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ARTICLE INFO ABSTRACT

Keywords: Introduction: Non-coding genetic variation at TCF7L2 is the strongest genetic determinant of type 2 diabetes
TCF7L2 (T2D) risk in humans. TCF7L2 encodes a transcription factor mediating the nuclear effects of WNT signaling in
Adipose

adipose tissue (AT). In vivo studies in transgenic mice have highlighted important roles for TCF7L2 in adipose
tissue biology and systemic metabolism.

Objective: To map the expression of TCF7L2 in human AT, examine its role in human adipose cell biology in vitro,
and investigate the effects of the fine-mapped T2D-risk allele at rs7903146 on AT morphology and TCF7L2
expression.

Methods: Ex vivo gene expression studies of TCF7L2 in whole and fractionated human AT. In vitro TCF7L2 gain-
and/or loss-of-function studies in primary and immortalized human adipose progenitor cells (APCs) and mature
adipocytes (mADs). AT phenotyping of rs7903146 T2D-risk variant carriers and matched controls.

Results: Adipose progenitors (APs) exhibited the highest TCF7L2 mRNA abundance compared to mature adipo-
cytes and adipose-derived endothelial cells. Obesity was associated with reduced TCF7L2 transcript levels in
whole subcutaneous abdominal AT but paradoxically increased expression in APs. In functional studies, TCF7L2
knockdown (KD) in abdominal APs led to dose-dependent activation of WNT/p-catenin signaling, impaired
proliferation and dose-dependent effects on adipogenesis. Whilst partial KD enhanced adipocyte differentiation,
near-total KD impaired lipid accumulation and adipogenic gene expression. Over-expression of TCF7L2 accel-
erated adipogenesis. In contrast, TCF7L2-KD in gluteal APs dose-dependently enhanced lipid accumulation.
Transcriptome-wide profiling revealed that TCF7L2 might modulate multiple aspects of AP biology including
extracellular matrix secretion, immune signaling and apoptosis. The T2D-risk allele at rs7903146 was associated
with reduced AP TCF7L2 expression and enhanced AT insulin sensitivity.

Conclusions: TCF7L2 plays a complex role in AP biology and has both dose- and depot-dependent effects on
adipogenesis. In addition to regulating pancreatic insulin secretion, genetic variation at TCF7L2 might also in-
fluence T2D risk by modulating AP function.

Adipogenesis
Type 2 diabetes
WNT

Human

1. Introduction during periods of energy demand such as fasting and exercise. Finally, it
directly regulates systemic energy balance and insulin sensitivity e.g.,

Adipose tissue (AT) plays a central role in the control of whole-body through the secretion of hormones such as leptin and adiponectin [2].
energy homoeostasis. Firstly, it provides a safe depot for excess calorie AT expands through an increase in adipocyte number (hyperplasia) and/
storage as triglycerides, thereby protecting extra-adipose tissues from or size (hypertrophy). Hyperplastic AT growth is mediated through the
lipotoxicity [1]. Secondly, it releases energy as free fatty acids (FFAs) generation of new adipocytes from adipose progenitors (APs), namely

* Corresponding author at: Oxford Centre for Diabetes, Endocrinology and Metabolism, Churchill Hospital, Oxford OX3 7LE, UK.
E-mail address: costas.christodoulides@ocdem.ox.ac.uk (C. Christodoulides).

https://doi.org/10.1016/j.metabol.2022.155240
Received 26 October 2021; Accepted 4 June 2022

Available online 10 June 2022
0026-0495/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:costas.christodoulides@ocdem.ox.ac.uk
www.sciencedirect.com/science/journal/00260495
https://www.journals.elsevier.com/metabolism
https://doi.org/10.1016/j.metabol.2022.155240
https://doi.org/10.1016/j.metabol.2022.155240
https://doi.org/10.1016/j.metabol.2022.155240
http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2022.155240&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Verma et al.

adipose stem cells and preadipocytes, and is associated with enhanced
systemic insulin sensitivity and improved glucose and lipid metabolism.
In contrast, adipocyte hypertrophy results in AT fibrosis and inflam-
mation, which promote the development of insulin resistance [3,4].

WNTs are a family of secreted growth factors functioning in auto-
crine and paracrine fashions to regulate stem cell biology via multiple
downstream signaling cascades [5-7]. In the best-characterized, ca-
nonical pathway, WNT binding to their receptor complex leads to nu-
clear accumulation of the transcriptional co-activator f-catenin, which
interacts with TCF/LEF transcription factors to activate the expression of
WNT target genes. There are four mammalian TCF/LEF family members,
TCF7, TCF7L1, TCF7L2 and LEF1 [8], with TCF7L1 and TCF7L2
exhibiting the highest AT expression [9]. According to the prevailing
model, in the absence of WNTs, TCF/LEF proteins are bound to tran-
scriptional co-repressors and suppress WNT/f-catenin signaling. How-
ever, the transcriptional switch promoted by WNTs might also involve
an exchange of TCF/LEF family members, with TCF7L1 generally acting
as a repressor of WNT target genes, LEF1 and TCF7 as activators, and
TCF7L2 having both repressor and activator functions, depending on
cellular context [8,10,11].

Work from the MacDougald laboratory first highlighted a potential
role for TCF/LEFs in AT biology. Specifically, a dominant negative
TCF7L2 mutant, lacking its p-catenin binding domain, was shown to
promote spontaneous adipogenesis of 3T3-L1 preadipocytes and trans-
differentiation of C2C12 myoblasts to adipocytes [12,13]. Recently,
the specific role of TCF7L2 in in vitro adipogenesis was investigated with
conflicting results. Whilst Chen et al. showed that TCF7L2 knockdown
(KD) in 3T3-L1 preadipocytes leads to impaired adipocyte differentia-
tion [14] in another study, TCF7L2 deletion in immortalized inguinal
mouse APs resulted in enhanced adipogenesis [15]. In vivo, adipose
expression of Tcf712 was suppressed by high-fat diet (HFD)-induced and
genetic obesity [15,16]. Homozygous global Tc¢f7[2 null mice died
perinatally whilst heterozygous null animals were lean and had
enhanced glucose tolerance and insulin sensitivity compared to wild-
type controls [17,18]. Conversely, transgenic mice with global over-
expression of Tcf712, displayed HFD-induced glucose intolerance [18],
which was driven by Tcf712 over-expression in non-pancreatic tissues
[19]. Contrasting these findings, targeted deletion of Tcf712 in mature
adipocytes (mADs) resulted in increased adiposity, hyperinsulinemia
and/or glucose intolerance [14,15,20]. In humans, TCF7L2 expression
was decreased in the subcutaneous abdominal (hereafter abdominal) AT
of subjects with impaired glucose tolerance [14] or reduced systemic
insulin sensitivity [21]. Notably, non-coding genetic variation at TCF7L2
was shown to be the strongest genetic determinant of T2D risk in Eu-
ropeans [22,23]. The same signal was also associated with fat distri-
bution [24] and sex-specific differences in plasma FFA responses to an
oral glucose tolerance test [25]. Motivated by these findings we inves-
tigated the largely unexplored role of TCF7L2 in human AT biology.

2. Materials and methods
2.1. Study population

Study volunteers were recruited from the Oxford Biobank (OBB), a
population-based cohort of healthy 30-50-year-old subjects [26]. Paired
abdominal and visceral biopsies were collected from patients undergo-
ing elective surgery as part of the MolSURG study [27]. Plasma
biochemistry [26] and adipocyte sizing [27] were undertaken as
described. All studies were approved by the Oxfordshire Clinical
Research Ethics Committee and all volunteers gave written, informed
consent.

2.2. Cell culture

AT biopsy-derived primary or immortalized APs were cultured and
differentiated as described [28,29]. Primary endothelial cells were
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isolated using a CD31 MicroBead Kit (Miltenyi Biotec). Intracellular
lipid quantification was undertaken using AdipoRed (Lonza) and a
multi-well plate reader (PerSeptive Biosystems, Perkin Elmer).

2.3. Generation of de-differentiated fat (DFAT) cells

DFAT cells were generated by selection and de-differentiation of
lipid-laden, in vitro differentiated immortalized APs with modifications
[27] (see Supplemental information).

2.4. Lentiviral constructs and generation of stable AP lines

TCF7L2 (sh843, TRCN0000262843; sh897, TRCN0000061897;
sh444, TRCN0000282444; sh848, TRCN0000262848) and control
(scrambled) shRNA plasmid vectors were purchased (Sigma-Aldrich).
The TOPflash reporter vector [30] was a gift from Roel Nusse (Addgene
#24307). Lentiviral particles were produced in HEK293 cells using
MISSION® (Sigma-Aldrich) packaging mix. Stable AP lines were
generated by transduction of cells with lentiviral particles and selected
using (2 pg/ml) puromyecin.

2.5. Doxycycline-inducible AP lines

The TCF7L2 sequence (from TCF4E pcDNA3, a gift from Frank
McCormick, Addgene #32738) [31] was cloned into the pCW57.1 len-
tiviral vector (gift from David Root, Addgene plasmid #41393) and ol-
igonucleotides for sh843 were cloned into tet-pLKO-puro doxycycline-
inducible expression lentiviral vector (gift from Dmitri Wiederschain,
Addgene #21915) [32] for inducible TCF7L2 over-expression and KD
respectively. Stable doxycycline-inducible AP lines were generated by
transduction of cells with lentiviral particles and selected using (2 pg/
ml) puromycin.

2.6. siRNA mediated TCF7 KD in DFAT AP lines

Control (ON-TARGETplus Non-targeting Pool, #D-001810-10-05)
and TCF7 (ON-TARGETplus Human TCF7 (6932), SMARTpool, #L-
019735-00-0005) siRNAs were purchased from Horizon Discovery Ltd
(Cambridge, UK). Abdo shCN and sh843 DFAT APs seeded in 12-well
plates were transfected with 0.1 nM siRNAs using Lipofectamine
RNAiIMAX transfection reagent (ThermoFisher Scientific), according to
manufacturer's instructions. 48 h post-transfection, cells were harvested
for RNA, or differentiated in standard adipocyte differentiation media.

2.7. CRISPR genome editing

Stable hCas9 expressing DFAT APs were generated by transduction
of lentiCas9-EGFP (gift from Phil Sharp & Feng Zhang, Addgene plasmid
#63592) [33] or pLV-[Exp]-CAG>hCas9:P2A:Bsd vector (Vector-
builder) followed by selection using EGFP or blasticidin (2 pg/ml)
respectively. Prior to this, DFAT APs were immortalized and de-
differentiated as described apart from using Hygromycin (100 pg/ml)
for selection.

For base editing, clonal lines with the highest EGFP expression (hCas9)
were selected using FACS and expanded. Transfection of two sets of single
stranded oligonucleotide donors (ssODNs) (CTTTTTAGATATTATATA
ATTTAATTGCCGTATGAGGCACCCTTAGTTTTCAGACGAGAAAC, GTTT
CTCGTCTGAAAACTAAGGGTGCCTCATACGGCAATTAAATTATATAAT
ATCTAAAA) & sgRNAs (TATAATTTAATTGCCGTATGAGG, AAAAC-
TAAGGGTGCCTCATACGG) (IDT, UK) was undertaken using Neon
Transfection system (ThermoFischer, UK) following manufacturer's in-
structions for RNP electroporation (IDT, UK). Validation of CRISPR
editing was done on pooled cells post transfection using Sanger
sequencing and TIDE analysis [34]. Single cell cloning of sham treated or
edited clones was undertaken via FACS followed by colony expansion.

For loss of function, stable TCF7L2 KD DFAT APs were generated by
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lentiviral transduction of sgRNAs (#28 — CGGCCATCAACCAGATCCTT,
#296 — TGGGCGAGAGCGATCCGTTG, VectorBuilder) against TCF7L2
and selected using puromycin (2 pg/ml).

2.8. Pharmacological inhibitors

KYA1791K potassium salt (WNT/p-catenin inhibitor; #SML1831)
and the JAK Inhibitor I (#420099) were purchased from (Merck Life
Science UK Ltd). To study the effects of KYA1797K treatment on adi-
pogenesis, shCN and sh843 Abdo DFAT APs were seeded at a density of
14K/well in a 96-well plate. Two days later, cells were differentiated in
the presence of 0.1 pM, 1 pM or 2.5 pM KYA1797K, or vehicle (DMSO)
for 14 days. Intracellular lipid accumulation was quantified as a metric
for adipogenesis using AdipoRED. To assess TOPflash activity, shCN and
sh843 Abdo DFAT APs (harboring TOPFlash reporter) were seeded in
96-well plates were treated with indicated concentrations of KYA1797K
or vehicle (DMSO) in growth media for 48 h, then assessed using the
Luciferase Assay System (Promega). Luciferase activity was normalized
to mCherry fluorescence.

2.9. Proliferation assays

Equal number of APs were seeded, trypsinised and counted using a
Cellometer Auto T4 (Nexcelom Bioscience) every 96 h or using
CyQUANT™ cell proliferation assays. Doubling time was calculated
using the formula: Tqg = (t2 — t1) X [log (2) + log (g2 + 1)1, where t =
time (days), ¢ = cell number.

2.10. Luciferase assays

To assess cis-regulatory activity, a 151 base pair genomic sequence
centred around rs7903146 was cloned into a luciferase reporter vector
(pGL4.23[luc2/minP], Promega) and co-transfected with pRL-SV40
(Promega) into HEK293 (Lipofectamine 2000, Thermo Fisher Scienti-
fic) or DFAT cells (Neon Transfection System, Thermo Fisher Scientific).
48 h post-transfection, luciferase activity was assessed using the Dual-
Luciferase® Reporter Assay System (Promega) on Veritas Microplate
Luminometer (Turner Biosystems).

2.11. TOPflash reporter assays

B-Catenin transcriptional activity in TCF7L2-KD DFAT cells was
determined as described [28].

2.12. Glucose uptake assay

In vitro differentiated DFAT APs were incubated in basal medium
containing either vehicle or 0.05 pg/ml doxycycline (to induce TCF7L2
KD) for 48 h. Basal and insulin stimulated (25 nM insulin, 30 min, 37 °C
& 5 % COy) glucose uptake assay was performed as described [27].

2.13. Real time-PCR and western blots

qRT-PCR and western blotting were performed using TagMan assays
and standard protocols (see Supplemental information).

2.14. RNA sequencing, pathway enrichment and transcription factor
clustering analysis

RNA sequencing (RNA-Seq) was performed in scrambled control,
sh897 and sh843 TCF7L2-KD DFAT abdominal APs and primary
abdominal and gluteal APs (see Supplemental information). Briefly,
differentially regulated genes (DEGs) (false discovery rate <0.05) were
selected for further analysis. Pathway enrichment was done using
ClusterProfiler R package [35] and transcription factor clustering was
undertaken as previously reported [36].
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2.15. Statistical analysis

Statistical analysis was performed using R, SPSS, Stata or GraphPad.
For parametric data, Pearson correlation, linear regression analysis,
two-tailed Student's test with Welch's correction (where appropriate) for
2 groups, or one- or two-way ANOVA followed by appropriate post hoc
tests for multiple groups were used. For non-parametric data, Spear-
man's correlation, Wilcoxon matched-pairs signed rank test or Kruskal-
Wallis test followed by Dunn's multiple comparisons test were used.
Smoothened splines using generalized additive models were used to
investigate the relationship between adipose tissue insulin resistance
(fasting insulin*FFAs) and body mass index (BMI) in different
rs7903146 genotype carriers. P-values were corrected for multiple
comparisons or where appropriate age, BMI, and sex. P < 0.05 was
considered significant.

3. Results
3.1. TCF7L2 expression is highest in APs

To elucidate the function of TCF7L2 in human AT we first mapped its
adipose expression profile. TCF7L2 mRNA abundance tended to be
higher in abdominal versus gluteal AT (P = 0.05) (Fig. 1A) but did not
differ between the abdominal and omental depots (Fig. 1B). Compared
to obese subjects, lean individuals had higher TCF7L2 expression in
abdominal AT (Fig. 1A). In fractionated AT, TCF7L2 transcript levels
were higher in cultured APs than mADs (Fig. 1C) and adipose-derived
endothelial cells from both the abdominal and gluteal depots
(Fig. 1D). Of note, the expression of adipose stem cell and preadipocyte
marker genes, as previously defined in single cell RNA-Seq studies of the
stromal vascular fraction of human AT, was enriched in the cultured AP
cells (Fig. S1) [37,38]. Finally, TCF7L2 mRNA abundance in abdominal
APs correlated positively with BMI whilst a directionally opposite trend
was detected for abdominal mADs (Fig. 1E, F). No associations between
TCF7L2 expression in gluteal adipose cell fractions and BMI were
detected (Fig. S2). Based on these data we focused on deciphering the
function of TCF7L2 in APs.

3.2. TCF7L2 dose-dependently modulates AP differentiation

We investigated the role of TCF7L2 in AP biology using immortalized
DFAT cells [27]. These retain their depot of origin gene expression
signatures (Fig. S3) and have a high adipogenic capacity. Stable TCF7L2-
KD in these cells was achieved with two independent shRNAs targeting
the universal exon 9 of TCF7L2 (Fig. 2A, B). The first shRNA (sh897) led
to 30 % and 68 % TCF7L2-KD at mRNA and protein level, respectively
whilst the second shRNA (sh843), led to 70 % reduction in TCF7L2
expression and 99 % TCF7L2 protein KD. Both partial and near-total
TCF7L2-KD led to impaired AP proliferation (Fig. 2C). Partial TCF7L2-
KD was also associated with enhanced adipogenesis as determined by
increased lipid accumulation and elevated adipogenic gene expression
(Fig. 2D-H). In marked contrast, near-total TCF7L2-KD resulted in
impaired adipogenesis. These findings were replicated in primary
abdominal TCF7L2-KD cells from two independent subjects (Fig. 21, J).
Furthermore, bioinformatic analyses did not identify any confounding
off-target effects on gene expression associated with either shRNA
(Table S1). The dose-dependent effects of TCF7L2-KD on adipogenesis
were also confirmed with a separate pair of shRNAs (Fig. S4), and
TCF7L2 knockout using CRIPSR/Cas9 (Fig. S4D-F). We also explored
the role of TCF7L2 in adipogenesis in gluteal DFAT cells. Stable TCF7L2-
KD using sh897 and sh843 also dose-dependently modulated gluteal
adipocyte differentiation. However, in sharp contrast to findings in
abdominal APs, near-total TCF7L2-KD in gluteal cells led to enhanced
adipogenesis as determined by increased lipid accumulation
(Fig. S4G-I). A similar but less pronounced pro-adipogenic trend was
also detected in partial TCF7L2-KD gluteal APs (Fig. S4G-I). In
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Fig. 1. Ex vivo TCF7L2 expression in human adipose depots and adipose cell fractions. TCF7L2 expression in paired samples of (A) subcutaneous (SC) abdominal and
gluteal adipose tissue (AT) biopsies from lean and obese subjects (n = 30 [15F]/group; Lean — Age 43.9 + 4.7 years, BMI 22.0 + 1.1 kg/m?% Obese — Age 43.9 + 3.6
years, BMI 34.5 + 2.4 kg/m?). Data analysed by two-way ANOVA (Depot * Lean/Obese p = ns, "Abdo vs. Glut P = 0.051, “Lean vs. Obese P < 0.01) followed by
Sidak's multiple comparisons test #Pp < 0.05. (B) Abdominal SC and visceral AT biopsies (n = 27 [16F]/group; age - 59.1 + 11.8 years, BMI - 28.2 + 7.2 kg/mz). Data
analysed by unpaired t-test with Welch's correction. (C) Cultured APs and mature adipocytes (mADs) from SC abdominal and gluteal AT biopsies (n = 108-114
[59F]/group; age - 45.3 + 8.7 years, BMI - 27.2 + 4.5 kg/m?). Data analysed by two-way ANOVA (**Cell type * Depot P < 0.001, "*®Cell type p < 0.001, Depot P =
ns) followed by $idék's multiple comparisons test *P < 0.05. (D) Cultured APs and adipose-derived endothelial cells from SC abdominal and gluteal AT biopsies (n =
5-6 [5-6F]/group; age - 51.9 =+ 7.9 years, BMI - 28.8 + 4.0 kg/m?). Data analysed by two-way ANOVA (Cell type * Depot p = ns, ®*®Cell type P < 0.001, Depot p =
ns) followed by Sidak's multiple comparisons test. Error bars are means & SEM. (E, F) Pearson correlations between TCF7L2 expression in cultured APs and mADs
from SC abdominal AT biopsies and donor BMI (n = 110-113 [59F]/group; age - 45.3 + 8.7 years, BMI - 27.2 + 4.5 kg/m?). Slope is plotted using simple linear
regression. QRT-PCR data were normalized to geometric mean of (A) PPIA, PGK1, PSMB6, and IPO8, (B) PPIA and PGK1, or (C-F) to 18S rRNA levels. #P < 0.05
(adjusted for multiple comparisons). Histograms are means + SEM. Age and BMI data are means + SEM.

complimentary experiments we examined the effects of inducible over-
expression of the TCF7L2 isoform (ENST00000369397.8) with the
highest subcutaneous AT expression (https://gtexportal.org) in
abdominal AP function using a Tet-On system (Fig. 3). The doxycycline
dose was selected to induce 2- and 5-fold baseline TCF7L2 over-
expression compared to vehicle treated APs transduced with the same
vector, which corresponded to an equivalent increase in protein

production (and 2.6 and 6.6-fold higher protein production versus
vehicle treated empty vector controls) (Fig. 3A, B). Neither low- nor
high-dose TCF7L2 over-expression modulated AP proliferation (Fig. 3C).
On the other hand, 2-fold TCF7L2 over-expression tended to inhibit lipid
accumulation (treatment by genotype interaction test P = 0.051) but did
not suppress adipogenic gene expression (Figs. S5B & S6). However, the
doxycycline-induced increase in TCF7L2 mRNA abundance was not
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Fig. 2. TCF7L2 KD in abdominal APs impairs proliferation and dose-dependently regulates differentiation. (A-H) TCF7L2 KD in DFAT abdominal APs. shCN =
scrambled control, sh897 = moderate and sh843 = high TCF7L2-KD DFAT abdominal APs. TCF7L2 KD was confirmed by (A) gqRT-PCR and (B) western blot in DFAT
abdominal APs. (C) Doubling time of control, sh897 and sh843 TCF7L2-KD APs. (D) Representative micrographs of control, sh897 and sh843 APs at day 14 of
adipogenic differentiation (scale bar 100 pM). The histogram shows the relative lipid accumulation (as a marker for differentiation) assessed by AdipoRed lipid stain
(n = 24 wells/group) (E-H) Relative mRNA levels of adipogenic genes CEBPA, PPARG2, FABP4 and ADIPOQ at baseline (day 0), day 7 and day 14 of adipogenic
differentiation. (I-J) TCF7L2 KD in human primary abdominal APs (n = 2 subjects [0F]; mean age = 45.5. Mean BMI = 29.12; rs7903146 genotype [CC]). (I)
Confirmation of TCF7L2 KD by qRT-PCR and western blot in human primary abdominal APs (western blots from one experiment). (J) Representative micrographs of
control, moderate (sh897) and high (sh843) TCF7L2-KD human primary abdominal APs at day 14 of adipogenic differentiation (scale bar 100 pM). The histogram
shows the relative lipid accumulation, assessed by AdipoRed (n = 16 wells/group). (A-D, I, J) Data analysed by one-way ANOVA followed by Tukey's multiple
comparisons test. (E-H) Data analysed by two-way ANOVA followed by Tukey's multiple comparisons test. **#P < 0.001, **P < 0.01, *P < 0.05 (adjusted for
multiple comparisons). Histograms are means + SEM. Data obtained from 3 independent experiments. qRT-PCR data were normalized to 18S rRNA levels. a-Tubulin

was used as a loading control for western blots.

sustained throughout differentiation (Figs. 3A, B, S5C, D). In contrast, 5-
fold TCF7L2 over-expression accelerated adipogenesis (Figs. 3D-H &
S7). We conclude that, at least endogenously expressed TCF7L2 has
dose-dependent actions on adipogenesis in vitro.

3.3. TCF7L2 dose-dependently modulates WNT/-catenin signaling in
APs

We investigated whether the effects of TCF7L2 on abdominal AP
biology were driven by altered WNT/f-catenin signaling. Only near-
total TCF7L2-KD led to increased expression of the universal WNT
target gene AXIN2 (Fig. 4A). Using TCF7L2-KD cells stably expressing
the TOPflash promoter reporter, which monitors p-catenin transcrip-
tional activity, we confirmed that near-total TCF7L2-KD was associated
with robust WNT signaling activation whilst more modest activation
was also detected following partial KD both in the absence and presence
of WNT3A (Fig. 4B). Interestingly, despite increased p-catenin tran-
scriptional activity, active f-catenin protein levels were decreased in
both partial and near-total TCF7L2-KD cells (Fig. 4C). We also examined
the expression of other TCF/LEF family members in TCF7L2-KD
abdominal APs (Figs. 4D, E & S8A, B). Only TCF7 and TCF7L1 were
expressed in these cells. Notably, high-efficiency TCF7L2-KD resulted in
increased TCF7 mRNA and protein abundance in both DFAT and pri-
mary abdominal APs (Fig. 4D, E). Collectively these findings indicate
that TCF7L2 functions to antagonize WNT/p-catenin signaling in
abdominal APs. However, chemical inhibition of this pathway with
KYA1797K [39] (Fig. S9), which targets p-catenin for proteosomal
degradation or transient siRNA KD of TCF?7 failed to rescue adipogenesis
in high-efficiency TCF7L2-KD cells (Fig. S10).

3.4. Transcriptome-wide profiling reveals that TCF7L2 regulates multiple
aspects of AP biology

To identify the genes and biological processes regulated by TCF7L2
in APs, we undertook RNA sequencing of abdominal TCF7L2-KD cells
(Fig. 5A). Near-total and partial TCF7L2-KD altered the expression of
7470 and 3921 genes respectively (Fig. 5B). Equal numbers of genes (50
%) were up- and down-regulated following near-total TCF7L2-KD,
which was associated with increased TCF7 expression. In contrast,
partial TCF7L2-KD led to a higher proportion of up-regulated genes (54
%). In fact, only three of the top 30 differentially expressed genes were
down-regulated in partial TCF7L2-KD cells (Fig. 5C, D) highlighting that
TCF7L2 primarily functions as a transcriptional repressor in abdominal
APs. Gene ontology (GO) analysis revealed that the cluster of genes
suppressed in high-efficiency TCF7L2-KD cells was enriched for path-
ways and processes involved in cell cycle, glycolysis, p53 signaling and
ribosome biogenesis (Fig. 5E). Interestingly, the cell cycle and ribosome
biogenesis pathways were previously shown to be transcriptionally
positively regulated by WNT/p-catenin signaling [40]. Accordingly, the
expression of many f-catenin targets was reduced in high-efficiency
TCF7L2-KD APs (Fig. S11) (see Discussion for clarification of this
paradox). The cluster of up-regulated genes in near-total TCF7L2-KD
cells was enriched for genes involved in interferon signaling,

extracellular matrix (ECM) organization, and mesenchymal cell differ-
entiation. In partial TCF7L2-KD cells the down-regulated gene set was
also enriched for the GO annotations cell cycle, glycolysis and p53
signaling whilst the up-regulated gene cluster was enriched for genes
involved in interferon signaling, ECM organization, and neutrophil
activation (Fig. 5E). Given that both interferon alpha [41] and gamma
[42] were shown to suppress adipogenesis via JAK/STAT signaling and
that a non-selective JAK inhibitor rescued this phenotype [41,42], we
tried unsuccessfully to rescue adipocyte differentiation in high-
efficiency TCF7L2-KD cells using the same agent (Fig. S12). We also
searched for transcription factors acting in concert with TCF7L2 to
regulate the adipogenic potential of abdominal APs. To do this, we
manually curated a set of transcription factors previously shown to
modulate adipogenesis [43,44] and investigated which of these factors
regulated, in a cell-type agnostic manner, the same group of target genes
as TCF7L2 [36]. Two independent clustering algorithms identified
TCF7L2 in a cluster containing JUNB, TEAD1, MEF2A, ELK4, and NKX3-
1 (Fig. 5F, G). Interestingly, MEF2A, TEAD1, and JUNB were differen-
tially expressed in low- versus high-efficiency TCF7L2-KD cells (Fig. 5H).
Thus, a coordinated interaction between these three transcription fac-
tors might mediate the dose-dependent effects of TCF7L2-KD on adi-
pogenesis. Finally, to identify TCF7L2 target genes driving the
adipogenic phenotypes of TCF7L2-KD APs, we explored which genes
from the curated adipogenesis ‘hallmark’ gene set [45] were differen-
tially expressed between TCF7L2-KD and shCN cells. Approximately 60
% of genes (n = 113) from the above set were differentially expressed
between near-total (n = 97) and/or partial (n = 63) TCF7L2-KD versus
shCN APs of which 67 were non-overlapping (Table S2 & Fig. S13).
Whilst this list is likely to include both direct and indirect TCF7L2 tar-
gets, some of the included genes (e.g., ACLY, GPAM, GPX3, SLC25A1,
and SCL27A1) were shown to harbor TCF7L2 binding sites within 1 kb of
their promoters [15].

3.5. The T2D-risk allele at rs7903146 is associated with reduced AP
TCF7L2 expression

Previous efforts to characterize the mechanism of action at TCF7L2
revealed that the fine-mapped T2D-risk allele at rs7903146 overlaps
enhancer histone marks in both islets and AT [46] (Fig. 6A). Whilst this
variant was shown to be associated with increased islet TCF7L2
expression [47], evidence demonstrating that it is associated with a cis-
expression quantitative trait locus (eQTL) for TCF7L2 in AT has been
inconsistent [48,49]. By examining age-, BMI- and sex-adjusted TCF7L2
mRNA abundance data from fractionated AT from up to 21 homozygous
carriers of the T2D-risk variant (T) and 59 subjects homozygous for the
wild-type allele (C) at rs7903146, we found that the T allele was asso-
ciated with reduced TCF7L2 expression in abdominal APs with a similar
trend detected in gluteal APs (Fig. 6B, C). This finding was further
substantiated in a subset of these samples by demonstrating lower
TCF7L2 protein levels in abdominal APs derived from T versus C allele
carriers (Fig. 6D). In cell-based luciferase assays, a 151 base pair
nucleotide genomic sequence centred on rs7903146, exhibited allele-
specific enhancer properties in abdominal APs and HEK293 cells with
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Fig. 3. Doxycycline-induced TCF7L2 over-expression in DFAT abdominal APs regulates adipogenesis. DFAT abdominal APs, stably transduced with the empty vector
(EV) or TCF7L2 over-expression vector (TCF7L2), were cultured in the presence of vehicle (Veh) or DOX (final concentration: 0.01 pg/ml or 0.05 pg/ml) to induce
TCF7L2 over-expression. TCF7L2 over-expression was confirmed by (A) gqRT-PCR (two-way ANOVA, **Treatment * Genotype P < 0.001, bbb Treatment P < 0.001,
““Genotype P < 0.001 followed by Sidék's multiple comparisons test) and (B) western blot in DFAT abdominal APs (two-way ANOVA, **Treatment * Genotype P <
0.001, " Treatment P < 0.001, “Genotype P < 0.001 followed by Sid4k's multiple comparisons test). (C) Doubling time of DFAT abdominal APs (two-way ANOVA,
Treatment * Genotype P = ns, Treatment P = ns, Genotype P = ns). (D) Representative micrographs of DFAT abdominal APs at day 14 of adipogenic differentiation
(scale bar 100 pM). The histogram shows the relative lipid accumulation, assessed by AdipoRed lipid stain (n = 24 wells/group) (two-way ANOVA, ***Treatment *
Genotype P < 0.001, ®®Treatment P < 0.001, ““Genotype P < 0.001 followed by Sidék's multiple comparisons test). (E-H) Relative mRNA levels of adipogenic genes
CEBPA (two-way ANOVA, Treatment * Genotype p = ns, "Treatment P < 0.05, “Genotype P < 0.05 followed by Sidék's multiple comparisons test), PPARGZ2 (two-way
ANOVA, Treatment * Genotype P = ns, PTreatment P < 0.05, “Genotype P < 0.05 followed by Sidak's multiple comparisons test), FABP4 (two-way ANOVA,
Treatment * Genotype p = ns, Treatment P < 0.05, Genotype p = ns followed by Sidék's multiple comparisons test) and ADIPOQ (two-way ANOVA, *Treatment *
Genotype P < 0.05, "Treatment P < 0.05, ““Genotype P < 0.001 followed by Sidak's multiple comparisons test) at day 14 of adipogenic differentiation. qRT-PCR data
were normalized to 18S rRNA levels. Histograms are means + SEM and expressed relative to vehicle treated EV cells (arbitrarily set to 1). Data obtained from 3
i‘ndependent experiments. **#P < 0.001, *#P < 0.01, #*P < 0.05 (adjusted for multiple comparisons). Actin was used as western blot loading control.
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Fig. 4. TCF7L2 dose-dependently modulates WNT/p-catenin signaling. (A) AXIN2 mRNA levels (one-way ANOVA followed by Tukey's multiple comparisons test),
(B) TOPFlash promoter activity following 6 h treatment with vehicle (Veh) or 50 ng/ml WNT3A (n = 12 wells/group) (two-way ANOVA, ***Treatment * Genotype p
< 0.001, ®**Treatment P < 0.001, ““Genotype P < 0.001 followed by Sidak's multiple comparisons test), (C) whole cell lysate active p-catenin protein levels (one-way
ANOVA followed by Tukey's multiple comparisons test), and (D) TCF7 mRNA levels following TCF7L2 KD in DFAT abdominal APs and primary abdominal APs (n = 2
subjects [0F]; mean age = 45.5. Mean BMI = 29.12; rs7903146 genotype [CC]). (One-way ANOVA followed by Tukey's multiple comparisons test.) (E) TCF7 protein
levels in TCF7L2 KD DFAT abdominal APs (one-way ANOVA followed by Tukey's multiple comparisons test). shCN = scrambled control, sh897 = moderate and
sh843 = high TCF7L2-KD DFAT abdominal APs. Actin was used as a loading control for western blots. qRT-PCR data were normalized to 18S rRNA levels. Histograms
are means + SEM. Data obtained from 3 independent experiments. **#P < 0.001, **P < 0.01, P < 0.05 (adjusted for multiple comparisons).
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Fig. 5. Global transcriptional profiling reveals that TCF7L2 regulates multiple aspects of AP biology. (A) Principal component analysis (PCA) of the global tran-
scriptomic profile of control (scrambled), moderate (sh897) and high-efficiency (sh843) TCF7L2-KD DFAT abdominal APs over 3 independent passages. (B) Venn
diagram showing the overlap between differentially regulated genes from paired comparisons (FDR < 0.05). (C and D) Volcano plots showing the genes differentially
regulated between control and (C) sh843 (TCF7 was one of top 30 differentially regulated genes highlighted in yellow); or (D) sh897, TCF7L2-KD DFAT abdominal
APs. Highlighted are the top 30 differentially regulated genes. (E) Overrepresentation analyses of genes differentially regulated in sh843 and sh897 DFAT abdominal
APs, vs. controls in gene ontology biological processes gene sets. P-value was adjusted using the FDR (Benjamini-Hochberg) procedure. Gene ratio represents the
percentage of total DEGs in the given GO term. (F) Dimensional reduction of transcription factors similarity by co-regulation of targets (see Supplementary methods).
Colors represent high dimensional clustering by affinity propagation. (G) Dendrogram of transcription factors Euclidean distance. (H) JUB, MEF2A and TEADI
expression levels in high- and low-efficiency TCF7L2-KD cells (vs. scramble control) are shown. Padj is annotated for RNAseq log, fold-change measurements. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the T allele abolishing enhancer activity (Fig. 6E, F). However, attempts
to generate clones, homozygous for the T and C variants at rs7903146
using genome editing, to investigate the effects of genotype at this single
nucleotide variation (SNV) on TCF7L2 expression in APs were unsuc-
cessful (Fig. S14). Furthermore, histological assessment of abdominal
AT biopsies from 19 age- and BMI-matched pairs of males homozygous
either for the T or C allele at rs7903146 did not reveal any difference in
median adipocyte size or adipocyte size distribution between the two
genotypes (Fig. 6G, H). However, interrogation of plasma biochemistry
data from 600 age- and BMI-matched OBB subject pairs showed that
T2D-risk variant carriers had reduced AT insulin resistance [50], which
was more pronounced in obese subjects (Fig. 6H, I). Finally, 48-hour,
inducible TCF7L2-KD in differentiated adipocytes using sh843 (ie.,
the most efficient sShRNA) did not influence basal or insulin-stimulated
glucose uptake (Fig. S15). We conclude that genetic variation at
rs7903146 might also influence T2D risk via effects on AP biology.

4. Discussion

Our study highlights a complex role for TCF7L2 in AP biology and AT
function. We demonstrate that TCF7L2 is broadly expressed in AT
derived from different fat depots and that its transcript levels are
reduced in abdominal AT in obesity. TCF7L2 was also highly expressed
in all adipose cell lineages examined, namely APs, mature adipocytes
and endothelial cells with the former exhibiting the highest transcript
levels. As such, it is likely to have pleiotropic roles in AT ranging from
the regulation of AP biology to the modulation of mature adipocyte
function and angiogenesis. Finally, higher BMI was paradoxically asso-
ciated with elevated TCF7L2 expression in isolated abdominal APs,
despite reduced TCF7L2 mRNA abundance in whole AT. Thus, obesity
might lead to directionally opposite changes in TCF7L2 expression in
different AT cellular fractions.

To elucidate the role of TCF7L2 in AP biology, we undertook func-
tional studies in immortalized and primary APs. These revealed that in
abdominal APs TCF7L2-KD impairs proliferation and dose-dependently
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Fig. 6. The type 2 diabetes risk allele at rs7903146 reduces TCF7L2 expression in human abdominal APs. (A) Chromatin state map showing that rs7903146 overlaps
an enhancer in AT. Orange — enhancer, grey — accessible chromatin, yellow — binding sites, pink — promoter (Image modified from Common Metabolic Diseases
Knowledge Portal on 3rd June 2021; https://hugeamp.org/region.html?chr=10&end=114927437&phenotype=T2D&start=114710006). (B and C) TCF7L2
expression in paired cultured APs and mature adipocytes (mADs) from SC (B) abdominal and (C) gluteal AT biopsies from homozygous carriers of the T2D allele T (n
= 19-21 [4F]) vs. carriers of the non-risk allele C (n = 54-59 [29F]). TT carriers, age - 42.8 + 6.4 years, BMI - 26.2 + 6.0 kg/mz. CC carriers, age - 45.8 & 9.5 years,
BMI - 27.3 + 3.8 kg/m? Data analysed by (General Linear Model) univariate analysis using TCF7L2 mRNA levels as dependent variable, genotype as fixed variable
and age, BMI and gender as covariate(s). (D) TCF7L2 protein levels in cultured abdominal APs from age-, BMI- and sex-matched homozygous carriers of the T2D risk
allele T vs. carriers of the non-risk allele C (n = 11/group) (paired t-test). Actin was used as western blot loading control. (E and F) Luciferase reporter assay in (E)
DFAT abdominal APs and (F) HEK293 cells transfected with empty vector (EV) or the luciferase reporter vector containing 151 bp genomic sequence centred on the
T2D risk allele T or the non-risk allele C (n = 12-16 replicates/group) (Kruskal-Wallis test followed by Dunn's multiple comparisons test). #HEp < 0.001, #P < 0.05
(adjusted for multiple comparisons). (G) Median adipocyte area (pmz) (paired t-test) and (H) cumulative frequency distribution of median adipocyte area (pmz)
calculated from the histological sections of abdominal AT from 19 pairs of age- and BMI-matched males grouped by rs7903146 genotype. CC carriers, age - 44.2 +
6.3 years, BMI - 25.4 + 2.8 kg/m?>. TT carriers, age - 44.1 + 7.3 years, BMI - 25.1 + 2.7 kg/m? Error bars are median with 95 % CI. (I) Comparison of adipose tissue
insulin resistance (adipo-IR = Fasting Insulin * FFAs) between age-, BMI- and sex-matched homozygous carriers of the T2D risk allele (T) and the non-risk allele (C)
(n = 600 pairs) (Wilcoxon matched-pairs signed rank test). Violin plot including medians (solid line) and quartiles (broken lines) are shown. (J) Generalized additive
models was used to compare the slopes of adipo-IR (logged) against BMI and smoothing was done for each genotype separately. Smoothened splines showing the
relationship between adipo-IR and BMI for homozygous carriers of the T2D risk allele (T) and carriers of the non-risk allele (C) at rs7903146. **P < 0.01. See
Supplementary Table S2 for anthropometric and plasma biochemistry data for (I and J). (For interpretation of the references to color in this figure legend, the reader
if referred to the web version of this article.)

modulates adipogenesis. We speculate that the primary role of TCF7L2 These data suggest that TCF7L2 might engage multiple signaling path-

in these cells is to promote their maintenance and/or expansion and to ways to influence abdominal AP biology. Alternatively, WNT signaling
restrain adipogenesis since only near-total TCF7L2-KD led to impaired might have dose-dependent effects on adipogenesis, with mild activa-
adipocyte differentiation. In contrast, partial TCF7L2-KD promoted tion insufficient to block early differentiation whilst promoting lipid
adipogenesis in both DFAT and primary abdominal APs. TCF7L2-KD in accumulation via de novo lipogenesis during the latter stages of adipo-
gluteal APs also dose-dependently modulated adipogenesis. However, in genesis [28,54-56]. Indeed, we were unable to rescue the diminished
marked contrast to findings in abdominal cells, near-total TCF7L2-KD in lipid accumulation in high-efficiency TCF7L2-KD cells with continuous
gluteal APs led to enhanced adipocyte differentiation. Interestingly, treatment during differentiation with a small molecule (KYA1797K)
adipocyte specific TCF7L2 deletion in mice was also shown to regulate fB-catenin antagonist. Transient TCF7-KD also failed to rescue differen-
fat cell size and AT mass in a depot-specific manner [15]. Collectively, tiation of these cells. It would be interesting to determine whether stable
these findings reconcile the discrepant adipogenic effects of TCF7L2 KD TCF7-KD or, given the functional redundancy among TCF/LEF factors in
and knockout in 3T3-L1 preadipocytes and inguinal mouse APs respec- the transcription of f-catenin targets, over-expression of dominant

tively reported in previous studies [14,15]. Furthermore, they suggest negative TCF7L2 can restore adipogenesis in high-efficiency TCF7L2-KD
that abdominal APs express a distinct complement of TCF7L2 splice cells.

variants and/or a different set of TCF7L2 interacting transcriptional co- To elucidate the genes, pathways and biological processes regulated
regulators than gluteal APs. We also investigated the effects of dose- by TCF7L2 in APs, we undertook genome-wide transcriptional profiling
dependent over-expression of TCF7L2 on abdominal AP function using of abdominal TCF7L2-KD cells. Consistent with our functional studies,
an inducible Tet-On system to tightly titrate ectopic TCF7L2 protein these experiments showed that TCF7L2-KD activates transcriptional
production. In these experiments, 2-fold TCF7L2 over-expression was programs, which inhibit proliferation and modulate mesenchymal cell
not sustained throughout adipogenesis whilst 2-week treatment with differentiation. Furthermore, they revealed that TCF7L2 might also
higher dose doxycycline (driving 5-fold TCF7L2 over-expression) regulate many other aspects of AP biology including ECM remodeling,
appeared to suppress adipogenesis in both empty vector and TCF7L2 immune and inflammatory signaling, and potentially apoptosis and/or
over-expressing APs. Despite these limitations, these studies produced senescence. These findings expand the potential functional repertoire of
broadly complementary results with the KD experiments in demon- TCF7L2 in AT. The RNA sequencing experiments also revealed that high-
strating that 2-fold TCF7L2 over-expression tended to inhibit lipid efficiency TCF7L2-KD in APs suppressed gene expression programs
accumulation whilst 5-fold over-expression accelerated adipogenesis. associated with enhanced canonical WNT signaling. How can we

To decipher the signaling pathways mediating the actions of TCF7L2 reconcile this finding with the results of the in vitro WNT/B-catenin
in abdominal AP biology, we examined canonical WNT signaling in signaling studies? Firstly, APs express several TCF7L2 splice variants

TCF7L2-KD cells. These experiments revealed that in abdominal APs functioning to both repress and activate WNT target genes [48,58] with
TCF7L2 functions to inhibit WNT pathway activity. Whilst prima facie the former isoforms probably constituting the majority in abdominal
paradoxical, this result is consistent with previous findings in TCF7L2- APs. Secondly, in near-total TCF7L2-KD cells expression of TCF7, a
KD 3T3-L1 cells [14]. Tang et al. also showed that TCF7L2 displayed a TCF7L2 target gene [59], was up-regulated. Given that TCF/LEF family
cell-type specific activity to both enhance and inhibit WNT signaling members display partially overlapping DNA binding patterns [60] and

[51]. The transcriptional repressive ability of TCF7L2 seems to track to functional redundancy [8], we speculate that increased TCF7 abundance
its carboxyl terminus, which contains binding motifs for the C-terminal drove, at least partly, the higher f-catenin transcriptional activity
binding protein (CtBP) transcriptional repressors. Additionally, or detected in promoter reporter assays in near-total TCF7L2-KD cells.
alternatively, small repressor-recruiting motifs in the central region of However, because TCF7 cannot compensate for the absence of TCF7L2
the protein might be involved, including an interaction domain for at many WNT target gene promoters, AP TCF7L2-KD led to down-
Groucho/TLE family members such as TLE3, which was shown to regulation of several classic WNT target genes and pathways. This
antagonize the activation of TCF7L2 by f-catenin in preadipocytes paradigm has been reported in other cell types [61,62]. For example, in
[8,10,51-53]. These regions are only present in some TCF7L2 splice the kidney, WNT/B-catenin signaling dose-dependently modulated
variants. WNT/p-catenin signaling functions to inhibit adipogenesis nephron progenitor cell fate, with low activation promoting cell main-
[12]. Accordingly, high-efficiency TCF7L2-KD in abdominal APs resul- tenance and expansion and more robust activation stimulating nephro-
ted in impaired adipocyte differentiation concomitant with canonical genic differentiation. Interestingly, this switch involved an exchange
WNT signaling activation. However, down-regulation of TCF7L2 from inhibitory TCF7L1/TCF7L2 to activating TCF7/LEF1 complexes at
expression within a more physiological range in the same cells led to the enhancers of differentiation promoting target genes consequent to
increased adipogenesis despite mild WNT/f-catenin pathway activation. rising p-catenin levels [61]. Finally, whilst based on our findings the
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impaired adipogenic capacity of high-efficiency TCF7L2-KD cells is un-
likely to be driven by enhanced interferon-JAK/STAT signaling, we do
highlight possible roles for the anti-adipogenic transcription factors
JUNB, TEAD1, and MEF2A [43], in mediating this link. Interestingly,
members of the AP1 family, including JUNB, were shown to interact
with B-catenin and TCF7L2 physically and functionally to regulate gene
expression and intestinal cancer development [63,64]. Furthermore,
bioinformatic analysis of genomic regions bound by TCF7L2 in differ-
entiated inguinal APs, revealed that the most enriched non-TCF7L2
motif was that of JUNB [15].

GWAS meta-analyses have identified associations between eight in-
dependent signals at TCF7L2 and T2D susceptibility [23]. At least three
of these overlap active chromatin regions in AT [23] although, only
157903146 has received attention to date. It has been demonstrated
through analysis of GWAS metadata of T2D-related traits [65,66] and
human physiological studies [67] that the risk allele at this SNV in-
creases T2D susceptibility via impaired insulin secretion. Additionally,
this variant was shown colocalize with a cis-eQTL for TCF7L2 in
pancreatic islets [68] and to be associated with increased TCF7L2
expression in islets and B-cells [47,69,70]. These data have established
that rs7903146 increases T2D risk primarily through islet dysfunction,
which is probably driven by increased TCF7L2 expression in beta cells.
Nevertheless, this SNV may also influence T2D predisposition via actions
in adipose cells as it was shown to overlap active enhancer histone marks
in AT [46] and to be associated with fat distribution [24]. Using a “soft
clustering” approach to group variant-trait associations ascertained
from GWAS for 94 independent T2D signals and 47 diabetes-related
traits, another study also provided suggestive evidence that “lipodys-
trophy-like” insulin resistance might contribute to T2D predisposition at
rs7903146 [66]. Extending these findings, we now demonstrate that
1s7903146 is an eQTL for TCF7L2 in abdominal APs with the T allele
reducing TCF7L2 expression. Furthermore, we corroborated these data
by demonstrating that the T2D-risk variant at this SNV was associated
with reduced AP TCF7L2 protein levels and displayed allele-specific
enhancer activity, which was directionally consistent with the eQTL
data in luciferase assays. Nonetheless, these results should be inter-
preted with caution as we were unable to generate edited clones to
investigate the effects of rs7903146 genotype on TCF7L2 expression in
APs. Interestingly rs7903146 confers higher T2D susceptibility in lean
versus obese subjects [71]. Our results might offer a partial explanation
for this paradox. In our study population the T2D-risk variant at this SNV
was associated with enhanced AT insulin sensitivity, which was more
pronounced in obese subjects. Whilst we detected no difference in
adipocyte size based on rs7903146 genotype, our study sample (n = 19)
comprised only one pair of obese subjects due to limited numbers of
homozygous obese, T2D-risk allele carriers in the OBB (Fig. 61). Based on
the dose-dependent effects of TCF7L2 on adipogenesis demonstrated
herein, it would be interesting to determine whether the T2D-
predisposing allele at rs7903146 is associated with differential effects
on adipocyte size in lean versus obese subjects; with smaller fat cells,
indicative of enhanced adipogenesis, specifically seen in obese in-
dividuals, who displayed higher baseline AP TCF7L2 expression (Fig. 7).

Our study has several strengths. These include access to fractionated
and/or whole AT derived from many volunteers with a wide BMI range
and from multiple fat depots. Further strengths are the use of primary
and immortalized human abdominal (and gluteal) APs in functional
studies and the provision of multiple, independent lines of evidence to
substantiate the dose-dependent actions of TCF7L2 on adipogenesis.
Finally, we were able to investigate the associations between rs7903146
and AT morphology, as well as TCF7L2 expression in whole and frac-
tionated AT using a recruitment by genotype approach from the OBB, a
cohort comprising over 7000 healthy volunteers with available geno-
type, anthropometry, and fasting biochemistry data. Limitations include
the lack of identification of a mechanism(s) for the adipogenic effects of
TCF7L2. Additionally, we did not corroborate the association between
157903146 and TCF7L2 expression in abdominal APs in an independent
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Fig. 7. Schematic summarizing the role of TCF7L2 and impact of rs7903146
genotype on human AP biology. TCF7L2 has dose-dependent effects on adipo-
genesis with moderate and high-efficiency knockdown leading to enhanced and
impaired adipogenesis respectively in vitro. In fractionated adipose tissue
expression of TCF7L2 in APs correlates positively with donor BMI whilst the
T2D risk variant (T) at rs7903146 is associated with reduced AP TCF7L2
expression. Based on these findings we speculate that lean homozygous T2D
risk variant carriers would have the lowest AP TCF7L2 expression and conse-
quently impaired adipogenesis, larger adipocytes, increased adipo-IR and
higher susceptibility to T2D compared with obese T2D risk variant carriers.

cohort nor substantiated this finding using genome editing.

In summary, we highlight an important but complex role of TCF7L2
in AP biology with both dose- and depot-dependent effects on adipo-
genesis. We also demonstrate that rs7903146 is associated with reduced
TCF7L2 expression in abdominal APs and hence might have cis-regula-
tory effects outside the pancreas. Thus, in addition to islet dysfunction,
altered AP function consequent to changes in TCF7L2 expression might
also influence the T2D predisposition conferred by this SNV. Collec-
tively, our results suggest that targeting TCF7L2 expression and/or ac-
tivity in AT might hold therapeutic potential for the management of T2D
and associated metabolic disorders. To aid these translational efforts,
future studies should define the role of TCF7L2 in human adipose cells
derived from different fat depots and characterize the impact of T2D-
associated regulatory variants at TCF7L2, which overlap open chro-
matin in adipose cells on adipose TCF7L2 expression and AT function.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2022.155240.
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