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The gene encoding for transcription factor 7-like 2 (TCF7L2)
is the strongest type 2 diabetes mellitus (T2DM) candidate
gene discovered to date. The TCF7L2 protein is a key tran-
scriptional effector of the Wnt/B-catenin signaling path-
way, which is an important developmental pathway that
negatively regulates adipogenesis. However, the precise
role that TCF7L2 plays in the development and function of
adipocytes remains largely unknown. Using a combination
of in vitro approaches, we first show that TCF7L2 protein
is increased during adipogenesis in 3T3-L1 cells and pri-
mary adipocyte stem cells and that TCF7L2 expression is
required for the regulation of Wnt signaling during adipo-
genesis. Inactivation of TCF7L2 protein by removing the
high-mobility group (HMG)-box DNA binding domain in
mature adipocytes in vivo leads to whole-body glucose
intolerance and hepatic insulin resistance. This phenotype
is associated with increased subcutaneous adipose tis-
sue mass, adipocyte hypertrophy, and inflammation. Fi-
nally, we demonstrate that TCF7L2 mRNA expression is
downregulated in humans with impaired glucose toler-
ance and adipocyte insulin resistance, highlighting the
translational potential of these findings. In summary, our
data indicate that TCF7L2 has key roles in adipose tissue
development and function that may reveal, at least in part,
how TCF7L2 contributes to the pathophysiology of T2DM.

The human transcription factor 7-like 2 gene (TCF7L2) is
the strongest candidate gene for type 2 diabetes mellitus
(T2DM) (1). Intronic single nucleotide polymorphisms (SNPs)
within TCF7L2 consistently have been linked to an array of
phenotypes related to T2DM (2,3). However, what effect

TCF7L2 has on the development and function of adipose
tissue remains to be fully elucidated.

In a landmark study by the MacDougald laboratory, ex-
pression of the Wnt pathway activator, Wntl, in preadipo-
cyte cell lines potently blocked adipogenesis (4). Follow-up
experiments demonstrated that pharmacological activation
of Wnt signaling stabilized 3-catenin and blocked preadipo-
cyte differentiation (4,5). Conversely, inhibition of Wnt sig-
naling stimulates adipogenesis through a 3-catenin—dependent
pathway (6,7), and cross talk between B-catenin and key
transcriptional regulators of adipogenesis has been demon-
strated (7,8). Moreover, in multipotent precursors of the
mesenchymal lineage, activation of Wnt/B-catenin stimulates
osteoblastogenesis and inhibits adipogenesis (9). The con-
sensus from these studies is that Wnt signaling inhibits adi-
pogenesis and that [3-catenin is a critical mediator of this effect.

Consistent with an inhibitory effect of Wnt activation on
adipogenesis, overexpression of TCF7L2 lacking its [3-catenin
binding domain promotes adipogenesis in preadipocytes
and in L6 myotubes (4,10). In humans, obesity interacts
with the TCF7L2 risk allele to enhance T2DM prevalence
in nonobese subjects (11,12), and the TCF7L2 gene is dif-
ferentially methylated in adipose tissue of patients with
T2DM (13). Moreover, weight loss after gastric bypass sur-
gery led to differential expression of TCF7L2 mRNA iso-
forms in subcutaneous fat biopsy samples. The expression
of short TCF7L2 isoforms was also more prevalent in pa-
tients with T2DM, suggesting an important role for TCF7L2
alternative splicing in adipose tissue (14).

Despite these findings, key questions regarding the mo-
lecular and physiological role of TCF7L2 in adipose tissue
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remain. For example, it is not known whether TCF7L2 ex-
pression is regulated during adipogenesis, whether TCE7L2
protein levels are important to adipocyte development, or
how TCF7L2 interacts with Wnt signaling in developing
adipocytes. The physiological effect of TCEF7L2 loss of func-
tion in adipocytes also remains to be elucidated, and at the
genomic level, which genes TCF7L2 regulates in adipocytes
is not known. These are important studies that may reveal
novel functions of TCF7L2 that may help us understand the
association between TCF7L2 SNPs and T2DM risk.

In preliminary studies, we observed that TCF7L2 protein
levels increased during adipogenesis in 3T3-L1 cells. Be-
cause this appeared inconsistent with the paradigm of
TCF7L2-mediated inhibition of adipogenesis, we further ex-
plored the role of TCF7L2 in adipose tissue in vitro and
in vivo. The data described in the current study suggest that
TCF7L2 may, in fact, be required for adipogenesis and that
its expression is important for the regulation of Wnt/
[B-catenin signaling during adipocyte development. Postdevel-
opment, blocking the transcriptional activity of TCF7L2 in
rodent adipose tissue leads to subcutaneous adipocyte hy-
pertrophy, whole-body glucose intolerance, and hepatic
insulin resistance. Finally, we demonstrate that adipose tis-
sue expression of TCF7L2 is lower in human subjects with
impaired glucose tolerance (IGT) and adipocyte insulin re-
sistance. These findings highlight new and complex roles
for TCF7L2 in adipose tissue development and function
and further uncover novel mechanisms by which this im-
portant transcription factor may contribute to obesity and
T2DM.

RESEARCH DESIGN AND METHODS

Cell Culture

Early passage 3T3-L1 cells were differentiated using stan-
dard procedures in the absence of thiazolidinediones (15).
Primary adipocyte stem cells (ASCs) were isolated from in-
guinal fat pads of mice (4-6 weeks old) and differentiated
into adipocytes, as described previously (16). Triglyceride ac-
cumulation was quantitated using a commercial assay (Abcam,
Cambridge, U.K)). For the Wnt/B-catenin pathway inhibition
experiments, IWR-1-endo was purchased from Selleck
Chemicals (Houston, TX) and used at a final concentration
of 10 pwmol/L. Protein content was determined using the
bicinchoninic acid assay, and cell number was analyzed us-
ing the TC10 automated cell counter (Bio-Rad, Hercules,
CA).

TCF7L2 Lentiviral Short Hairpin RNA

Stable silencing of Tcf712 mRNA was performed in low pas-
sage 3T3-L1 fibroblasts (passage 2) using SMARTvector
(Dharmacon, Lafayette, CO) lentiviral short hairpin (sh)RNAs.
Puromycin selection was used to isolate a heterogeneous cell
population postinfection. Additional stable clones were gen-
erated using alternate plasmids and shRNA sequences that
targeted different regions of the Tcf7I2 gene. All shRNA
sequences used in this study are provided in Supplementary
Fig. 1.
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Insulin-Stimulated Glucose Uptake

Glucose uptake in differentiated (day 8) adipocytes was quan-
titated using [*H]2-deoxyglucose during a 30-min insulin in-
cubation (200 nmol/L) (17). Data were corrected for negative
control wells treated without insulin or cytochalasin B, or both.

Western Blot Analysis

Western blotting was performed as previously described
(18). Membranes were probed with the following antibod-
ies, all supplied by Cell Signaling Technology (Danvers, MA):
TCF7L2 (number 2569), B-catenin (number 8480), non-
phosphorylated Ser33/37/Thr41 (active) B-catenin (number
8814), total AKT (number 4691), phosphorylated (p)Ser473
AKT (pAKT) (number 4060), C/EBPB (number 3087), C/EBP3
(number 2318), C/EBPa (number 2295), peroxisome proliferator—
activated receptor-y (PPAR-y; number 2435), and fatty-acid-
binding proteins (FABP) 4 (number 2120). The B-tubulin
antibody (ab6046) was from Abcam (Cambridge, MA).

RNA Sequencing and Pathway Enrichment Analysis

RNA sequencing (RNA-Seq) was performed on shSCR and
shTCF7L2 3T3-L1 cells at multiple times during adipogenesis
and analyzed as previously described (18). Differentially ex-
pressed genes were required to have a false discovery rate (FDR)
q value of <0.05 when comparing the shTCF7L2 against
shSCR cells. Pathway enrichment analysis was performed us-
ing Gene Set Enrichment Analysis (GSEA). Raw sequencing
data are available online (GEO accession number: GSE95029).

Animals

All animal procedures were approved by the Institutional
Animal Care and Use Committee at University of Texas Health
Science Center at San Antonio. Mice with LoxP sites flanking
exon 11 of the mouse Tc¢f7L2 gene have been described else-
where (19). Adiponectin-Cre (Adipog-Cre) mice were obtained
from The Jackson Laboratory (stock # 010803) (Bar Harbor,
ME). LoxP/LoxP littermate controls were used in all experi-
ments. Mice were fed a standard chow or, starting at 8 weeks
of age, a 60% high-fat diet (HFD; Research Diets, D12492).

Mouse Physiological Studies

Intraperitoneal (IP) glucose tolerance tests (IPGTT) and
insulin tolerance tests (ITT) were performed essentially as
previously described (20). For IPGTTs, mice were fasted for
10 h and 2 g/kg (3-month-old mice) or 50 mg (HFD-fed
mice) was given IP. For ITT, mice were fasted for 5 h and a dose
of 0.8 units/kg was given IP. Low-dose 1.5 mU - m™ - min™ ")
hyperinsulinemic-euglycemic clamps were used to assess
hepatic insulin sensitivity in 3-month-old control and
TCF7L2-mutant mice (AE11-TCF7L2). Clamp data were
normalized to total body weight. Indirect calorimetry was
performed using Promethion (Sable Systems, North Las
Vegas, NV; 3-month-old mice) or TSE LabMaster (TSE Sys-
tems, Chesterfield, MO; 6-month-old mice) metabolic cages.
Differences in energy expenditure were assessed using the
National Institute of Diabetes and Digestive and Kidney
Diseases Mouse Metabolic Phenotyping Centers ANCOVA
method (21). Body composition was assessed using a Minispec
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nucdear magnetic resonance analyzer (Bruker, Billerica, MA).
Adipocyte size determination was performed on formalin-fixed
adipose tissue using Adiposoft software (22).

Human Studies

All studies involving human subjects were approved by the
University of Texas Health Science Center at San Antonio
Institutional Review Board. Fasting abdominal subcutaneous
adipose tissue specimens were obtained from subjects with and
without adipose tissue insulin resistance (Adipo-IR), as pre-
viously described (23). All subjects underwent a standard 2-h
oral GTT to confirm normal glucose tolerance (NGT) or impaired
glucose tolerance (IGT). Fasting Adipo-IR was calculated from
free fatty acid and insulin data (24). Adipose tissue RNA was
extracted using standard protocols, and quantitative real-time
PCR was performed for TCF7L2, as previously described (18).

Statistical Tests

Data are presented as univariate scatter plots or line graphs,
with corresponding mean * SD. GraphPad Prism 7.03 soft-
ware was used for all statistical analyses. Data normality
was assessed for in vivo experiments using the Shapiro-Wilk
test, and nonparametric Mann-Whitney tests were used when
deviations from normality were detected. Student two-tailed
t tests were used for analysis between two groups of equal
variances, and Welch t tests were used when the F test of
equal variance failed. Data containing three or more groups
were analyzed using one- or two-way ANOVA (adjusted for
repeat measures where appropriate) with Holm-Sidak post hoc
testing accounting for multiple comparisons, where appropriate.

RESULTS

TCF7L2 Expression During Adipogenesis

We first quantitated protein levels of TCF7L2 during
adipogenesis in 3T3-L1 cells. The TCF7L2 antibody recog-
nizes an epitope around Leu331 (exon 9) of human TCF7L2
and thus detects all protein isoforms of TCF7L2, although
only 78 and 58 kDa proteins were detected. Although both
protein isoforms increased significantly during adipogenesis
and there was a strong correlation between them (v = 0.95,
P < 0.001), the expression of the 58 kDa protein was
significantly higher in fully differentiated adipocytes (Fig.
1A-C). We measured mouse T¢f712 mRNA using a TagMan
probe that spans exon 5 and 6 of full length Tc¢f712 and
detects all mRNA variants (assay ID: Mm00501505_m1).
There was a significant effect of adipogenesis on total Tcf712
mRNA overall (Fig. 1D), but it remained relatively stable
during adipogenesis and was not correlated with the
58 or 78 kDa proteins (P = 0.19 and P = 0.27, respectively).
Consistent with our 3T3-L1 data, TCF7L2 protein levels
increased during differentiation of murine ASCs ex vivo,
but there were no differences in the expression of the
58 or 78 kDa proteins in these cells (Fig. 1E).

TCF7L2 Expression Is Required for Adipogenesis
We generated stable 3T3-L1 preadipocytes with reduced
TCEF7L2 protein using lentivirus shRNA and examined the
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adipogenesis capacity of these cells. Silencing TCE7L2
protein led to an almost complete block of adipogenesis
(Fig. 1F). Additional stable clones generated using different
viral backbones and shRNA sequences that targeted alter-
nate regions of Tcf7I12 mRNA confirmed these findings (Sup-
plementary Fig. 1). We did not observe effects of TCF7L2
silencing on cell proliferation, as determined by protein
content and cell number on the day of adipogenesis induc-
tion (Supplementary Fig. 1). Consistent with impaired adi-
pogenesis in shTCF7L2 cells, mRNA and protein induction
of several adipogenic transcription factors (i.e., PPAR-y and
C/EBPa) were reduced in TCF7L2 silenced cells (Supple-
mentary Fig. 2). Insulin- stimulated glucose uptake also
was reduced in the shTCF7L2 adipocytes and was associated
with intact insulin signaling at the level of pAKT*"® but
with reduced Glut4 (Slc2a4) mRNA expression (Supplemen-
tary Fig. 3).

TCF7L2 Transcriptome in Adipocytes

We performed RNA-Seq analysis on stable shTCF7L2
3T3-L1 cells (done shTCF7L2_A) at multiple time points
during adipogenesis. In shTCF7L2 preadipocytes, we ob-
served an upregulation of multiple inflammatory path-
ways that persisted for the duration of the adipogenesis
time course (Fig. 2). These pathways were related to type I
(interferon [IFN]-a) and type II (IFN-y) IFN responses and
complement pathway activity (Fig. 2 and Supplementary
Data). Inflammatory gene upregulation was not related to
specific shRNA or plasmid sequences because a selection of
differentially expressed genes was confirmed using quanti-
tative real-time PCR in independent shTCF7L2 clones using
alternate shRNA sequences and plasmids (Supplementary
Fig. 4). In contrast, the expression of genes involved in
important metabolic processes, including fatty acid, bile
acid, and cholesterol metabolism, were reduced. Pathways
involved in epithelial-to-mesenchymal transition (EMT)
and angiogenesis were downregulated in preadipocytes,
consistent with important developmental roles for Wnt sig-
naling in these pathways (Fig. 2 and Supplementary Data).

Wnt Signaling During Adipogenesis

GSEA analysis indicated that the Wnt/B-catenin signaling
pathway was not significantly altered in shTCF7L2 3T3L1
cells. However, a number of Wnt genes and targets were
differentially expressed in our RNA-Seq data set (Supple-
mentary Data), and highly related GSEA pathways were
altered in shTCF7L2 cells, including Myc target, Notch,
and Hedgehog pathways (Fig. 2). Thus, to characterize Wnt
signaling in more detail, we examined the mRNA expression
of a number of key Wnt genes. The expression of Axin2,
a transcriptional marker of Wnt pathway activation (25,26),
was relatively low in control cells, fluctuated moderately
during adipogenesis, but was increased approximately sev-
enfold in shTCF7L2 cells (Fig. 3A). Interestingly, the expres-
sion of lymphoid enhancer-binding factor 1 (Lefl), a key
member of the high-mobility group (HMG)-box family
of Wnt transcription factors, increased sharply during
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Figure 1—A: Representative images of differentiating 3T3-L1 adipocytes at the time of induction, day 0 (D0), and at D4 and D10 after initiation of
adipogenesis (scale bar = 100 um). B and C: A representative Western blot of TCF7L2 during adipogenesis, examined using an antibody that
recognizes an epitope around Leu331 and all variants of TCF7L2. The expression of the short (58 kDa) TCF7L2 protein isoform was higher than
the long (78 kDa) isoform during adipogenesis. Total protein load, assessed by Ponceau-S staining, was used for normalization (n = 5 in-
dependent experiments). **P < 0.001 vs. DO by two-way ANOVA Holm-Sidak multiple comparison t test; t11P < 0.001 main difference between
isoform expression by two-way ANOVA. D: Total Tcf7I2 mRNA quantified by quantitative real-time PCR using a TagMan probe (assay ID:
MmO00501505_m1) reached a nadir at D4 after induction of adipogenesis before recovering to baseline levels at day 8 (n = 3 independent
experiments). P < 0.01 effect of time by one-way ANOVA: *P < 0.05 vs. DO by Holm-Sidak multiple comparison t test. E: Representative images
of differentiating murine ASCs at DO, D2, and D6 after initiation of adipogenesis (scale bar = 100 wm). Representative Western blot of TCF7L2
demonstrates increased TCF7L2 protein during adipogenesis. The expression of the 58 kDa TCF7L2 protein was similar to the 78 kDa protein
during adipogenesis (n = 5 independent experiments). **P < 0.001 vs. DO by two-way ANOVA Holm-Sidak multiple comparison t test. F: TCF7L.2
silencing in 3T3-L1 cells (shTCF7L2) inhibited adipogenesis. A Westem blot of TCF7L2 from three replicate shTCF7L2 DO cells is shown to demonstrate
the efficiency of TCF7L2 silencing. The differentiation capacity of shTCF7L2 preadipocytes was assessed by triglyceride accumulation (0 = 4 in-
dependent adipogenesis experiments). **P < 0.001 t test vs. shSCR. Note these triglyceride data also are included in Supplementary Fig. 1
(shTCF7L2_A) for comparison with other stable shTCF7L2 clones. (A high-quality color representation of this figure is available in the online issue.)

adipogenesis in control cells, which was attenuated by
TCE7L2 silencing (Fig. 34). The levels of Myc peaked early
on day 2, where Myc was increased ~10-fold compared
with preadipocytes. Consistent with the GSEA data,
the induction of Myc expression during adipogenesis was
significantly blunted (Fig. 34). The mRNA levels of WNT1-
inducible-signaling pathway protein 2 (Wisp2), a novel se-
creted adipokine and Wnt pathway activator (27), were
elevated during adipogenesis in shTCF7L2 cells (Fig. 3A).
Consistent with previous reports (28), transducin-like en-
hancer of split 3 (Tle3) mRNA increased during adipogene-
sis in control cells, but its expression was significantly

attenuated in shTCF7L2 cells (Fig. 3A). The mRNA levels
of B-catenin (Ctnnbl) were moderately affected by adipo-
genesis but were not significantly different in shTCF7L2
cells (Fig. 3A). In contrast to these mRNA data, total and
active [3-catenin protein were highly expressed in preadipo-
cytes and declined during adipogenesis (Fig. 3B). Total
B-catenin protein levels were lower in shTCE7L2 cells, but
active 3-catenin levels were unchanged, resulting in an in-
crease in the active-to-total B-catenin ratio in shTCF7L2
cells (Fig. 3B).

To explore the role of B-catenin in the inhibition of
adipogenesis in shTCF7L2 cells, we treated cells with
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IWR-1, a small molecule endogenous Wnt signaling antag-
onist that stabilizes the B-catenin destruction complex
(29). In high passage (passage 8) preadipocyte 3T3-L1 cells
with submaximal adipogenesis, IWR-1 treatment led to
B-catenin degradation, increased Pparg mRNA and a twofold
increase in adipogenesis (Fig. 3C). This was associated with
elevated Lefl expression, consistent with our data showing
increased Lefl mRNA during adipogenesis. However, IWR-1
was unable to restore adipogenesis in shTCF7L2 cells despite
similarly robust B-catenin degradation (Fig. 3C). Moreover,
the effect of IWR-1 on Lefl and Pparg expression was
blocked, and the marked increase in Axin2 mRNA per-
sisted in shTCF7L2 cells (Fig. 3C). Taken together, these
data suggest that the regulation of Wnt signaling during
adipogenesis is disturbed in the absence of TCF7L2 expres-
sion and indicate that TCF7L2 expression is required for
adipogenesis.

Generation of Adipocyte-Specific AE11-TCF7L2 Mice

We next investigated the role of TCF7L2 in mature
adipocytes in vivo. Adipog-Cre mediated excision of exon
11 of Tcf712, which is common to all T¢f7]2 mRNA variants
and encodes the DNA binding domain of TCF7L2, led to the
expression of Tc¢f712 mRNA lacking exon 11 only (Fig. 44

and B). This functionally inactivates TCF7L2 and blocks
TCF7L2-mediated Wnt signaling, and whole-body AE11-
TCF7L2 mice display an identical phenotype to the classic
Tcf712-knockout mice (19,30). Three-month-old male and
female AE11-TCF7L2 mice were not significantly heavier
than control littermates, and there was no difference in
total or lean fat mass, as assessed in females (Supplemen-
tary Fig. 5). However, female mice had increased food in-
take and lower fasting leptin. The increased food intake in
female mice was offset by an increase in activity because the
net energy balance was not significantly increased in these
mice (Supplementary Fig. 5).

Glucose Homeostasis in AE11-TCF7L2 Mice

At 3 months of age, male (Fig. 4D and E) and female (Sup-
plementary Fig. 6) chow-fed AE11-TCF7L2 mice were glu-
cose intolerant compared with age-matched LoxP/LoxP
control mice. The AE11-TCF7L2 mice displayed early
hyperinsulinemia during the IPGTT (Fig. 4F) and were in-
sulin resistant, as determined by ITTs (Supplementary
Fig. 6). No difference was observed in glucose tolerance
between LoxP/LoxP control mice and Adipog-Cre mice
(data not shown), consistent with previously published
findings (31). Because male and female mice displayed
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Figure 2—Hallmark GSEA from RNA-Seq experiments performed on shSCR and shTCF7L2 3T3-L1 cells in preadipocytes at day 0 and at days
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indicate whether the gene set had an FDR <0.05 at

similar glucose tolerance phenotypes, further studies were
performed in males.

We used low-dose hyperinsulinemic-euglycemic clamps
with a [3-°H] glucose infusion to accurately quantitate basal
and insulin-stimulated glucose R, and R4. Consistent with
our IPGTT data, the glucose infusion rate was reduced dur-
ing the damp in AE11-TCF7L2 mice (Fig. 4G). Basal glucose
R, and R4 were not different in AE11-TCF7L2 mice (Fig.
4H), but we did observe increased insulin-stimulated R,
(Fig. 4I), confirming hepatic insulin resistance in 3-month-
old TCF7L2-mutant mice. This phenotype was not associated
with hepatic steatosis in the chow-fed male mice but was
associated with increased expression of fasting hepatic
stearoyl-CoA desaturase-1 (Scdl) and elevated mRNA lev-
els of several gluconeogenic genes (G6pc, Pckl, and Pcx)
at the end of the insulin cdlamp (Supplementary Figs. 5
and 7).

To examine the mechanisms underlying hepatic insulin
resistance in AE11-TCE7L2 mice, we fed mice the 60% HFD
for 12 weeks. Cumulative weight gain during the HFD in
AE11-TCF7L2 mice was not significantly different (Fig. 5A),
but AE11-TCF7L2 mice were significantly heavier in abso-
lute body weight at the end of the diet, despite similar
cumulative food intake (Fig. 5B-D). Glucose intolerance in
AE11-TCF7L2 mice progressed after the HFD to include

fasting and 2 h hyperglycemia (Fig. 5E and F). HFD-fed
AE11-TCF7L2 mice also displayed hepatomegaly (not
shown), increased lipid deposition on hematoxylin and eo-
sin sections, and increased hepatic triglycerides (Fig. 5G and
H). These data demonstrate that TCF7L2 inactivation in
mature adipocytes promotes hepatic insulin resistance in
chow- and HFD-fed mice. In HFD-fed animals, this
may at least partially be explained by an increase in lipid
deposition in liver.

Adipose Tissue Morphology in AE11-TCF7L2 Mice

At 3 months of age there was a small increase in inguinal
white adipose tissue (i(WAT) mass in male AE11-TCF7L2
mice, but this was not statistically significant (Fig. 6A). By
6 months of age, IWAT weight was 2.5-fold larger in AE11-
TCF7L2 mice, which was maintained after the HFD (Fig.
6A). A significant shift toward larger adipocytes was already
detectable in the younger mice. There was a reduction in
smaller adipocytes (500-1,000 ;,LmZ) and a significant in-
crease in the proportion of adipocytes larger than 4,000
pm? (Fig. 6B and D). This was exacerbated in older mice
where, on average, adipocytes were ~twofold larger com-
pared with controls (Fig. 6C and E). The adipocyte area in
these mice was highly correlated with iWAT weight (Fig.
6G), and we counted fewer adipocytes in the same total
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Figure 3—A: The mRNA expression of Wnt genes Cttnb1, Axin2, Lef1, Myc, Wisp2, and Tle3 during adipogenesis in shTCF7L2 and shSCR
control cells. B: Representative Western blot and corresponding quantification for total and active B-catenin protein during adipogenesis in
shSCR and shTCF7L2 3T3-L1 cells (n = 3 independent experiments). “P < 0.05; **P < 0.01; **P < 0.001 vs. day (D) 0 by two-way ANOVA Holm-
Sidak multiple comparison t test; P < 0.05 main effect of shTCF7L2 by two-way ANOVA. 111P < 0.001 main effect of shTCF7L2 by two-way
ANOVA; AP < 0.05; MP < 0.01; AMAP < 0.001 vs. corresponding shSCR time point by two-way ANOVA time X shTCF7L2 interaction Holm-
Sidak multiple comparison t test. C: Effect of IWR-1 treatment on total B-catenin levels and adipogenesis in high-passage shSCR and shTCF7L2
cells. Cells were treated with IWR-1 (10 umol/L) every other day for 6 days during differentiation. Western blot demonstrates the effect of IWR-1
on total B-catenin protein levels at the end of adipogenesis (each lane represents a single independent adipogenesis experiment, n = 4 for each
treatment). Triglycerides and the mRNA expression of Pparg, Lef1, and Axin2 were assessed by quantitative real-time PCR at the end of
differentiation on D6 (n = 4 independent differentiation experiments). **P < 0.001 vs. indicated controls by two-way ANOVA interaction Holm-
Sidak multiple comparison t test.




diabetes.diabetesjournals.org Chen and Associates 561

1 23 a 56 78 91011 12 14 17 B

Genomic El [H] [l I]D l]l] DI]I] |][||] I]I]D Exon 6
Tef712

w

< L]
g2 T
Targeted o~ &a .
Tef712 I~ oo
&1 o -
o o
=

o

LoxP/LoxP AE11-TCF7L2

C =, & s, &
S S
- é 8 8 - é s g Exon 11
O = 9o O = 9o
§<.525 5 §.65235 5 6 —
Twadig O ITnaoadg ® e
2. B
E o
3 o
i 2
2
2 "nag
LoxP/LoxP AExon 11 LoxP/LoxP  AE11-TCF7L2
D E " F
g 1
500 A/A ANA O LoxP/LoxP 30000 2500 o LoxP/LoxP
» AE11-TCF7L2 o = ﬁ _ N = AE11-TCF7L2
2 =
< 20000 ng2no - £
m a =
i £
3 10000 2
[ T 0 . . 0 T . : .
0 20 40 60 80 100 120 LoxP/LoxP AE11-TCF7L2 0 20 40 60 80 100 120
Time (mins) Time (mins)

()
I

o LoxP/LoxP

o 70, " AE11-TCF7L2 % 30 oo o 20 —
€ 60 o .40 A =15 -
S E 50 %< : EE 1S .
g‘E-4-0' ]*** 3%130 . L] I-E Uy
'E o 3 é [} a 10 o
2 30 5320 “E%' 8 GOF  yun ES oo —
2 E 20 s E oo oo ok 5 "

0o T T T 0- : : o O

0 Opooood T
o Basal Ra Basal Rd LoxP/LoxP AE11-TCF7L2

Time (mins)

Figure 4—A: Schematic shows the targeting strategy for the mouse Tcf7/2 locus used in this study. (Reprinted with permission from van Es
et al. [19]) B: LoxP sites were placed around exon 11, which results in the deletion of exon 11, and not exon 6, containing mRNA transcripts, as
determined by quantitative real-time PCR on isolated adipocytes (n = 7). **P < 0.001 vs. LoxP control mice by Welch t test. The exon
11-specific quantitative real-time PCR probe/primer combination was custom designed by Integrated DNA Technologies (Coralville, 1A). C: To
confirm deletion of exon 11 was specific to adipocytes, semiquantitative RT-PCR was used to visualize Tcf7I2 transcripts in multiple tissues.
Recombination of the Tcf712 locus occurred only in adipocytes and not the stromal vascular fraction (SVF) of adipose tissue. D: IPGTT results (n =
10 AE11-TCF7L2, n = 12 LoxP controls). AP < 0.05; MAP < 0.001 vs. corresponding control time point by two-way ANOVA time X Tcf7I2
genotype interaction Holm-Sidak multiple comparison t test. E: Incremental area under the IPGTT curve (AUC). *P < 0.01 by Welch t test.
F: Plasma insulin during the IPGTT (n = 7 AE11-TCF7L2, n = 10 LoxP controls). AP < 0.05 vs. corresponding control time point by two-way
ANOVA time X genotype interaction Holm-Sidak multiple comparison t test. G: Glucose infusion rate. **P < 0.001 main effect of Tcf712
genotype by two-way ANOVA. Basal rate of glucose R, and Ry (H) and residual insulin-stimulated hepatic glucose production (HGP) (/)
during low dose hyperinsulinemic-euglycemic insulin clamps in male 3-month-old chow-fed mice (h = 10 AE11-TCF7L2, n = 13 LoxP control
mice for all clamp experiments). **P < 0.01 vs. LoxP control mice by Mann-Whitney test.

histological area in the older AE11-TCF7L2 mice (Fig. 6F). Thus, net energy balance was not significantly different in
Although 6-month-old mice were heavier and had increased  these mice. Interestingly, we also did not detect changes in
whole-body fat mass, they had lower food intake, activity —the weight of the perigonadal visceral depot (pgWAT) ex-
levels, and net energy expenditure (Supplementary Fig. 8). amined after the HED (Fig. 6A).
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Figure 5—Cumulative weight gain (A), absolute body weight (B), final body weight (C), and cumulative food intake (D) during and after 12 weeks
of the HFD (n = 14 AE11-TCF7L2, n = 16 LoxP controls). *P < 0.05 main effect of Tcf7/2 genotype by two-way ANOVA (B); “P < 0.05 vs. controls
by t test (C). IPGTT (E) and incremental area under the IPGTT curve (JAUC) after 12 weeks of the HFD in male mice (n = 8 AE11-TCF7L2, n =
8 control mice) (F). AP < 0.05; AMAP < 0.001 vs. corresponding control time point by two-way ANOVA time X Tcf7I2 genotype interaction Holm-
Sidak multiple comparison t test. *P < 0.05 vs. controls by t test. G: Liver triglyceride content was significantly elevated in AE11-TCF7L2 mice
(n = 8 AE11-TCF7L2, n = 9 control mice). *P < 0.05 vs. controls by Mann-Whitney test. H: A representative hematoxylin and eosin stain
demonstrates increased lipid deposition in liver in TCF7L2 mutant mice at the end of 12-week HFD (scale bar = 100 wm).
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Figure 6—A: iWAT in male AE11-TCF7L2 mice at 3 and 6 months of age (n = 8-10 AE11-TCF7L2, n = 8-10 control mice) and iWAT and pgWAT
after HFD (n = 12 AE11-TCF7L2, n = 14 control mice). **P < 0.01 vs. control mice by Mann-Whitney test; **P < 0.001 vs. control by t test.
Representative hematoxylin and eosin stain and adipocyte size distribution performed on 3-month (B) and 6-month (C) iWAT (scale bar =
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Adipocyte Gene Expression in AE11-TCF7L2 Mice
Consistent with our in vitro data, Axin2, complement
factor H (Cfh) and MCP-1 (Ccl2) mRNA were increased in
isolated adipocytes from HFD-fed mice, indicating adipo-
cyte hypertrophy is associated with adipose tissue inflam-
mation in AE11-TCF7L2 mice (Supplementary Fig. 9).
Although Pparg mRNA was unchanged, we noted a marked
increase in the expression of Dgat2 mRNA, suggesting in-
creased triglyceride synthesis/storage capacity in the hyper-
trophic adipocytes of AE11-TCF7L2 mice (Supplementary
Fig. 9).

TCF7L2 Expression in Human Adipose Tissue

Finally, to examine the clinical significance of these findings
we quantitated TCF7L2 mRNA expression in adipose tis-
sue biopsy samples from patients with NGT and IGT. The
IGT subjects were matched for BMI but had significantly
increased Adipo-IR (Fig. 7D). Total TCF7L2 mRNA,
detected using a TagMan probe designed around exons
10 and 11 (assay ID: Hs01009038_m1) was significantly
decreased in IGT subjects (Fig. 7E) as was the expression
of a “full adipose tissue variant” (14) of TCF7L2 that incor-
porates exons 12 and 13 (Fig. 7F).
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DISCUSSION

In this study we demonstrate that the diabetes candidate
gene and key Wnt pathway effector Tcf7I2 has important
developmental and metabolic roles in adipose tissue. Pre-
vious studies have demonstrated that overexpression of
TCF7L2 lacking its [(-catenin binding domain promotes
spontaneous adipogenesis in preadipocyte 3T3-L1 cells
and skeletal muscle precursor cells (4,5). These findings
led to the conclusion that TCEF7L2 impairs adipogenesis.
However, we suspected this was a simplistic model of
TCF7L2 and Wnt signaling activity during adipogenesis.
First, several Wnt components, including TCF7L2 and mul-
tiple Wnt ligands and receptors, are expressed in mature,
fully differentiated adipocytes (32,33). Second, the
transcriptional activity of TCF7L2 is flexible based on its
interaction with B-catenin and other transcriptional part-
ners. In the absence of 3-catenin binding, TCFs largely repress
Wnt target genes via the recruitment of nuclear cofactors
(34). Third, several secreted Wnt ligands, including Wnt4,
Wnt5a, and Wnt5b, can stimulate adipogenesis (35,36).
Lastly, our own preliminary data highlighted that TCF7L2
protein increased during adipogenesis in 3T3-L1 and pri-
mary ASCs.
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Figure 7—Plasma glucose (A) and insulin (B) during an oral GTT in human subjects with NGT (n = 21) or IGT (n = 22). AP < 0.05; AMAP < 0.001
vs. corresponding NGT time point by two-way ANOVA time x NGT/IGT phenotype interaction Holm-Sidak multiple comparison t test. C: BMI
was similar between the two groups. D: Adipo-IR was higher in IGT subjects. *P < 0.05 vs. NGT by t test. Subcutaneous adipose tissue total
TCF7L2 mRNA (exon 10-11; assay ID: Hs01009038_m1) (E) and a short TCF7L2 mRNA variant incorporating exons 12 and 13 (F) were lower in

IGT subjects with Adipo-IR. *P < 0.05 Welch t test vs. NGT.
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Our cellular studies showed that stable silencing of
TCF7L2 impaired adipogenesis. This was associated with
disruption of Wnt signaling, as indicated by a significant
upregulation of Axin2 mRNA and changes in the expression
of multiple Wnt genes, including Lefl, Myc, and Wisp2.
However, the effects of TCF7L2 silencing on -catenin lev-
els were relatively modest in comparison. Although we did
observe a significant increase in the ratio of active-to-total
[B-catenin, the levels of both proteins fell significantly dur-
ing adipogenesis in control and shTCF7L2 cells. Furthermore,
in rescue experiments using the Wnt inhibitor IWR-1,
Wnt pathway inhibition through B-catenin degradation en-
hanced adipogenesis in control cells, but this effect was
blocked in shTCE7L2 cells. These data, and the persistent
alterations in the expression of Axin2 and Lef1 in IWR-1-
treated shTCF7L2 cells, raise the interesting possibility that
TCF7L2 may have B-catenin-dependent and -independent
roles in adipocytes, which may vary temporally during
adipogenesis. For example, in developing and mature adi-
pocytes, where B-catenin levels are relatively low, increasing
TCF7L2 expression may suppress Wnt pathway activation
and promote adipogenesis. In contrast, in preadipocytes,
low TCF7L2 levels and high B-catenin may permit Wnt
activation and inhibit adipocyte development. This bidirec-
tional feature of TCFs has been demonstrated in classic
Wnt signaling studies performed in Drosophila, Xenopus,
and Caenorhabditis elegans (34). In support of this putative
temporal relationship between 3-catenin and TCF7L2 dur-
ing adipogenesis, a previous study demonstrated that
co-occupancy of TCF7L2 and B-catenin decreases at the
Fabp4 promotor as adipogenesis progresses (28). Further-
more, Tle3 suppresses Wnt signaling, displaces 3-catenin
bound to TCF7L2, and promotes adipogenesis (28). Our
data demonstrate that Tle3 mRNA levels are significantly
reduced in shTCF7L2 cells, which further suggests an im-
portant interaction between these two proteins to facilitate
adipogenesis.

Taken together, these findings may be difficult to rec-
oncile with those from studies overexpressing dominant
negative TCF7L2 in preadipocytes, where increased adipo-
genesis was observed (4). A potential explanation for this
discrepancy is that overexpression of TCF7L2 that lacks
[B-catenin binding functionality does not block all transcrip-
tional activity of TCF7L2. On the contrary, high levels of
B-catenin-binding mutants of TCE7L2 are still able to bind
gene promotors and, as discussed above, can interact with
alternate transcriptional partners to promote the expres-
sion of proadipogenic genes. Thus, our data do not dispute
the well-established finding that Wnt signaling per se
impairs adipogenesis but instead highlight a far more com-
plex regulatory role for TCF7L2 during adipogenesis that
may depend on the balance between TCF7L2 and 3-catenin
levels, the timing of their interaction, and the interaction
between TCF7L2 and other cofactors at specific gene pro-
moters. Further highlighting this complexity, in 3T3-L1
cells, the shorter TCF7L2 protein was dominant in devel-
oping and mature adipocytes, consistent with a recent report
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(10). This isoform differs only in its C-terminus and retains
all functional domains of full-length TCF7L2 (37). Clearly,
the regulation of adipose tissue development by TCF7L2
and the role that B-catenin and Wnt signaling play in this
process requires further study.

Despite clear differences in the expression of select Wnt
genes, GSEA analysis of RNA-Seq data did not identify
the Wnt pathway as differentially regulated in shTCF7L2
cells. There are several explanations for this. First, signif-
icant overlap exists between the Wnt pathway gene set and
related pathways that were altered in shTCF7L2 cells and
that contain a number of Wnt genes. This was most ap-
parent for the Myc target (which includes Myc), Notch
(which includes Tcf712, Fzd1, Fzd5, Wnt2, and Wnt5a), and
Hedgehog (which includes Tle3) GSEA pathways. Second,
many Wnt genes and targets, including Tcf7I2 and Ctnnbl,
are regulated posttranslationally during adipogenesis.
Third, the GSEA pathway gene set for Wnt signaling does
not include a number of key Wnt-related genes that were
altered during adipogenesis in shTCF7L2 cells, including
Tcf712, Wispl, Wisp2, and Tle3.

Interestingly, however, GSEA analysis did identify in-
creased expression of inflammatory genes in shTCF7L2
preadipocytes. This may be an additional mechanism by
which TCF7L2 impaired adipogenesis, because IFN signaling
is a negative regulator of adipogenesis (38). We also noted
increased expression of complement factor H in shTCF7L2
preadipocytes, which also has been shown to inhibit adipo-
genesis (39). The noncanonical branch of the Wnt signaling
pathway has documented inflammatory roles in adipose
tissue. In obese mice, Wnt5a ablation reduced adipose tis-
sue inflammation and improved insulin resistance, whereas
overexpression of Wnt5a in myeloid cells increased inflam-
mation and impaired glucose tolerance (40). Consistent with
these findings, secreted frizzled-related protein 5 (SFRPS), a
Wnt5a antagonist, has been identified as an anti-inflammatory
adipokine whose secretion is disrupted in obesity and
T2DM (41). Despite replicating the effects of TCF7L2 si-
lencing on inflammation using alternative plasmid and
shRNA sequences, the possibility that these observations
reflect off-target effects unrelated to TCF7L2 silencing
cannot be dismissed completely in the current study.

Our in vivo data demonstrate that inactivation of
TCF7L2 through deletion of its DNA binding domain in
adipocytes specifically promotes whole-body glucose in-
tolerance and hepatic insulin resistance. Under chow-fed
conditions, the hepatic insulin resistance was not associ-
ated with overt hepatic lipotoxicity but was associated with
increased expression of gluconeogenic genes after the in-
sulin clamp and increased fasting Scd1 levels. The increase
in hepatic Scd1 is noteworthy because it has important roles
in the early onset of lipid-induced hepatic insulin resistance
and directly regulates hepatic glucose production through
the expression of Pckl and G6pc (42). The TCF7L2-mutant
mice also displayed significant alterations in adipocyte size
distribution in iWAT. This was already detectable in youn-
ger mice with glucose intolerance, but without significant
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increases in iWAT mass, and further progressed in
6-month-old mice that had a twofold increase in iWAT
mass. The precise mechanisms of adipocyte hypertrophy
are unclear but may reflect a combination of reduced
hyperplasia and increased lipid synthesis/storage, two pro-
cesses that are reciprocally regulated in adipose tissue
(43). Increased lipid synthesis/storage may be secondary
to elevated Dgat2 expression, which we observed in adipo-
cytes from HFD-fed AE11-TCF7L2 mice. This enzyme is
rate limiting for triglyceride synthesis in adipocytes, its ex-
pression is closely correlated with hypertrophic adipocyte
expansion (44,45), and we previously showed that it is a di-
rect transcriptional target of TCF7L2 (18). A direct effect of
TCF7L2 inactivation in preadipocytes in vivo is unlikely to
contribute to the unhealthy adipose tissue expansion ob-
served in TCF7L2-mutant mice. Adiponectin is expressed in
mature adipocytes only, and Adipo-Cre-mediated recombi-
nation of the Tc¢f7I2 gene was not observed in the stro-
mal vascular fraction. Thus, alternative mechanisms may
indirectly regulate ASC recruitment and differentiation in
AE11-TCF7L2 mice. We detected increased expression of
Ccl2 and Cfh gene expression in hypertrophic adipocytes
from TCF7L2-mutant mice, and CCL2 (MCP-1) inhibits
adipocyte growth and differentiation (46). Moreover, in-
creased Axin2 mRNA suggests increased adipocyte Wnt ac-
tivity in hypertrophic adipocytes from AE11-TCF712
mice. This may be an additional mechanism regulating ad-
ipose tissue expansion in these mice because several Wnt
ligands have potent effects on adipogenesis in vitro and
in vivo (47-50).

Interestingly, we did not detect increased pgWAT mass
in AE11-TCF7L2 mice. This is consistent with previous
studies demonstrating that the Wnt pathway differentially
regulates adipose tissue depot formation (51) and may re-
flect the distinct developmental origins of these fat com-
partments (52). We also did not observe significant changes
in energy balance in TCF7L2-mutant mice. Long-term en-
ergy balance analysis over the course of weeks or months,
not examined in the current study, might possibly have
revealed differences in energy balance in TCF7L2-mutant
mice. It is interesting that whole-body heterozygote Tcf712-
knockout mice have reduced fat mass, suggestive of im-
paired adipogenesis, but improved glucose tolerance (53,54).
However, the glucose tolerance in whole-body Tcf712
mutants may not reflect the role of TCF7L2 in adipose tissue
alone, but rather TCF7L2 action in other metabolic tissues
(3). Numerous studies have demonstrated that TCF7L2 reg-
ulates hepatic glucose metabolism (55,56), -cell mass, and
insulin secretion (57).

In humans, the effect of the TCE7L2 risk allele on T2DM
is modulated by obesity, and T2DM prevalence is higher in
nonobese carriers (11,12). Moreover, TCF7L2 SNPs have
been associated with obesity (58), but this association
remains controversial and may be the result of ascertain-
ment bias (59). However, a recent study showed weight loss
after gastric bypass surgery led to the differential expres-
sion of TCF7L2 mRNA isoforms in subcutaneous fat (14).
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Total TCF7L2 mRNA was unchanged, but an adipose tissue-
specific variant incorporating exons 12 and 13 was in-
creased after surgery. Interestingly, the same study showed
expression of a short TCF7L2 variant lacking exons 12 and
13 decreased after weight loss, was more common in sub-
cutaneous fat of patients with T2DM, and correlated posi-
tively with free fatty acid during insulin damps (14). In the
current study, we demonstrate that total TCF7L2 expres-
sion is reduced by ~20% in adipose tissue from subjects
with IGT and Adipo-IR. However, we did not observe dif-
ferential expression of TCF7L2 transcripts incorporating
exon 12 and 13 because this variant also was reduced in
IGT adipose tissue. These data are consistent with a previous
study demonstrating reduced adipose tissue TCF7L2 mRNA
in patients with T2DM (60) and in carriers of the TCF7L2
risk allele (61) and suggest that adipose tissue insulin sen-
sitivity does not regulate TCF7L2 gene splicing.

In conclusion, we show that TCF7L2 has important
developmental and metabolic roles in adipose tissue. Using
a combination of in vitro and in vivo techniques in cells
from rodents and humans, we show that the regulation of
adipogenesis by TCF7L2 and Wnt signaling is more complex
than previously recognized and that inactivation of adipo-
cyte TCF7L2 in vivo promotes adipocyte hypertrophy and
peripheral and hepatic insulin resistance. Demonstrating
the translational nature of our findings, we also show that
adipocyte insulin resistance in humans is associated with
a reduction in TCF7L2 expression. We hope that further
study of TCF7L2 and Wnt signaling in adipose tissue will
provide more insights into the function of this important
T2DM candidate gene.
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