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TCF7L2 requlates pancreatic 3-cell function
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Abstract

Background: Transcription factor 7-like 2 (TCF7L2), which previously known as TCF-4, is a major form of transcription
factor involved in the downstream WNT signaling and exhibits the strongest association to diabetes susceptibility.
Although we still do not know mechanistically how TCF7L2 exerts its physiological functions on pancreatic endocrine
cells, it had been suggested that TCF7L2 may directly affect 3-cell function by regulating the activation of PI3K/AKT
signaling pathway.

Methods: MING cells were transfected with TCF7L.2 knockdown virus or lenti-TCF7L2 virus for 48 h to evaluate the
contribution of TCF7L2 to the PI3K/AKT signaling pathway and pancreatic 3-cell function. This was confirmed by
measuring the expression of PI3K p85 and p-Akt by western blotting and insulin secretion by enzyme-linked immu-
nosorbent assay (ELISA), respectively. Chromatin immunoprecipitation (ChIP) and polymerase chain reaction (PCR)
experiments were performed to explore the genomic distribution of TCF7L2-binding sites in the promoter of PIK3R1,
the affinity between which was analyzed by the luciferase reporter assay.

Results: In the present study, we strikingly identified that TCF7L2 could profoundly inhibit the expression of PIK3R1
gene and its encoding protein PI3K p85, which then could lead to the activation of PI3K/AKT signaling and stimulate
insulin secretion in pancreatic 3-cells. However, the integrity and stability of evolutionarily conserved TCF7L2-binding
motif plays a very crucial role in the binding events between transcription factor TCF7L2 and its candidate target
genes. We also found that the affinity of TCF7L2 to the promoter region of PIK3R1 alters upon the specific binding
sites, which further provides statistical validation to the necessity of TCF7L2-binding motif.

Conclusions: This study demonstrated that TCF7L2 is closely bound to the specific binding regions of PIK3R1
promoter and prominently controls the transcription of its encoding protein p85, which further affects the activation
of PI3K/AKT signaling pathway and insulin secretion.
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Background

Common variation within the gene encoding tran-
scription factor 7-like 2 (TCF7L2) is now considered
to be definitively associated with diabetes susceptibil-
ity. Despite that this association was identified in 2006
[1] and has been readily replicated in populations of
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different ethnic descent [2-5], the mechanism through
which TCF7L2 exerts its effect on type 2 diabetes mel-
litus (T2DM) is still very unclear.

TCF7L2 (previously known as TCF-4) is a high-mobil-
ity group box-containing transcription factor and oper-
ates at the end point of the canonical Wnt signaling
transduction cascade. During Wnt activation, TCF7L2
was activated by Wnt ligands or certain growth factors
(such as insulin and IGF-1), and further participated in
many Wnt-related biological processes [6]. Previous
study suggested that TCF7L2 may stimulate the prolifera-
tion of pancreatic B-cells and facilitate the production of
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the incretin hormone glucagon-like peptide-1 in intesti-
nal endocrine cells [7-9], but the molecular mechanisms
underlying are far from understood. TCF7L2 also plays
an important role in conveying Wnt signaling pathway
in regulating gene expression, and a highly significant
proportion of genes bound by TCF7L2 are known dis-
ease-associated loci [10, 11]. Chromatin immunoprecipi-
tation (ChIP) has been taken directly to identify the DNA
sequences bound by transcription factors in vivo [12]. As
an experimentally generated list of potential transcrip-
tion factor target genes has been reported in colorectal
cancer cells using ChIP-on-Chip analysis [13], previous
studies have also identified a serious of potential target
genes of TCF7L2 (including MafA, Isll, Pdx1, Axin2,
PC1, PC2, and CPE), despite that the mechanistic data is
still lacking [14-16].

Phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT) pathway, another downstream target of Wnt sign-
aling pathway, has been put in a well-established role in
providing proliferative signal and participating in ener-
getic metabolism [17, 18]. Recent data has shown that
TCF7L2 could activate PI3K/AKT pathway in numer-
ous diseases, such as prostate cancer and T2DM [19],
which might also explain why TCF7L2 confers so many
functions in the incidence and development of metabolic
diseases. The PI3K/AKT pathway is the primary pathway
of insulin signaling transduction, through which insu-
lin regulates blood glucose balance [20]. PI3K consists
of a catalytic subunit (p110) and a regulatory subunit
(p85). The p85 subunit provides stability and maintains
the activity of the p85/p110 complex. Reduced expression
or functional defects of each subunit may lead to glucose
metabolism disorder [21, 22]. Several studies have shown
a beneficial role of PIK3R1 (the gene encoding p85 pro-
tein of PI3K) in the regulation of glucose trafficking and
utilization [23]. So we hypothesized that TCF7L2 might
modulate the PI3K/AKT signaling via targeting PIK3R1,
but the concrete interaction remains unclear.

As a transcriptional regulator of Wnt signaling path-
way, TCF7L2 may act as either a stimulator or a repressor
of gene expression due to differential splicing and inter-
action with different co-regulators in target gene recogni-
tion [24]. It is well established that the various genes that
are bound and transcriptionally activated by TCF7L2 dif-
fer markedly between cell types [25]. This is not entirely
surprising, as it is clear that TCF7L2 is benignly bound
to many regions in the genome. However, the binding-
site specificity of TCF7L2 still needs to be determined.
Using different in vitro approaches, we defined the opti-
mal TCF7L2-binding motif as evolutionarily conserved
TCAAAG motifs, the validity of which was further
demonstrated and underscored in various species [26,
27]. Most of the TCF7L2 binding sites are distributed in
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clusters surrounding putative target genes [10, 28], and
the sequences TCF7L2-binding motif contained were
more conserved compared to random genomic seg-
ments, as expected for functional transcriptional regula-
tory regions [26]. The stability of TCF7L2-binding motif
is undoubtedly indispensable for TCF7L2 to regulate the
promoter activities of its candidate target genes [27].

The principal aims of this study were to determine the
impacts of altering the expression level of TCF7L2 on
insulin secretion and changes of PI3K/AKT signaling
pathways activated by glucose in pancreatic -cells. Then
we destroyed the integrity of TCF7L2-binding motif by
mutating the nucleotides CAA to make a concrete analy-
sis of the binding events between TCF7L2 and PIK3R1
promoter at transcriptional level.

Methods

Cell lines and antibody

Mouse pancreatic islet beta-cell line of MIN6 and human
embryonic kidney cell line-HEK293T were cultured at
37 °C and 95% humidity, and supplied with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Life Technolo-
gies, Carlsbad, CA), 100 pg/mL penicillin—streptomycin,
100 pg/mL L-glutamine, 0.05 pg/mL B-mercaptoethanol
(Gibco Invitrogen, Carlsbad, CA, USA). After 65% cells
attached, we synchronized them by the serum-free
medium for 8 h. Insulin concentrations were measured
in supernatants of incubation experiments via enzyme-
linked immunosorbent assay. The antibody used in this
study: TCF7L2 (Cell signaling Technology, USA).

Cell transfection

TCF7L2 knockdown virus (KD1, KD3) or lenti-TCF7L2
were delivered at a final concentration of 50 nM using
Lipofectamin 3000 according to manufacturer’s instruc-
tions (Thermo Fisher Scientific). MING6 cells were plated
on 6-well plates at 5 x 10° cells/well in triplicate for each
transfection condition. After 24 h and 60-70% conflu-
ence, the cells in each well were transfected. After incu-
bation for 12 h at 37 °C under 5% CO,, the medium was
replaced with DMEM, with 15% heat-inactivated fetal
bovine serum for another 48 h. After transfection, green
fluorescence was used to evaluate transduction efficiency.
TCF7L2 knockdown efficiency was assessed by western
blot.

Western blots

Cells were harvested with RIPA lysis buffer (Beyotime
Inc, China) and centrifuged at 12,000 rpm for 10 min
at 4 °C to collect the supernatant. 5 x Sodium dodecyl
sulfate (SDS) loading buffer was added to the superna-
tant before denaturation at 100 °C for 10 min. Protein
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concentrations were determined by A BCA kit (Beyo-
time Inc, China). The protein extracts were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) to poly-
vinylidene difluoride (PVDF) membranes and transferred
to PVDF membranes. After blocked in Tris-buffered
saline containing 0.05% Triton X-100 (TBS-T) and 4%
milk for 2 h, proteins were probed with primary antibod-
ies overnight at 4 °C. The proteins were visualized by ECL
chemiluminescence. Density of the bands was analyzed
by using Lab Work 45 Image Software. Each experiment
was performed at least three times.

Chromatin immunoprecipitation (ChIP)

ChIP was performed in triplicate following the instruc-
tions provided by the suppliers of the Pierce Agarose
ChIP Ki (Thermo). Briefly, MING6 cells were cross-linked
with 1% formaldehyde for 20 min at room temperature
and sonicated on ice for 15 cycles of 30 s on and 30 s off
(Bioruptor UCD-200; Diagenode, Liege, Belgium). The
sonicated chromatin was primarily in the 200 to 1000 bp
range, which was successively centrifuged for 15 min and
incubated overnight at 4 °C with either Anti-TCF7L2
(Cell Signaling Technology, USA) and non-immune IgG
(Santa Cruz Biotechnologies, USA) for negative control
at 1 pg of antibody per 10° cells. The precipitated chro-
matin was eluted at room temperature for 20 min, de-
cross-linked by incubation at 65 °C for 5 h in the presence
of 200 mM NacCl, extracted with phenol—chloroform, and
precipitated.

Quantitative polymerase chain reaction (PCR) analysis
ChIP experiments were analyzed with quantitative PCR
(34 cycles of denaturation at 95 °C for 2 min, anneal-
ing at 55 °C for 30 s and extension at 72 °C for 30 s) by
using Applied Biosystems 7000 Real-Time PCR System
(Applied Biosystems, Thermo, United States). ChIP val-
ues were normalized as a percentage of Input. The results
of the RT-PCR analysis were determined based on the
threshold cycle (Ct), and the relative expression levels
were calculated using the 2722¢T method. All reactions
were run in triplicate.

Luciferase reporter assay

For luciferase reporter constructs, the pGL3 was used
as the vector backbone. Human PIK3R1 promoter con-
taining wild-type or mutated TCF7L2-binding sites was
amplified and then inserted into the pGL3 basic vector to
build luciferase plasmids. HEK293T cells were cultured
in 96-well plates in the presence of medium (DMEM sup-
plemented with 10% fetal bovine serum) and transfected
with pGL3 constructs and Renilla luciferase expression
vectors by using Lipofectamine® 2000 (Invitrogen, Carls-
bad, CA, USA). The luciferase activity was measured 48 h
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later using the Dual-luciferase reporter system of Spectra
Max M5 instrument (Promega) according to the manu-
facturer’s protocol. Firefly luciferase activity was normal-
ized to Renilla luciferase activity.

Glucose stimulated insulin secretion (GSIS) in MING cells

in vitro

Starve MING6 cells with DMEM (0.1% BSA and 2.8 mM
glucose) overnight. Next, starve cells again with KRB
buffer containing 125 mM NaCl, 4.74 mM KCIl, 1 mM
CaCl, 1.2 mM KH,PO, 12 mM MgSO, 5 mM
NaHCO,, 25 mM Hepes (pH 7.4) and 3 mM glucose for
1 h. The beads were successively washed 2 times with the
same KRB buffer and then changed to KRB with either
2.8 mM or 16.7 mM glucose. Collect medium after 1 h,
and then measure the insulin concentration using ELISA
as described previously.

Statistical analysis

For statistical evaluation and the significance testing of
differences, the results are expressed as the mean=+ SD
(standard deviation). The nonparametric Mann—Whitney
U test was performed with Graph Pad software (version
6.0c; Graph Pad Software, Inc., La Jolla, CA, USA). Statis-
tical significance was set at p <0.05. Each experiment was
performed for more than 3 times.

Results

TCF7L2 positively regulates insulin secretion through PI3K/
AKT signaling pathway

MIN 6 were cultured with 5.6 mM, 11.2 mM and 25 mM
glucose for 72 h or with 1 nM, 10 nM, 100 nM insulin for
6 h, after which TCF7L2, p85 and Akt expression were
detected by western blotting (Fig. 1). With the increased
concentrations of glucose or insulin in the culture of
MING cells, the expression of TCF7L2 increased and the
gene PIK3R1 decreased, followed by the activation of
AKT signaling.

As multiple previous observations have suggested,
TCF7L2 might contribute to B cell proliferation and
pancreatic p-cell function, we therefore examined
whether down- or up-regulated of TCF7L2 impact insu-
lin secretion in the present study. MIN6 cells were
transfected with TCF7L2 knockdown virus (KD1, KD3)
or lenti-TCF7L2 virus for 48 h, then the expression of
TCF7L2, p85 and p-Akt were measured by western blot-
ting and insulin secretion in supernatant was detected by
ELISA (Fig. 2). As a result, knockdown of TCF7L2 pro-
moted the expression of PIK3R1 and its encoding pro-
tein PI3K p85, as well as inhibited the activation of Akt.
Over-expression of TCF7L2 inhibited the expression of
p85, activated the AKT signaling pathway and stimulated
insulin secretion (*p <0.05, **p <0.01).
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Fig. 1 Effects of glucose or insulin on gene transcription and insulin secretion. MING cells were cultured with 5.6 mM, 11.2 mM and 25 mM glucose
for 72 h or with 1 nM, 10 nM, 100 nM insulin for 6 h. a The expressions of TCF7L2, p85, Akt were determined by western blotting. b GSIS was
performed on MING cells in vitro and insulin concentrations in the supernatants were measured using ELISA (n =3 samples per group, **p<0.01 as
indicated)
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Fig. 2 Impact of TCF7L2 on the expressions of TCF7L.2, p85, Akt and insulin secretion. MING cells were transfected with TCF7L2 knockdown virus
(KDT1, KD3) or lenti-TCF7L2 virus for 48 h. Then the expressions of TCF7L.2, p85, Akt were evaluated by western blot (a, b) and insulin concentrations
in the supernatants were measured using ELISA (c). GSIS was also performed on MING cells in vitro to detect the effect of TCF7L2 over-expression on
insulin secretion (d) (n=3 samples per group, *p <0.05 and **p <0.01 as indicated. p phosphorylated, Con control)

The binding events between TCF7L2 and PIK3R1 promoter covering contiguous fragments of PIK3R1 promoter
ChIP-PCR was utilized to identify and quantify the bind-  were designed and listed in Table 1. The detailed infor-
ing of TCF7L2 to PIK3R1. The promoter of PIK3R1 was mation of the subsections was also presented below.
divided into 10 segments and specific pairs of primers  Chromatin quantified to 100 pug DNA was utilized for
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immunoprecipitation and diluted at a rate of 1:10 in IP
buffer as the Input. For the identification of the DNA
targets of TCF7L2, after immunoprecipitation of cross-
linked chromatin, the DNA is purified and analyzed by
agarose gel electrophoresis in mouse pancreatic islet
beta-cell line of MING6. This approach is rapid and sen-
sitive and allows fine mapping of chromosomal proteins
in regions as small as 300 bp. The IgG group represented
negative control and the Input group served as posi-
tive control respectively. As shown in Fig. 3, the positive
stripes about 500 bp appeared in the electrophoresis of
the immunoprecipitated fractions presented a validated
affinity of TCF7L2 to the specific segments of PIK3R1
promoter corresponding to primers 1-2 and 6-10.
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However, blank strips presented in the electrophoresis
of specific sequences of PIK3R1 promoter which corre-
sponding to primers 3 and 4, significantly due to the lack
of TCF7L2 binding sites in the regions.

After DNA purification from immunoprecipitated
chromatin, we selected the genomic fractions corre-
sponding to specific protein-binding sites for real-time
PCR. The relative enrichment of each group was pre-
sented and normalized as a percentage of Input. Statistic
difference (p<0.05) was observed between the experi-
mental groups and the Input, suggesting that the binding
strength of TCF7L2 varies upon the specific segments of
PIK3R1 promoter (Fig. 4).

———ATG
F1(92) F2(462) F3(852) F4(1200)F5(1610) F6(2001) F7(2478) F8(2884) F9(3259)  F10(3612) \
PIK3r1 ORF
RI1(478) R2(843) R3(1225) Ra(1605) RS(1993) R6(2401)R7(2892) RB(3275) po(3628) R10{4013)
Table 1 PCR primers used to amplify contiguous fragments of PIK3R1 promoter
Primer Forward Reverse
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5"-TTGTTCTGAGACAAAATAGAC-3'
5" TTAATGGTTCAAAAGAAGTGG-3/
5'-TAACACCTGCGGGGCTGACTG-3/
5"-AGCAAATATTTGAACCTGCCC-3/
5"-GAAATGCATAACCTGCAAAGT-3/
5'-AGCTAGGCTGATTTTACTGAG-3’
5'-AACATTCACAGCCACAAAGCC-3’
5"-GAAACTCACCACTATTGAGCA-3/
5/-ATCTCTAAACCCAGATGCACG-3/
5"-TTATCAGCTCTCGTCAATCTGC-3/

5/-CCACTTCTTTTGAACCATTAA-3
5'-CAGTCAGCCCCGCAGGTGTTA-3’
5'-GGGCAGGTTCAAATATTTGCT-3/
5"-ACTTTGCAGGTTATGCATTTC-3/
5'-CTCAGTAAAATCAGCCTAGCT-3’
5'-GGCTTTGTGGCTGTGAATGTT-3
5" TGCTCAATAGTGGTGAGTTTC-3/
5'-CGTGCATCTGGGTTTAGAGAT-3/
5'-AGTCCGGCTTTCTTTGTAATG-3/
5"-TGTGCGACAGTTTCCTTGGCT-3"
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Fig. 3 The ChIP-PCR products were separated by agarose gel
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Fig. 4 Relative enrichments of the immunoprecipitated fractions
after RT-PCR (n=3 samples per group, *p <0.05, **p <0.01 vs. input)
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Next, luciferase reporter assay was applied to make
further confirmation. In the analysis, TCF7L2-binding
regions were cloned into the PGL3B vector and tran-
siently transfected into HEK293T cells with cotransfec-
tion of the Renilla vector as the normalizing control.
The detected samples were further subdivided into
eight groups according to the plasmids they were tran-
fected. Values were expressed as activities relative
to that of the empty PGL3B vector. Only peaks from
group 7 and 8 were meaningful in the experiment, indi-
cating that TCF7L2 could directly bind to the specific
fragments of PIK3R1 promoter corresponding to prim-
ers 1-2 and 6-10. The relative higher luciferase activity

° o o o
N w N ]
N . L )
i

Firefly/Renilla luciferase

o
-
1

Fig. 5 The detected samples were grouped into 8 groups
depending on the plasmids that were tranfected, and

the luciferase activity of each group was recorded. The 8

groups are: (i) 293T, (i) PGL38B, (i) PCDNA3.0 + PGL38B, (iv)
PCDNA3.0+ PGL3B(1-2), (v) PCDNA3.0+ PGL3B(6-10), (vi)
PCDNA3.0-TCF7L2 4 PGL3B, (vii) PCDNA3.0-TCF7L2 + PGL3B(1-2),
and (viii) PCDNA3.0-TCF7L2 4+ PGL3B(6-10) (n =3 samples per group,

***p <0.001 vs. PGL3B)
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represented the increased efficiently, which demon-
strated that there was a striking bias for the binding of
TCF7L2 to the DNA fragments of PIK3R1 promoter
corresponding to primers 1-2 (Fig. 5).

Distribution of TCF7L2-binding motif and its necessity

in the binding events between TCF7L2 and PIK3R1
promoter

The previous defined optimal TCF7L2-binding motif was
TCAAAG, which was confirmed by different approaches
in vitro. To investigate the transcriptional regulatory
activity of TCF7L2-bound regions, we located the posi-
tion of TCF7L2-binding motif in the promoter region
of PIK3R1. The location of TCF7L2-binding motif and
primers used to amplify CAA-mutated fragments were
shown in Table 2.

To further investigate whether TCF7L2-binding motif
is necessary in the binding events between TCF7L2 and
PIK3R1 promoter, mutated TCF7L2-binding sites was
amplified and then inserted into the pGL3 empty vector
to build luciferase plasmids, which were transfected into
MING cells afterwards. When the luciferase activities of
groups carrying CAA-mutated fragments were com-
pared with those carrying original genomic fragments,
it became apparent that the integrity of TCF7L2-binding
motif was significantly necessary in the binding events
between TCF7L2 and PIK3R1 promoter. As shown in
Fig. 6, the various degrees of luciferase activity reduction
demonstrated that there was obviously different affin-
ity of CAA in the binding events between TCF7L2 and
PIK3R1 promoter. The analysis provided statistical vali-
dation to this observation and strikingly stressed the sig-
nificance of TCF7L2-binding motif in the investigation of
TCF7L2-mediated transcriptional regulation.

Discussion

Growing evidence suggests that TCF7L2 (formerly
TCF4), a key effector of the Wnt signaling pathway,
plays a central role in directing glucose homeostasis

Table 2 The location of TCF7L2-binding motif in the promoter of PIK3R1 and primers used to amplify CAA-mutated

fragments

Location of TCF7L2-binding motif Forward

Reverse

381-384 5'-TTTTCCGTTAATGGTTAAGAAGTGGGGGCT-3/
487-490 5"-TTAGCTGCAACTTTCTATTACAGACTAGAA-3/
1795-1798 5'-GCAGGAAGTTGGGGTGCCAGGGCTTGCAGG-3/
1986-1989 5/-CTTTTGGGAGAAGACTCGTTTTAAATTAAA-3’
2387-2390 5/-CCATCCATGTAAATGTGAGGTTCTGGCTCC-3!
2420-2423 5'-CAGGGGCAACGTATATGCTCCAGTCTTGGT-3"
3232-3235 5'-AGCTAGGCTGATTTTACTGAG-3’

5'-AGCCCCCACTTCTTAACCATTAACGGAAAA-3/
5"-TTCTAGTCTGTAATAGAAAGTTGCAGCTAA-3’
5'-CCTGCAAGCCCTGGCACCCCAACTTCCTGC-3!
5'-TTTAATTTAAAACGAGTCTTCTCCCAAAAG-3/
5'-GGAGCCAGAACCTCACATTTACATGGATGG-3!
5'-ACCAAGACTGGAGCATATACGTTGCCCCTG-3’
5'-TTCAGCACAGGAATGAAGCTG-3/
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Fig. 6 The luciferase activities of these 23 groups were

recorded and analyzed. The 23 groups are: (i) 293T,

(i) PCDNA3.0, (iii) PGL3B, (iv) PCDNA3.0 4 PGL3B, (v)

PCDNA3.0 4 PGL3B(1-2), (vi) PCDNA3.0 4 PGL3B(6-10), (vii)
PCDNA3.0+ PGL3B-CAAT, (viii) PCDNA3.0 4+ PGL3B-CAA2, (ix)
PCDNA3.0 4 PGL3B-CAAG, (x) PCDNA3.0 4 PGL3B-CAA7, (xi)
PCDNA3.0 4 PGL3B-CAAS, (xii) PCDNA3.0 4+ PGL3B-CAA9, (xiii)
PCDNA3.0+4 PGL3B-CAA10, (xiv) PCDNA3.0-TCF7L2 4 PGL3B, (xv)
PCDNA3.0-TCF7L2 + PGL3B(1-2), (xvi) PCDNA3.0-TCF7L2 4+ PGL3B(6—
10), (xvii) PCDNA3.0-TCF7L2 + PGL3B-CAAT,

(xviii) PCDNA3.0-TCF7L2 4+ PGL3B-CAA2,

(xix) PCDNA3.0-TCF7L2 + PGL3B-CAAG,(xx)

PCDNA3.0-TCF7L2 4+ PGL3B-CAA7, (xxi)

PCDNA3.0-TCF7L2 4+ PGL3B-CAAS8, (xxii)

PCDNA3.0-TCF7L2 4+ PGL3B-CAA9, and (xxiii)

PCDNA3.0-TCF7L2 4+ PGL3B-CAA10 (n=3 samples per group)

in the pancreas and is required for maintaining GSIS
and beta-cell survival [29]. Notably, recent studies have
shown that TCF7L2 could activate PI3K/AKT pathway in
insulin-producing beta-cells of pancreas [30], which sup-
ports the hypothesis that TCF7L2 may exert its effect on
glycometabolism via the activation of PI3K/AKT signal-
ing pathway. Given that TCF7L2 is normally deemed to
be a positive regulator of pancreatic 3-cell function, we
made great efforts to investigate the mechanisms through
which TCF7L2 exhibits its effect and strikingly identified
a potential role for TCF7L2 in glycometabolism by tar-
geting PIBK/AKT pathway.

Considering that at-risk single nucleotide polymor-
phisms (SNPs) rs7903146 and rs12255372 of TCF7L2
have previously been suggested to associate with main-
tained insulin sensitivity but defects in B-cell function
and insulin release [8, 16], we provided a detailed inves-
tigation of the effects of altering TCF7L2 content on
insulin secretion and on the expression of P85 which is
pivotal to the activation of PI3K/AKT signaling. The pre-
sent study showed that inhibition of TCF7L2 activity by
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KD-1 or KD-3 virus could increase the expression levels
of PIK3R1 and its encoding protein PI3K p85, followed
by the decreased activation of p-AKT. These findings
led us to postulate that inhibition of insulin secretion
may be the result of increased expression of PIK3R1
and its encoding protein p85, which directly leading to
a decrease activation of PI3K/AKT signaling. To further
validate this possibility, MING6 cells treated with lenti-
TCF7L2 virus were analyzed to reveal increases in p-AKT
and insulin secretion but decrease in protein level of p85.
These data demonstrated that a lacking of functional
TCF7L2 could lead to defective GSIS, which is prob-
ably attributed to changes in the expression of PIK3R1
and activation of AKT signaling pathway. However, sev-
eral previous findings suggested that the acute effects of
TCF7L2 depletion on insulin secretion are the result of
changes in insulin maturation but not insulin production
[31], which was contradicted with our observations. The
mechanisms behind these conflicting viewpoints remain
obscure and future studies will be required to explore the
concrete role of TCF7L2 in glycometabolism.

As TCF7L2 lies at the foot of Wnt signaling path-
way and transduces signals generated by Wnt recep-
tors to modify expression of multiple genes which are
associated with proliferation and protein synthesis [32],
a comprehensive identification of the specific binding
sites is essential for a more complete understanding of
the genome-wide TCF7L2 binding profile and its role in
glucose metabolism. However, information on transcrip-
tion factor binding-site specificity is often incomplete or
biased by the prediction methods used. ChIP has been
used to generate an exhaustive map of active complex-
bound promoters in human fibroblast cells [33], which
allows for the capture of the binding events between
transcription factors and their candidate targets. As
TCF7L2 target genes are tissue and context-specific, the
investigation of DNA binding patterns of TCF7L2 across
the genome indicated that TCF7L2 specifically binds to
multiple genes that are important in regulation of glucose
metabolism in hepatocytes, which including Pck1, Fbpl,
Irsl, Irs2, Akt2, Adiporl, Pdk4 and Cptla [34]. A sur-
prisingly short list of validated TCF7L2 cardiac-specific
target genes is also indentified, such as Hand2, Thx20,
Rock2 and Dstn [35]. However, the binding patterns of
TCF7L2 to its candidate target genes involving in gluco-
neogenesis in pancreas are still unknown.

To identify the association between TCF7L2 and
PIK3R1 promoter in a more comprehensive manner,
we scored the fold enrichments of specific genomic frac-
tions using ChIP-PCR in our present study. As shown in
Figs. 3 and 4, the contiguous fragments of PIK3R1 pro-
moter corresponding to specific primers 1, 2, 6, 7, 8, 9
and 10 were significantly enriched after quantitative
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PCR, albeit to various extents. These observations were
independently replicated in the luciferase reporter sys-
tem, in which luciferase plasmids were built to record the
relative luciferase activity over the naked plasmids. Only
two of the 8 groups enhanced the transcription of lucif-
erase reporter in this assay, which further underscored
the specificity of the TCF7L2-binding profile. It is there-
fore undoubted that the binding events between TCF7L2
and specific segments of PIK3R1 promoter correspond-
ing to primers 1-2 and 6-10, and the binding strength
altered upon the specific binding regions.

Identification of TCF7L2-binding regions is essential
for a more complete elucidation of the molecular mecha-
nisms by which TCF7L2 regulates the transcription of
its target genes. There was a striking bias for TCF7L2-
binding regions to the contiguous fragments containing
the evolutionary conserved motif-TCAAAG [26]. Several
previous studies have demonstrated that most TCF7L2-
binding regions are located at large distance from tran-
scription start sites and significantly correlate with
Wnt-responsive gene expression profiles derived from
primary human adenomas [36]. To evaluate the poten-
tial correlation between TCF7L2-binding motif occu-
pancy and transcriptional change of PIK3R1, which was
crucial for the activation of PI3K/AKT signaling pathway,
we proceeded to investigate the genomic distribution of
conserved TCF7L2-binding motif in PIK3R1 promoter.
The plasmids carrying CAA mutated fragments mostly
destroyed the luciferase activity of TCF7L2 samples,
which further stressed the importance of TCF7L2-bind-
ing motif integrity in the mediated transcriptional regula-
tion of TCF7L2.

Conclusion

In our present study, efforts have been made with great
respect to characterizing the binding events between
TCF7L2 and PIK3R1 promoter, as well as defining the
effects which TCF7L2 exerts on the activation of PI3K/
AKT signaling pathways and insulin secretion. Indeed,
multiple genetic disorders, primarily metabolic and car-
diovascular, are significantly due to an extreme upstream
TCF7L2-binding element driving the transcription of
metabolism-associated genes [26, 36]. However, more
representative and comprehensive studies are needed to
clarify the underlying genetic effects of TCF7L2.

Abbreviations

TCF7L2: transcription factor 7-like 2; T2DM: type 2 diabetes mellitus; PI3K/AKT
pathway: phosphoinositide 3-kinase/protein kinase B pathway; ChIP: chro-
matin immunoprecipitation; PCR: polymerase chain reaction; GSIS: glucose
stimulated insulin secretion; SNP: single nucleotide polymorphism; PIK3R1:
phosphoinositide-3-kinase regulatory subunit 1.

Page 8 of 9

Acknowledgements
Not applicable.

Authors’ contributions

JW and R-MH conceived of the study, participated in its design and helped to
draft the manuscript. H-HW and Y-LL participated in the design of the study,
performed most experiments and drafted the manuscript. N-JL, ZY, X-MT, Y-PD,
X-CW, BL, and Z-YZ carried out part of the experiments and participated in the
completion of the final manuscript. All authors read and approved the final
manuscript.

Funding
The study was supported by the grant from The National Nature Science
foundation of China (No. 81270903).

Availability of data and materials
All data generated and/or analyzed during this study are available from the
corresponding author upon reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Endocrinology and Metabolism, Jing'an District Center
Hospital of Shanghai, Shanghai 200040, China. > Department of Endocrinol-
ogy and Metabolism, Huashan Hospital of Fudan University, NO. 12 Wulumugi
Mid Road, Building 0#, Jing'an District, Shanghai 200040, China. > Department
of Endocrinology and Metabolism, Xin Hua Hospital, Shanghai Jiao Tong Uni-
versity, Shanghai 200020, China. * Department of Endocrinology and Metabo-
lism, Hua Dong Hospital, Fudan University, Shanghai 200040, China.

Received: 23 March 2019 Accepted: 24 June 2019
Published online: 05 July 2019

References

1. Grant SF, Thorleifsson G, Reynisdottir |, Benediktsson R, Manolescu A,
Sainz J, Helgason A, Stefansson H, Emilsson V, Helgadottir A, Styrkarsdottir
U, Magnusson KP, Walters GB, Palsdottir E, Jonsdottir T, Gudmundsdottir
T, Gylfason A, Saemundsdottir J, Wilensky RL, Reilly MP, Rader DJ, Bagger
Y, Christiansen C, Gudnason V, Sigurdsson G, Thorsteinsdottir U, Gulcher
JR, Kong A, Stefansson K. Variant of transcription factor 7-like 2 (TCF7L2)
gene confers risk of type 2 diabetes. Nat Genet. 2006;38:320-3.

2. Beloso C, Souto J, Fabregat M, Romanelli G, Javiel G, Mimbacas A. Associa-
tion of TCF7L2 mutation and atypical diabetes in a Uruguayan popula-
tion. World J Diabetes. 2018;9(9):157-64.

3. Assmann TS, Duarte GC, Rheinheimer J, Cruz LA, Canani LH, Crispim D.
The TCF7L2 rs7903146 (C/T) polymorphism is associated with risk to
type 2 diabetes mellitus in Southern-Brazil. Arq Bras Endocrinol Metabol.
2014;58(9):918-25.

4. Anghebem-Oliveira MI, Martins BR, Alberton D, Ramos EAS, Picheth G,
Rego FGM. Type 2 diabetes-associated genetic variants of FTO, LEPR,
PPARg, and TCF7L2 in gestational diabetes in a Brazilian population. Arch
Endocrinol Metab. 2017,61(3):238-48.

5. Erkog Kaya D, Arikoglu H, Kayis SA, Oztirk O, Génen MS. Transcription fac-
tor 7-like 2 (TCF7L2) gene polymorphisms are strong predictors of type
2 diabetes among non obese diabetics in the Turkish population. Turk J
Med Sci. 2017;47(1):22-8.

6. Fancy SP, Kotter MR, Harrington EP, Huang JK, Zhao C, Rowitch DH, Frank-
lin RJ. Overcoming remyelination failure in multiple sclerosis and other
myelin disorders. Exp Neurol. 2010;225(1):18-23.



Wu et al. Diabetol Metab Syndr

20.

21.

22.

23.

(2019) 11:55

Shu L, Sauter NS, Schulthess FT, Matveyenko AV, Oberholzer J, Maedler
K. Transcription factor 7-like 2 regulates B-cell survival and function in
human pancreatic islets. Diabetes. 2008;57(3):645-53.

Lyssenko V, Lupi R, Marchetti P, Del Guerra S, Orho-Melander M, Aimgren
P, Sjégren M, Ling C, Eriksson KF, Lethagen AL, Mancarella R, Berglund

G, Tuomi T, Nilsson P, Del Prato S, Groop L. Mechanisms by which com-
mon variants in the TCF7L2 gene increase risk of type 2 diabetes. J Clin
Investig. 2007;117(8):2155-63.

Xiang J,Hu Q,QinY, Ji S, Xu W, Liu W, Shi S, Liang C, Liu J, Meng Q, Liang
D, Ni Q, Xu J, Zhang B, Yu X. TCF7L2 positively regulates aerobic glycolysis
via the EGLN2/HIF-1a axis and indicates prognosis in pancreatic cancer.
Cell Death Dis. 2018;9(3):321.

Lan F, Yue X, Han L, Shi Z, Yang Y, Pu P, Yao Z, Kang C. Genome-wide
identification of TCF7L2/TCF4 target miRNAs reveals a role for miR-21in
Whnt-driven epithelial cancer. Int J Oncol. 2012;40(2):519-26.

. IpW, Chiang YT, Jin T. The involvement of the wnt signaling pathway

and TCF7L2 in diabetes mellitus: the current understanding, dispute, and
perspective. Cell Biosci. 2012;2(1):28.

Robertson G, Hirst M, Bainbridge M, et al. Genome-wide profiles of STAT1
DNA association using chromatin immunoprecipitation and massively
parallel sequencing. Nat Methods. 2007;4(8):651-7.

Margolin AA, Palomero T, Sumazin P, Califano A, Ferrando AA, Stolovitzky
G. ChIP-on-chip significance analysis reveals large-scale binding and
regulation by human transcription factor oncogenes. Proc Natl Acad Sci
USA. 2009;106(1):244-9.

Migliorini A, Lickert H. Beyond association: a functional role for Tcf712 in
{3-cell development. Mol Metab. 2015;4(5):365-6.

Shao W, Xiong X, Ip W, Xu F, Song Z, Zeng K, Hernandez M, Liang T, Weng
J, Gaisano H, Nostro MC, Jin T. The expression of dominant negative
TCF7L2 in pancreatic beta cells during the embryonic stage causes
impaired glucose homeostasis. Mol Metab. 2015;4(4):344-52.

Loos RJ, Franks PW, Francis RW, Barroso |, Gribble FM, Savage DB, Ong KK,
O'Rahilly S, Wareham NJ. TCF7L2 polymorphisms modulate proinsulin
levels and beta-cell function in a British Europid population. Diabetes.
2007;56(7):1943-7.

Yu JS, Cui W. Proliferation, survival and metabolism: the role of PI3K/AKT/
mTOR signalling in pluripotency and cell fate determination. Develop-
ment. 2016;143(17):3050-60.

Huang X, Liu G, Guo J, Su Z. The PI3K/AKT pathway in obesity and type 2
diabetes. Int J Biol Sci. 2018;14(11):1483-96.

Vallée A, Vallée JN, Guillevin R, Lecarpentier Y. Interactions between the
canonical WNT/beta-catenin pathway and PPAR gamma on neuroinflam-
mation, demyelination, and remyelination in multiple sclerosis. Cell Mol
Neurobiol. 2018;38(4):783-95.

Gao YF, Zhang MN, Wang TX, Wu TC, Ai RD, Zhang ZS. Hypoglycemic
effect of p-chiro-inositol in type 2 diabetes mellitus rats through the PI3K/
Akt signaling pathway. Mol Cell Endocrinol. 2016;433:26-34. https://doi.
0rg/10.1016/j.mce.2016.05.013.

Yu J, Zhang Y, Mcllroy J, Rordorf-Nikolic T, Orr GA, Backer JM. Regulation of
the p85/p110 phosphatidylinositol 3-kinase: stabilization and inhibition
of the p110a catalytic subunit by the p85 regulatory subunit. Mol Cell
Biol. 1998;18(3):1379-87.

Winnay JN, Dirice E, Liew CW, Kulkarni RN, Kahn CR. p85a deficiency
protects B-cells from endoplasmic reticulum stress-induced apoptosis.
Proc Natl Acad Sci USA. 2014;111:1192-7.

Kuai M, LiY, Sun X, Ma Z, Lin C, Jing Y, Lu Y, Chen Q, Wu X, Kong X, Bian H.
A novel formula Sang-Tong-Jian improves glycometabolism and amelio-
rates insulin resistance by activating PI3K/AKT pathway in type 2 diabetic
KKAy mice. Biomed Pharmacother. 2016;84:1585-94.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 9 of 9

Hansson O, Zhou Y, Renstrém E, Osmark P. Molecular function of TCF7L2:
consequences of TCF7L2 splicing for molecular function and risk for type
2 diabetes. Curr Diab Rep. 2010;10(6):444-51.

Zhao J, Schug J, Li M, Kaestner KH, Grant SFA. Disease-associated loci are
significantly over-represented among genes bound by transcription fac-
tor 7-like 2 (TCF7L2) in vivo. Diabetologia. 2010;53(11):2340-6.

Hatzis P, van der Flier LG, van Driel MA, Guryev V, Nielsen F, Denissov S,
Nijman 1J, Koster J, Santo EE, Welboren W, Versteeg R, Cuppen E, van

de Wetering M, Clevers H, Stunnenberg HG. Genome-wide pattern of
TCF7L2/TCF4 chromatin occupancy in colorectal cancer cells. Mol Cell
Biol. 2008;28(8):2732-44.

Hallikas O, Palin K, Sinjushina N, Rautiainen R, Partanen J, Ukkonen E,
Taipale J. Genome-wide prediction of mammalian enhancers based on
analysis of transcription-factor binding affinity. Cell. 2006;124(1):47-59.
Ren B, Robert F, Wyrick JJ, Aparicio O, Jennings EG, Simon |, Zeitlinger J,
Schreiber J, Hannett N, Kanin E, Volkert TL, Wilson CJ, Bell SP, Young RA.
Genome-wide location and function of DNA binding proteins. Science.
2000;290(5500):2306-9.

LiR OuJ, LiL, YangY, Zhao J, Wu R. The Wnt signaling pathway effector
TCF7L2 mediates olanzapine-induced weight gain and insulin resistance.
Front Pharmacol. 2018;16(9):379.

Yao DD, Yang L, Wang Y, Liu C, Wei YJ, Jia XB, Yin W, Shu L. Geniposide pro-
motes beta-cell regeneration and survival through regulating -catenin/
TCF7L2 pathway. Cell Death Dis. 2015;7(6):e1746.

da Silva Xavier G, Loder MK, McDonald A, Tarasov Al, Carzaniga R,
Kronenberger K, Barg S, Rutter GA. TCF7L2 regulates late events in insulin
secretion from pancreatic islet 3-cells. Diabetes. 2009;58(4):894-905.
Noordam R, Zwetsloot CPA, de Mutsert R, Mook-Kanamori DO, Lamb

HJ, de Roos A, de Koning EJP, Rosendaal FR, van Dijk KW, van Heemst D.
Interrelationship of the rs7903146 TCF7L2 gene variant with measures of
glucose metabolism and adiposity: the NEO study. Nutr Metab Cardio-
vasc Dis. 2018;28(2):150-7.

Kim TH, Barrera LO, Zheng M, Qu C, Singer MA, Richmond TA, Wu Y, Green
RD, Ren B. A high-resolution map of active promoters in the human
genome. Nature. 2005;436(7052):876-80.

Tzeng SL, Cheng YW, Li CH, Lin YS, Hsu HC, Kang JJ. Physiological and
functional interactions between Tcf4 and Daxx in colon cancer cells. J Biol
Chem. 2006,281:15405-11.

lyer LM, Nagarajan S, Woelfer M, Schoger E, Khadjeh S, Zafiriou MP, Kari

V, Herting J, Pang ST, Weber T, Rathjens FS. A context-specific cardiac
B-catenin and GATA4 interaction influences TCF7L2 occupancy and
remodels chromatin driving disease progression in the adult heart.
Nucleic Acids Res. 2018;46(6):2850-67.

Norton L, Fourcaudot M, Abdul-Ghani MA, Winnier D, Mehta FF, Jenkin-
son CP, Defronzo RA. Chromatin occupancy of transcription factor 7-like
2 (TCF7L2) and its role in hepatic glucose metabolism. Diabetologia.
2011;54(12):3132-42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.mce.2016.05.013
https://doi.org/10.1016/j.mce.2016.05.013

	TCF7L2 regulates pancreatic β-cell function through PI3KAKT signal pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell lines and antibody
	Cell transfection
	Western blots
	Chromatin immunoprecipitation (ChIP)
	Quantitative polymerase chain reaction (PCR) analysis
	Luciferase reporter assay
	Glucose stimulated insulin secretion (GSIS) in MIN6 cells in vitro
	Statistical analysis

	Results
	TCF7L2 positively regulates insulin secretion through PI3KAKT signaling pathway
	The binding events between TCF7L2 and PIK3R1 promoter
	Distribution of TCF7L2-binding motif and its necessity in the binding events between TCF7L2 and PIK3R1 promoter

	Discussion
	Conclusion
	Acknowledgements
	References




