15.4+4.6%, p<0.01) expression was significantly
lower in pTcf712 islets than in controls. Maintained on a
high-fat (but not on a normal) diet, p7cf7/2 mice displayed
decreased expansion of pancreatic beta cell volume vs con-
trol littermates. No differences were observed in plasma
insulin, proinsulin, glucagon or GLP-1 concentrations.
Conclusions/interpretation Selective deletion of Tcf7[2 in
the pancreas replicates key aspects of the altered glucose
homeostasis in human carriers of 7CF7L2 risk alleles, indi-
cating the direct role of this factor in controlling beta cell
function.

Keywords Beta cell mass - GLP-1 - Glucose tolerance -
GWAS - Insulin - Knockout mouse - Pancreas

Abbreviations
GLP-1 Glucagon-like peptide 1

GWAS Genome-wide association studies

Pdx1.Cre  Mice expressing Cre recombinase under the
control of the Pdx/ promoter

pIcf712 Pancreas-specific Tcf7/2-null

qPCR Real-time quantitative PCR

siRNA Small interfering RNA

SNP Single nucleotide polymorphism

TCF T cell factor

TCF7L2 T cell factor 7 like-2

Tcf712-flox  Mice carrying conditional knockout alleles
of Tcf712

Wnt Wingless-type MMTYV integration site family

@ Springer


http://dx.doi.org/10.1007/s00125-012-2600-7

2668

Diabetologia (2012) 55:2667-2676

Introduction

Studies in families [1] and monozygotic twins [2] have pro-
vided ample evidence for a hereditary component in type 2
diabetes [3]. Genome-wide association studies (GWAS)
for type 2 diabetes, first reported in 2007 [4-8], have now
revealed nearly 50 loci associated with the disease [9, 10].
Most of the single nucleotide polymorphisms (SNPs) that
are highly associated with type 2 diabetes appear to affect
beta cell mass or function [11]. However, assessing the
physiological impact of the genetic variations or even iden-
tifying the causal gene within a particular genetic locus has
been a challenging task. Indeed, most genetic variations are
in intronic regions, thus increasing the difficulty of assess-
ing the impact of variants on cellular function. While the
introduction into murine models of polymorphic variants
using classical ‘knock-in’ is often impractical (and may
not lead to clear-cut results, especially if the effect on
disease risk is slight, even in man), a key intermediate
approach is to examine the effects of loss-of-function of
the candidate genes in cell culture systems and in animal
models, as indicated in a review [12].

The TCF7L2 gene, located on chromosome 10 in a
region tentatively associated with type 2 diabetes in 2003
[13], was directly associated with the disease in Icelandic
and other northern European populations by Grant et al [14].
Since then, SNP rs7903146 within intron 4 of TCF7L2 has
emerged in GWAS of type 2 diabetes as being most strongly
associated with increased risk [4—6, 14]. T cell factor 7 like-2
(TCF7L2) is a member of the T cell factor (TCF) family of
transcription factors, which is involved in the control of cell
growth and in signalling downstream of wingless-type
MMTYV integration site family (Wnt) receptors [15]. Activa-
tion of the Wnt pathway leads to release of beta catenin from
an inhibitory complex and its translocation to the nucleus,
where it binds TCF7L2 and other related TCFs [16]. The
function of this transcriptional complex is context-
dependent, i.e. it may act as a transcriptional activator or as
arepressor [16]. TCF7L2 was previously best known through
its association with cancer development [17, 18], while the
Wnt signalling pathway is essential for proliferation of the
pancreatic epithelium [19]. Enhanced Wnt signalling has
been shown to lead to islet proliferation [20]. While loss
of beta catenin signalling has been shown to lead to pan-
creatic hypoplasia [21], stabilisation of beta catenin has
been shown to result in the formation of large pancreatic
tumours [22].

Individuals carrying risk alleles of rs7903146 display
lowered insulin secretion [23, 24], impaired insulin process-
ing [25] and decreased sensitivity to the incretin glucagon-
like peptide 1 (GLP-1) [24-26] compared with controls. It
has been reported that TCF7L2 messenger RNA levels in
islets from type 2 diabetes patients are elevated [20, 22],
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whereas TCF7L2 immunoreactivity was depressed [27].
The latter, which suggests a decrease in protein content, was
associated with downregulation of GLP-1 and glucose-
dependent insulinotropic polypeptide (or gastric inhibitory
peptide) receptor levels, and impaired beta cell function [27].
Interestingly, rs10423928, the SNP in the gastric inhibitory
peptide receptor, was also recently found to be associated with
impaired oral glucose tolerance, decreased insulin secretion
and diminished incretin effect [28].

Studies from our own laboratory and those of others have
shown that silencing of 7cf7/2 expression in clonal cell lines
[29] and primary islets [29, 30] leads to increased apoptosis
[30] and impaired beta cell function [29, 30]. These changes
are due, at least partly, to changes in the expression of genes
involved in secretory vesicle recruitment to, and fusion with,
the plasma membrane [29]. By contrast, overexpression of
TCF7L2 exerted no obvious effect on pancreatic islet func-
tion [29], although, recently, transgenic mice overexpressing
Tcf712 were reported to have impaired glucose homeostasis
among other physiological anomalies [31]. Gene expression
analysis following 7Tcf712 silencing revealed changes in the
expression of several genes in mouse pancreatic islets [29],
one of which (GlpIr) encodes the GLP-1 receptor [27, 29].
It has also been reported that TCF7L2 may mediate GLP-1-
induced beta cell proliferation [32]. Since GLP-1 is impli-
cated in beta cell survival, the increased incidence of apo-
ptosis in TCF7L2-silenced islets [27, 30] and in individuals
carrying the variants of TCF7L2 [21] is consistent with
lowered GLP-1 signalling [27]. Correspondingly, the dimin-
ished insulinotropic effect of GLP-1 in 7cf712-silenced islets
may be due, at least in part, to the lack of cognate receptors
on the cell surface [29].

Given the essentially ubiquitous expression of TCF7L2
across the majority of mammalian tissues (mice with
systemic deletion of T7cf7/2 die shortly after birth due
to defects in gut development) [33], it has up to now
been difficult to establish whether changes at the level
of islet cells (including decreased GLP-1 action on beta
cells) is the principal (or even an important) contributor
to the abnormalities in glucose homeostasis resulting from the
inheritance of a risk allele. Indeed, earlier studies [34] sug-
gested a role for TCF7L2 in intestinal L-cells, which are
responsible for GLP-1 release, although Pilgaard and col-
leagues [26] demonstrated that patients carrying the risk
T-allele have maintained incretin production, but decreased
incretin sensitivity. In the present study, we addressed this
question by selectively ablating both alleles of 7¢cf712 in all
cells of pancreatic lineage. We hypothesised that loss of
TCF7L2 in the pancreas would lead to impaired glucose
tolerance if defective beta cell function were central to the
increased disease risk. Our results support this hypothesis and
point to defective GLP-1 signalling as a cause of the beta cell
dysfunction.
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Methods

Materials Reagents were purchased from Sigma (Gillingham,
UK) or Invitrogen (Paisley, UK), unless otherwise stated.

Animals In vivo procedures were approved by the UK
Home Office according to the Animals (Scientific Procedures)
Act 1986 and performed at the Central Biomedical Service,
Imperial College, London, UK. Mice were housed two to five
per cage in a pathogen-free facility with a 12 h light—dark
cycle and killed by cervical dislocation. Animals had free
access to a standard mouse chow diet (Research Diet, New
Brunswick, NJ, USA) unless otherwise stated. For high-fat
diet treatment, mice were placed on a high-fat diet at 8 weeks
of age for 8 weeks (60% [wt/wt] fat content; Research Diet).

Generation and characterisation of pancreas-specific
Tcf712-null mouse Mice carrying conditional knockout
alleles of Tcf712 (Icf712-flox) and in which exon 1 was
flanked by LoxP sites (Genoway, Lyon, France) were back-
crossed for five generations into a C57BL/6 background.
Tcf712-flox mice were crossed with mice expressing Cre
recombinase under the control of the PdxI promoter
(Pdx1.Cre) (a kind gift from D. Melton, Harvard University,
Department of Molecular and Cellular Biology, Cambridge,
MA, USA) [31] to generate pancreas-specific Tcf7/2-null
(pTcf712) mice. To maximise the number of pTcf7/2 mice,
Tef712-flox (homozygous)/Pdx].Cre"’” mice were crossed
with Tef712-flox (homozygous)/Pdx1.Cre™” mice to pro-
duce Tcf712-flox (homozygous)/Pdxl.Cre™’" and Tcf712-
flox (homozygous)/Pdxl.Cre"’” mice, and Tcf712-flox
(homozygous)/Pdx1.Cre " mice as littermate controls. Mice
were born at the expected Mendelian ratios with no apparent
abnormalities. Genotyping was performed by PCR using
DNA from ear biopsies. The ablation of Tcf7/2 gene expres-
sion from pancreatic islets was assessed by real-time quanti-
tative PCR (qPCR) on islet RNA as described below.

Oral and intraperitoneal glucose tolerance test Glucose
tolerance was assessed by oral and intraperitoneal adminis-
tration of glucose (1 g/kg body weight). Mice were fasted
for 16 h, with free access to water. Glucose tolerance tests
were conducted at 09:30 or 09:00 hours for oral and intra-
peritoneal tests, respectively, on each experimental day.

Measurement of plasma hormones and GLP-1 Blood
(200 pl) was removed by cardiac puncture from mice killed
by cervical dislocation. Plasma was collected using high speed
(2,000 g, 5 min, 4°C) centrifugation in heparin-coated
Microvette tubes containing EDTA (Sarstedt, Leicester, UK)
with added dipeptidyl peptidase IV (DPP IV) inhibitor
(100 pmol/1) (Millipore, Watford, UK). Plasma insulin, pro-
insulin and GLP-1 levels from fed mice were assessed by

ELISA (insulin, proinsulin: Mercodia, Uppsala, Sweden;
GLP-1: Discovery Human Total GLP-1 kit, version 2;
MesoScale, Gaithersburg, MD, USA). Plasma glucagon from
fasted mice was measured by radioimmunoassay (Millipore).

For the measurement of plasma insulin following intra-
peritoneal injection of glucose, blood (100 pl) was removed
from the tail vein at various time points and plasma collect-
ed as described above. Plasma insulin was measured as
above.

Immunohistochemistry and confocal microscopy Isolated
pancreases were fixed in 10% (vol/vol) buffered formalin
and embedded in paraffin wax within 24 h of removal.
Sections (5 um) were cut and incubated overnight at 37°C
on superfrost slides. Slides were submerged sequentially in
Histoclear, followed by decreasing concentrations of indus-
trial methylated spirits for removal of paraffin wax. Permea-
bilised slices were blotted with primary antibodies, anti-
guinea pig insulin (Dako, Ely, UK) and anti-rabbit TCF7L2
(Cell Signaling, Boston, MA, USA), and were visualised
with Alexa Fluor 568 donkey anti-guinea pig IgG or with
Alexa Fluor 488 goat anti-rabbit IgG. Images were captured
on an Axiovert 200 M microscope (Zeiss, Welwyn Garden
City, UK) fitted with a x63 oil objective. Data acquisition
was controlled with a spinning disc system (Improvision/
Nokigawa, Coventry, UK) running Volocity software
(Improvision) [35].

Quantitative real-time PCR analysis Primers were designed
using Primer Express 3.0 (ABI, Warrington, UK). Specificity
for all primers was verified using BLAST (www.ncbi.nlm.
nih.gov/blast/) and PCR efficiency standard curves were per-
formed on islet cDNA. RNA from 150 freshly isolated islets
per sample was extracted using Trizol and stored at —80°C
until required. cDNA conversion was performed using a high-
capacity cDNA conversion kit (ABI) after DNAse treatment
(Ambion, Austin, TX, USA). Real-time PCR plates (ABI)
were prepared manually and sealed with optical caps
(ABI). Real-time PCR was performed on 25 ng cDNA
using HPLC-purified primers on a Fast 7500 device (ABI)
running 7500 software (ABI) and with powerSYBR
reagent (ABI); ‘no reverse transcription’ control samples
were included. Melt curves were performed at the end of
each run. For primer sequences, see electronic supplemen-
tary material (ESM) Table 1; for PCR amplification efficiency,
see ESM Fig. 1.

Insulin secretion assay The insulin secreted from groups of
six pancreatic islets of Langerhans was measured by radio-

immunoassay (Millipore) [36, 37].

Optical projection tomography and calculations of relative beta
cell mass Whole pancreatic optical projection tomography
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(19 um resolution) was performed as previously described
[38, 39].

Statistical analysis Data are the means + SEM for the num-
ber of observations indicated. Statistical significance and
differences between means were assessed by Student’s
t test, with Bonferroni’s correction for multiple analyses.

Results

Tcf712 gene expression is lowered in islets from pTcf712 mice
compared with wild-type littermates To study the roles of
Tcf712 in endocrine pancreas development and function, we
generated pTcf712 mice as indicated in the Methods
(Fig. 1a). Immunohistochemical analysis demonstrated that
Pdx1.Cre-mediated excision of exon 1 of Tcf712 essentially
eliminated immunoreactivity to TCF7L2 protein throughout
the pancreas, including islet beta cells (Fig. 1b). gPCR
analysis demonstrated that PdxI.Cre-mediated excision of
exon 1 of Tcf712 reduced full-length 7cf7/2 mRNA levels in
pancreatic islets from pTcf7[2 mice (Fig. 1c) to below the
sensitivity of detection (C>40; corresponding C; value for
wild-type islets 23.8+0.09) and led to decreased expression
of the TCF7L2 target gene, Ccndl (Fig. 1c) [40].

pIcf712 mice display impaired intraperitoneal and oral glucose
tolerance Mice were subjected to intraperitoneal (Fig. 2) or
oral (Fig. 3) glucose tolerance tests at 8, 12, 16 and
20 weeks. There was no significant difference in weight
gain between pTcf712 and control littermates (ESM Fig. 2)

Fig. 1 Generation of p7cf712
mice. (a) Schematic showing
wild-type and conditional inac-
tivation (flox’d) of the 7¢f712
allele with binding sites for
primers used for genotyping
(dotted lines). Black boxes,
exons (exon number in white).
(b) Immunohistochemical !
analysis of pancreases for !
TCF7L2 and insulin. Scale

bar 20 um. (¢) Real-time PCR

analysis of gene expression (o]
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in islets of pTcf712 mice (black
bars) and wild-type littermate c
controls (dotted outline or grey =
bar). Tcf712 expression was 5
undetected (UD; C>40) in @20
pTcf712 mice. ***p<0.001. g g
Cendl, cyclin D1 gene X5
@
2o
ol
OE
o)
c

Tef7121

@ Springer

Tcf712 I
loxP ! loxP
—>—H—H—Tef7/2 flox'd locus
i pTcf7I2

on a normal diet at any time point examined, with glucose
intolerance apparent when sugar was introduced by intra-
peritoneal injection at 20 weeks (Fig. 2d). pTcf7L2 mice were
also significantly less tolerant to oral glucose than wild-type
litter mate control mice, as measured 15 min post gavage
(Fig. 3), this difference becoming apparent in younger animals
(12 weeks) than was the case for impaired intraperitoneal
glucose tolerance (Figs 2b and 3b). Plasma insulin and proin-
sulin content were not different between fed p7cf712 and wild-
type littermate controls (ESM Fig. 3). Similar data were
obtained from female mice (ESM Figs 4 and 5).

Islets from pTcf712 mice do not release insulin in response
to GLP-1 stimulation Islets isolated from 20-week-old
pIcf712 mice displayed impaired glucose- and GLP-1-
stimulated insulin secretion (54.6+4.6% and 44.3+4.9%
lower than from control islets cultured at 16.7 mmol/l glu-
cose or at 16.7 mmol/l glucose plus 100 nmol/l GLP-1,
respectively) (Fig. 4a).

We have previously shown that silencing of 7¢f7/2 in
mouse islets using a small interfering RNA (siRNA) against
Tcf712 led to decreased expression of Ins2 and Muncl8 (also
known as Stxbp?2) and increased expression of Stx/a [29]. In
qPCR, pTcf712 islets displayed markedly decreased expres-
sion of Ins2 and Glp1r (Fig. 4b), namely by 15.4+4.6% and
4240.08%, respectively, vs islets from littermate controls.
By contrast, expression of the glucagon, Stx/a and Munci8-1
(also known as Stxbpl) genes was not altered in pTcf712
mouse islets vs controls (data not shown).

No genotype-specific differences in plasma GLP-1 con-
tent were apparent when examined in mice that had free

b

Insulin TCF7L2 Overlay

Cend1
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Fig. 2 pTcf712 mice display normal intraperitoneal glucose tolerance.
Male pTcf712 mice (grey lines or bars, n=7) and wild-type littermate
controls (black lines or bars, n=3) were starved for 16 h prior to
intraperitoneal glucose tolerance test (1 g/kg body weight) at 8 (a, e),
12 (b, 1), 16 (¢, g) and 20 (d, h) weeks. Time courses (a—d) and AUCs
for the entire test period (e—h) are shown. *p<0.05

access to food (Fig. 4c), indicating that oral glucose intol-
erance was unlikely to be due to changes in GLP-1 release
from intestinal L-cells. In contrast, plasma insulin content
was significantly lower in 20-week-old pTcf712 mice than in
controls after the intraperitoneal injection of glucose
(Fig. 4d); however, there was no apparent difference in
fasted plasma glucagon content (Fig. 4e) between pTcf712
and control mice.

Beta cell mass is unchanged in pTcf712 mice on a normal
chow diet To determine whether the abnormal glucose tol-
erance described above might reflect altered pancreatic beta
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Fig. 3 pTcf712 mice display impaired oral glucose tolerance. Male
pTcf712 mice (grey lines or bars, n=11) and wild-type littermate con-
trols (black lines or bars, n=6) underwent oral glucose tolerance tests at
8 (a, e), 12 (b, f), 16 (¢, g) and 20 (d, h) weeks. Time courses (a—d) and
AUC:s for the entire test period (e—h) are shown. *p<0.05

cell mass, the latter was determined by optical projection
tomography [38, 39] (Fig. 5). This technique allows the
distribution and total volume of insulin-positive areas to be
assessed in pancreases rendered permeable to antibodies
[38, 39]. No differences were apparent in the distribution,
size and number of insulin-positive cells between pan-
creases from pTcf712 mice and wild-type littermate controls
(Fig. 5a, b; ESM Videos 1 and 2 for wild-type mice and
pTcf712 mice, respectively). Likewise, there were no signifi-
cant differences in relative beta cell volume (1.66+0.27 vs
1.89+0.32 for pTcf712 and control mice, respectively)
(Fig. 5c¢) or total pancreatic volume (Fig. 5d) between
pTIcf712 mice and wild-type litter mate controls (n=4 mice

per genotype).
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Fig. 4 pTcf712 islets display lowered glucose- and GLP-1-stimulated
insulin secretion. (a) Batches of six size-matched islets, isolated from
20-week-old mice and cultured for 10 days in 11 mmol/l glucose and
then for 1 h at 3 mmol/l glucose, were incubated for 20 min at the
indicated concentrations of glucose and GLP-1, after which time the
supernatant fraction was collected. Islets were lysed in acid ethanol.
Insulin in the islet lysate and supernatant fractions was assayed in
duplicate by radioimmunoassay. Black bars, wild-type littermate con-
trols ; grey bars, pTcf712 mice. (b) qPCR results for islets from pTcf712
mice (grey bars) and wild-type littermate controls (black bars). Data are
from three separate islet preparations, with measurements in duplicate.
(¢) Plasma GLP-1 concentrations were measured in p7¢f7/2 mice (grey
bars) and wild-type littermate controls (black bars). (d) Plasma insulin
content was measured in 20-week-old p7cf7I2 mice (grey line) and
control littermates (black line), following glucose administration by
intraperitoneal injection. (e) Plasma glucagon content was measured in
20-week-old pTcf712 mice (grey bar) and control littermates (black bar)
following a 16 h fast. Data (c—e) are from at least four mice per
genotype; *p<0.05 and **p<0.01

Impaired tolerance to intraperitoneal glucose in pTcf712
mice fed a high-fat diet Maintenance of pTcf7I2 mice on a
high-fat diet of 8 weeks duration from 8 weeks of age led to
impaired intraperitoneal glucose tolerance vs control mice
(Fig. 6a), which occurred 4 weeks earlier than in mice on a
normal chow diet (Fig. 2). Both pTcf7/2 and control mice
developed lowered insulin sensitivity following 8 weeks on
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Fig. 5 pTcf712 mice on a normal diet have normal pancreas and beta
cell volume. (a) Representative images from optical projection tomog-
raphy of 16-week-old pTcf7I2 mice and wild-type (WT) littermate
controls. Red, insulin staining; scale bar 650 um. (b) Distribution of
islet size in pancreases of pTcf7/2 mice (black bars) and wild-type
littermate controls (grey bars). (¢) Relative beta cell volume and (d)
total pancreatic volume of p7¢f7/2 mice and wild-type littermate controls.
Cell and tissue volumes were obtained using Volocity (Improvision)
software. Data were obtained from four mice per genotype

a high-fat diet (Fig. 6b), compared with mice on a normal
chow diet (Fig. 6¢).

Impaired beta cell mass expansion in pTcf712 mice
on a high-fat diet As TCF7L2 is associated with cell pro-
liferation [16, 17, 33], we next determined whether pTcf712
mice displayed impaired beta cell mass when fed a high-fat
diet (Fig. 7; ESM videos 3 and 4 for wild-type mice and
pTcf712 mice, respectively). Supporting this view, pTcf712
mouse pancreases had decreased numbers of islets at the
extremes of the size spectrum (Fig. 7b), indicating potential
abnormalities in the generation of new beta cells and in the
proliferation of beta cells in p7cf7/2 mice. Correspondingly,
there was a decrease in total beta cell volume in pTcf712
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Fig. 6 pTcf7I2 mice on a high-fat diet display decreased insulin
sensitivity and impaired glucose tolerance. (a) Intraperitoneal glucose
tolerance in p7cf712 mice (grey symbols) and control littermates (black
symbols) following 8 weeks on a high-fat diet. (b) Insulin sensitivity

pancreases vs control (1.70+£0.25% vs 2.53+0.28%)
(Fig. 7c), but no significant difference in total pancreatic
volume (Fig. 7d).

Discussion

The principal aim of the present study was to determine
whether selective deletion of 7¢f712 in the pancreas repli-
cates the essential metabolic features associated with inher-
itance of TCF7L2 risk alleles, namely impaired GLP-1-
induced, but normal intravenous glucose-induced insulin
secretion [26, 41]. To this end we used a PdxI.Cre deleter
strain (ESM Fig. 6) [42] to effect deletion in the pancreas,
allowing us: (1) to minimise the risks of deletion in the
brain, which occur with the more commonly used /ns2.Cre
deleter mice [43]; and (2) to capture the potential effects of
Tcf712 deletion early in pancreatic development.

Consistent with earlier in vitro studies on isolated islets
from mice [29] and humans [30] in which Tcf7[2/TCF7L2
gene expression was decreased using siRNA-mediated gene
silencing, islets from p7cf712 mice displayed abnormalities
in glucose- and GLP-1-induced insulin secretion (Fig. 4a).
Interestingly, defects in intraperitoneal glucose tolerance
were absent in mice <16 weeks of age (Fig. 2) and mild
even in older animals. By contrast, clear abnormalities in
oral glucose tolerance were apparent in p7cf7/2 mice from
12 weeks (Fig. 3). Fasted glucose levels (Figs 2, 3 and 6¢)
were unchanged in pTcf712 mice compared with control
littermates, suggesting there were no profound effects on
glucagon release from alpha cells, despite the expected
deletion of Tcf7/2 from this cell type, too, as well as a
previous report suggesting that carriers of the risk T-allele
may have impaired alpha cell function [26]. Insulin sensi-
tivity (Fig. 6¢) and plasma glucagon levels (Fig. 4e) were

Time (min post i.p. injection)

Time (min post i.p. injection)

after an intraperitoneal injection of insulin in 16-week-old pTcf712 mice
(grey symbols) and control littermates (black symbols) following
8 weeks on a high-fat diet or (¢) in the same mouse groups maintained
on a normal diet. Data are from at least six mice per genotype; *p<0.05

unaltered in p7cf7I2 mice on a normal chow diet. Likewise,
no differences in body mass were observed between pTcf7/2
mice and wild-type littermates under any conditions tested
(ESM Fig. 2). Plasma GLP-1 (Fig. 4c), insulin and proinsu-
lin (ESM Fig. 3) contents in pTcf712 mice were not different
from control wild-type littermates, but pTcf7/2 islets had
decreased Glplr expression (Fig. 4b), indicating that the de-
fective oral glucose tolerance may have been due to a decrease
in GLP-1 signalling in p7cf712 islets.

pTc712 mice (ESM Fig. 2) and GlpIr-null mice [44] have
normal body weight. However, unlike the latter, which have
disturbed glucose tolerance irrespective of whether glucose
is administered orally or intraperitoneally [44], pTcf7]2 mice
had milder glucose intolerance, which was more pro-
nounced with age (Figs 2 and 3) or following a high-fat diet
(Fig. 6a).

It has previously been reported that islets from Gip /r-null
mice exhibit normal glucose-stimulated insulin secretion,
although the augmentation of insulin secretion by GLP-1
is impaired [45]. pTcf712 islets exhibited lowered glucose-
stimulated insulin secretion (Fig. 4a), while 20-week-old
mice had lower plasma insulin levels in response to an
intraperitoneal glucose challenge (Fig. 4d). We have previ-
ously reported that the expression of Stx/a and Muncl8-1
genes was affected in mouse islets when 7cf712 expression
was silenced using an siRNA against Tcf712 [29]. Interest-
ingly, the expression of these genes was not affected in
pTcf712 islets (data not shown). This discrepancy between
data from siRNA-mediated gene silencing in culture sys-
tems vs that from a tissue-specific knockout mouse may
reflect differences between the effects of acute and chronic
downregulation of 7cf7I2 gene expression and/or the exis-
tence of compensatory mechanisms, which are lacking in
culture systems. This discrepancy therefore merits further
investigation.
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Fig. 7 pTcf712 mice on a high-fat diet display impaired beta cell
expansion. (a) Representative images from optical projection tomog-
raphy of 16-week-old pTcf7I2 mice (n=3) and wild-type (WT) litter-
mate controls (n=2) following 8 weeks on a high-fat diet. Red, insulin
staining; scale bar 650 um. (b) Distribution of islet size in pancreases
of pTcf712 mice (grey bars) and wild-type littermate controls (black
bars); expanded view of section between dotted line in larger graph in
inset. (¢) Relative beta cell volume and (d) total pancreatic volume of
pTcf712 mice and wild-type littermate controls. Cell and tissue volumes
were obtained using Volocity software (Improvision). *p<0.05

pTcf712 mice that were exposed at 16 weeks of age to
8 weeks of a high-fat diet displayed decreased beta cell mass
in comparison to littermate controls (Fig. 7) as assessed by
optical projection tomography following 3-dimensional re-
construction of whole mouse pancreases. These data parallel
those of Maedler and colleagues in rats fed a high-fat diet
[46], where a correlation between TCF7L2 abundance and
beta cell regeneration from pancreatic ductal cells was

@ Springer

observed, possibly reflecting the inability of beta cells to
proliferate or regenerate from progenitor cells in the absence
of functional TCF7L2. The decreased expression of Ccndl
(Fig. 1c) in islets of Langerhans extracted from 20-week-old
mice may also have contributed towards the lack of cell
proliferation.

Patients carrying the risk SNP at rs7903146 display alter-
ations in proinsulin/insulin ratios, which suggest that the
glucose intolerance observed in these patients may be due
to decreased levels of circulating mature insulin [23]. In
contrast with these findings in man, plasma proinsulin levels
and insulin content in p7¢f7/2 mice were not different from
wild-type littermate controls (ESM Fig. 3). However, glu-
cose intolerance was more pronounced when glucose was
administered orally to mice on a normal diet, indicating that
the primary defect in p7cf7/2 mice could be lack of response
to GLP-1, followed by impaired beta cell expansion in
response to stress, e.g. high-fat diet.

It is currently unclear how the SNP at rs7903146 affects
TCF7L2 gene expression and protein levels. Given that the
SNP is associated with increased 7CF7L2 mRNA levels in
type 2 diabetic patients [24, 27], one hypothesis is that
increased abundance of TCF7L2 may be associated with
the development of type 2 diabetes. Savic and colleagues
[31] have proposed that the intragenic region associated
with type 2 diabetes may act as an enhancer region and lead
to increased TCF7L2 abundance. Using BACS transgenic
mice carrying the protective C-allele of 157903146, the same
group demonstrated that this intragenic region has enhancer
activity in islets of neonatal mice, but not in adult islets [31].
Transgenic mice containing three copies of full-length
Tcf712 cDNA driven by the enhancer region had increased
Tcf712 expression and impaired glucose tolerance, while
deletion of exon 11 of Tcf7[2 led to improved glucose
tolerance in heterozygote mice [31]. However, as the mod-
ification of 7Tcf712 expression was induced in all mouse
tissues, it is unclear whether these effects were due to effects
on pancreatic islet function or on extra-pancreatic tissue, or
to a combination of both. The data are hard to interpret in
the context of pancreatic islet function, as enhancer activity
was not detected in adult islets and expression of 7cf712 was
not assessed in islets of Langerhans from the multimeric
enhance-driven 7cf7I2 transgenic mouse [31]. In addition,
the effect of the type 2 diabetes risk-conferring variant
T-allele on enhancer function was not addressed [31]. In
contrast, Gaulton and colleagues [47] demonstrated that het-
erozygote T-allele carriers have more open chromatin, which
is associated with the increased enhancer activity conferred by
the risk allele. This is in line with the observation that the risk
T-allele is associated with increased TCF7L2 transcripts in
islets. However, the authors also state that the allele-specific
changes could impact on different genomic regulatory func-
tions, including transcriptional promoter usage or splicing
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[47], and could, for example, lead to increased expression of
alternative transcripts with dominant negative function.

As TCF7L2 protein content in type 2 diabetic islets was
shown to be lower than in control islets, despite higher
TCF7L2 message levels, another hypothesis is that the poly-
morphism, which is located in an intron, may lead to the
increased expression of alternative transcripts of TCF7L2
through the upregulation of naturally occurring alternative
transcripts [48—52]. These may then conceivably act as
dominant negative repressors of 7CF7L2. Alternative tran-
scripts of TCF7L2 are expressed in a tissue-specific manner
[25]. Data from Le Bacquer and colleagues [53] also indi-
cate that expression of alternative transcripts that do not
contain exons 13, 14, 15 and 16 could lead to increased
beta cell apoptosis, while expression of transcripts contain-
ing exon 13 leads to improved beta cell function and sur-
vival. Recently, we showed that a truncated transcript of
TCF7L2 that is generated by an alternative polyadenylation
site in intron 4 within the region associated with type 2
diabetes risk is expressed in pancreatic beta cells and can
act as a dominant negative regulator of TCF7L2 function by
competitive binding to beta catenin [51], thus possibly lead-
ing to downregulation of Wnt signalling and beta cell pro-
liferation, as observed in p7cf712 mice on a high-fat diet. Itis
currently unclear whether the expression of this transcript or
any of the other alternative transcripts with potential
dominant negative activity is altered by the presence of the
risk T-allele of rs7903146.

While the Pdx1.Cre strain used here is likely to result in
deletion in other (non-beta) cell types [43], we observed no
changes in circulating levels of glucagon or GLP-1, which
might have contributed to the phenotype, or in insulin
sensitivity. Moreover, our preliminary data (not shown),
obtained using a more beta cell-selective Ins1.Cre deleter
strain provided by J. Ferrer (Hospital Clinic de Barcelona,
Spain) and B. Thorens (University of Lausanne, Switzerland),
also revealed deficiencies in insulin secretion and glucose
tolerance, suggesting that TCF7L2 plays a critical and cell
autonomous role in the beta cell compartment.

In summary, the present study demonstrates that the elim-
ination of 7¢f7/2 function selectively in the pancreas is suffi-
cient to replicate many of the key features observed in T-allele
carriers of TCF7L2, which comprise ~50% of the individuals
in many human populations. Thus, Tcf712 appears to be re-
quired in the beta cell for the expansion of these cells under
conditions of insulin resistance and for the normal function of
the mature beta cell. An action on both of these factors thus
results in a loss of functional beta cell mass. Strategies based
on enhancing the function of TCF7L2 in the endocrine pan-
creas could lead to new ways of treating diabetes.
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