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TCF7 is not essential for glucose homeostasis in
mice
Kiran Deep Kaur, Chi Kin Wong, Laurie L. Baggio, Jacqueline L. Beaudry, Shai Fuchs, Brandon L. Panaro,
Dianne Matthews, Xiemin Cao, Daniel J. Drucker*
ABSTRACT

Objective: Glucose-dependent insulinotropic polypeptide (GIP) and Glucagon-like peptide-1 (GLP-1) are incretin hormones that exert overlapping
yet distinct actions on islet b-cells. We recently observed that GIP, but not GLP-1, upregulated islet expression of Transcription Factor 7 (TCF7), a
gene expressed in immune cells and associated with the risk of developing type 1 diabetes. TCF7 has also been associated with glucose
homeostasis control in the liver. Herein we studied the relative metabolic importance of TCF7 expression in hepatocytes vs. islet b-cells in mice.
Methods: Tcf7 expression was selectively inactivated in adult mouse hepatocytes using adenoviral Cre expression and targeted in b-cells using two
different lines of insulin promoter-Cre mice. Glucose homeostasis, plasma insulin and triglyceride responses, islet histology, hepatic and islet gene
expression, and body weight gain were evaluated in mice fed regular chow or high fat diets. Tcf7 expression within pancreatic islets and immune
cells was evaluated using published single cell RNA-seq (scRNA-seq) data, and in islet RNA from immunodeficient Rag2�/�Il2rg�/� mice.
Results: Reduction of hepatocyte Tcf7 expression did not impair glucose homeostasis, lipid tolerance or hepatic gene expression profiles linked to
control of metabolic or immune pathways. Similarly, oral and intraperitoneal glucose tolerance, plasma insulin responses, islet histology, body weight
gain, and insulin tolerance were not different in mice with targeted recombination of Tcf7 in insulin-positive b-cells. Surprisingly, islet Tcf7 mRNA
transcripts were not reduced in total islet RNA containing endocrine and associated non-endocrine cell types from Tcf7bcell�/� mice, despite Cre-
mediated recombination of islet genomic DNA. Furthermore, glucose tolerance was normal in whole body Tcf7�/� mice. Analysis of scRNA-seq
datasets localized pancreatic Tcf7 expression to islet progenitors during development, and immune cells, but not within differentiated islet b-
cells or endocrine lineages within mature islets. Moreover, the expression of Tcf7 was extremely low in islet RNA from Rag2�/�Il2rg�/� mice and,
consistent with expression within immune cells, Tcf7was highly correlated with levels of Cd3gmRNA transcripts in RNA from wild type mouse islets.
Conclusions: These findings demonstrate that Tcf7 expression is not a critical determinant of glucose homeostasis in mice. Moreover, the
detection of Tcf7 expression within islet mRNA is attributable to the expression of Tcf7 RNA in islet-associated murine immune cells, and not in
islet b-cells.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The control of blood glucose requires extensive communication
between multiple organs, including the central nervous system,
liver, muscle, adipose tissue, and islets, coupling continuous
glucose sensing to regulatory mechanisms that modify glucose
production and disposal. Although multiple tissues and mechanisms
contribute to this process, the islets of Langerhans represent an
essential glucoregulatory organ, coupling small changes in glycemia
in the fasted vs. fed states to coordinate regulation of insulin and
glucagon secretion. The importance of islet cells for glucose control
is further supported by human genetic studies that establish a
dominant role for genetic variation within genes expressed in
pancreatic islets as an important determinant of the susceptibility to
type 2 diabetes (T2D) [1].
Although glucose is an independent and critical signal for b-cell and a-
cell function, gut hormones secreted in response to food ingestion
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amplify glucose-dependent pathways controlling insulin and glucagon
secretion. The gut hormone Glucose-dependent Insulinotropic Poly-
peptide (GIP) is secreted rapidly from enteroendocrine K cells in the
proximal gut following meal ingestion, and potentiates glucose-
dependent insulin secretion, consistent with its description as an
incretin hormone. Pharmacological GIP administration also modulates
a-cell function, enhancing glucagon secretion under conditions of
hypoglycemia, but not hyperglycemia [2]. These islet actions of GIP are
physiologically important, as whole-body inactivation [3] or selective
disruption of GIP action in murine b-cells [4] impairs incretin action and
b-cell function. Consistent with these findings, transient blockade of
GIP activity in humans using a GIP Receptor (GIPR)-selective antagonist
similarly impairs glucose homeostasis [5].
A second incretin hormone, Glucagon-Like Peptide-1 (GLP-1), also
potentiates glucose-dependent insulin secretion in animals and
humans [6]. GLP-1 further inhibits glucagon secretion, delays gastric
emptying, and reduces food intake, actions conserved in people with
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T2D [7]. Collectively, these actions supported the development of
multiple GLP-1 receptor agonists for the treatment of T2D. Moreover,
there remains intense interest in understanding whether dual GIPR-
GLP-1R co-agonism, as exemplified by the activity of tirzepatide,
represents a promising new approach for the treatment of T2D,
obesity, and non-alcoholic steatohepatitis [8,9].
The resurgent interest in understanding the biological activity of GIP-
based co-agonists [8], has fostered studies directed at comparing
how GIP vs. GLP-1 act via their structurally-related receptors to pro-
duce overlapping yet distinct complementary actions. Within the islets,
analysis of incretin action has demonstrated that GLP-1 activates b-
cell signal transduction via both Gq and Gs, whereas GIP only activates
Gs [10]. Differential incretin control of b-cell function may also reside
at the level of gene transcription. Transcription factor 7 (TCF7) is a GIP-
regulated transcription factor recently postulated to have a metabolic
role in liver and b-cells [4,11]. Our previous work showed that Tcf7
expression is markedly reduced in islets from diabetic db/db mice and
humans with T2D [4]. Indeed, TCF7 expression has been detected by
several groups, using RNA-seq, in mouse and human islet RNA, and
relative islet TCF7 expression correlates with HbA1c in humans
[12,13]. Moreover, we demonstrated that GIP, but not GLP-1, activates
Tcf7/TCF7 expression in murine and human islets, whereas knock-
down or genetic inactivation of Tcf7 expression increased the sus-
ceptibility to apoptotic b-cell injury [4]. Intriguingly, genetic variation
within the TCF7 locus is also linked to the development of type 1
diabetes [14,15].
Interpreting the putative importance of TCF7 for metabolic homeostasis
is complicated by findings that changes in both hepatic and islet Tcf7
expression are linked to control of glucose homeostasis. Indeed,
reduction of hepatic miR-22-3p expression leads to enhanced Tcf7
expression, associated with reduced expression of genes controlling
gluconeogenesis and decreased hepatic glucose output in mice [11].
To resolve the competing actions of TCF7 in liver vs. islet b-cells, we
have now examined the phenotypes of mice with genetic targeting of
Tcf7 in hepatocytes vs. b-cells. Surprisingly, reduction of hepatocyte
Tcf7 expression had no impact on glucose homeostasis. Moreover, we
were unable to detect dysregulated glucose homeostasis or mean-
ingful reduction of islet Tcf7 expression in Tcf7fl/flmice expressing Cre-
recombinase under the control of the insulin gene promoter. Consistent
with findings implying that islet cell-associated Tcf7 expression is not
attributable to b-cells, islets from Rag2�/�Il2rg�/� mice, that are
devoid of T-cells, B-cells and natural killer cells, have markedly
reduced Tcf7 expression. Collectively, we conclude that TCF7 does not
play an important role in murine glucose homeostasis, and attribute
localization of Tcf7 expression in isolated islet-associated cells pre-
dominantly to non-endocrine immune cells.

2. MATERIAL AND METHODS

2.1. Animals
Mice were housed in the Toronto Centre for Phenogenomics under a
12-h light/dark cycle and fed a regular chow diet (RCDe 18% kcal fat,
2018 Harlan Teklad, Mississauga, ON, Canada) or a high-fat diet (HFD
e 45% kcal fat, 35% kcal carbohydrate, 0.05% wt/wt cholesterol,
D12451i, Research Diets, New Brunswick, NJ, USA). To induce hep-
atosteatosis and metabolic dysfunction, mice were fed a High Fat/High
Fructose/High Cholesterol (HF/HFr/HC) diet (40% kcal Fat, 20% kcal
Fructose, 2% wt/wt Cholesterol, D09100301, Research Diets) [16]. All
mice had ad libitum access to water and food, unless otherwise noted.
Animal experiments were approved by the Animal Care and Use
Subcommittee at the Toronto Centre for Phenogenomics, Mt. Sinai
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Hospital. Mice were fasted for 5 h and gently restrained but not
anesthetized during metabolic tests. Mice were euthanized by CO2
inhalation at the end of study and blood was collected through cardiac
puncture. Tissues were snap frozen in liquid nitrogen and stored
at �80 �C until the time of analysis.
Floxed Tcf7 (Tcf7tm1a (EUCOMM)Wtsi) mice (Tcf7fl/fl) were obtained from
Dr. Hai-Hui Xue, at the University of Iowa. The LoxP sites flank exon
4, and Cre recombinase-mediated excision of these sequences re-
sults in a nonsense frame-shift mutation [17]. To generate
hepatocyte-specific Tcf7 knockout mice (Tcf7Hep�/�), Tcf7fl/fl were
injected (i.v.) with 1.5 � 1011 genome copies per mouse of
AAV8.TBG.PI.eGFP.WPRE.bGH (AAV-GFP; control virus) or
AAV8.TBG.PI.Cre.rBG (AAV-Cre; Cre driven by Thyroxine Binding
Globulin promoter resulting in specific expression in and targeting of
hepatocytes, and not the non-parenchymal cells in the liver) [18].
Both AAV8 constructs were obtained from the University of Penn-
sylvania Vector Core Lab. Wild-type (WT) mice injected with AAV-Cre
and Tcf7fl/fl mice injected with AAV-GFP viral particles were used as
controls. All viral injections were administered in 8e10 week old
mice. Mice were then transferred to HF/HFr/HC diet (2 weeks post-
injection) for a total of 12 weeks. Metabolic phenotyping was done
after 1 week on RCD, and after 4 and 12 weeks on the HF/HFr/HC
diet and mice were euthanized w20 weeks post AAV injection
(Supplementary Fig. 1A).
To generate Tcf7bcell�/�mice, Tcf7fl/fl mice were crossed with B6.Cg-
Tg (Ins1-cre/ERT)1Lphi/J mice, expressing a tamoxifen-inducible Cre
driven by the mouse insulin promoter (MIP-Cre; obtained from Dr.
Louis Philipson’s lab) [19] or C57BL/6J mice x CBA/J F2-Tg (Ins2-cre)
23Herr, expressing constitutive Cre recombinase under the Rat Insulin
II promoter (RIP-Cre; obtained from Dr. Pedro Luis Herrera) [20]. To
induce the expression of MIP-Cre, six-week-old mice were injected
intraperitoneally with tamoxifen (40 mg/kg) for five consecutive days.
Whole-body Tcf7 knockout mice (Tcf7�/�) were provided by Dr. Hans
Clevers [21]. Whenever possible, we performed experiments in all four
genotypes (WT, Cre, Tcf7fl/fl and Tcf7bcell�/�mice). All mice were fed a
RCD and metabolic analyses performed at 8, 18 and 35 weeks of age.
To induce metabolic dysfunction, mice were fed a HFD starting at 8
weeks of age, for a total of 20 weeks, and metabolic phenotyping was
performed at 10 and 20 weeks post HFD feeding. Mice were sacrificed
at w30 weeks of age. Immunodeficient, C; 129S4-Rag2tm1.1Flv

Il2rgtm1.1Flv/J (Rag2�/�Il2rg�/�) mice [22] were obtained from Jack-
son Laboratories (Stock #014593).

2.2. Glucose, insulin, and lipid tolerance tests
Mice were administered a gavage of glucose (1.5 mg/kg) orally (oral
glucose tolerance test [oGTT]) or intraperitoneally (ipGTT) after a 5 h
fast. For insulin tolerance tests (ITT), mice were fasted for 5 h and
injected intraperitoneally with human insulin (Humalog, Lilly) at a
dose of 0.5 U/kg for RCD fed mice and 0.7 U/kg for HFD fed mice.
Blood glucose levels were measured in tail vein blood at the indi-
cated time points with a handheld glucometer (Contour glucometer,
Bayer Healthcare, Toronto, Canada). For oral lipid tolerance tests,
mice were given an oral gavage of 200 mL of olive oil after a 5-h
fast, and tail vein blood was collected at 0, 1, 2, and 3 h post
gavage in heparin-coated capillary tubes to measure plasma tri-
glyceride (TG) levels.

2.3. Body weight and body composition
Body weights were measured at regular time-points and body
composition was assessed using EchoMRI quantitative nuclear mag-
netic resonance (Echo Medical Systems, Houston, TX).
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2.4. Blood collection and metabolic assays
Tail-vein blood samples were collected in Lithium-heparin coated
capillary Microvette tubes (Sarstedt, Numbrecht, Germany) and plasma
isolated by centrifugation (13,000 rpm at 4 �C, 5 min). Blood samples
were collected during metabolic tests at indicated time points. Plasma
insulin levels were analyzed using an Ultrasensitive Insulin ELISA kit
(Alpco Diagnostics) and plasma TG levels were measured using an
enzymatic assay (#11877771 216, Roche Diagnostics) and the cali-
brator 464e01601 (Wako, Mountain View, CA).

2.5. Mouse hepatocyte isolation and non-parenchymal cell (NPC)
fractions
Mouse hepatocytes were isolated as described previously [23] and
non-parenchymal cell (NPC) fractions were purified as described
[18,24]. Both fractions were used for RNA analysis.

2.6. Mouse pancreatic islet isolation
Mice were sacrificed by CO2 inhalation, and the pancreas was dis-
tended by injecting collagenase type V solution (0.8 mg/mL in HBSS,
SigmaeAldrich) through the pancreatic duct (after clamping the bile
duct) as previously described [25]. The pancreas was then excised and
digested for 10e12 min at 37 �C, followed by vigorous shaking and
subsequent washes with cold RPMI (with 0.025% BSA). Islets were
then separated by a Histopaque gradient, and handpicked under a
microscope, for RNA isolation.

2.7. Genomic DNA isolation and PCR
For genotyping, genomic DNA was isolated by heating ear punches in
50mMNaOH at 95 �C for 10min and then adding 10% volume of 1M Tris
pH 8.0. Genomic DNA from other mouse tissue samples was isolated
using the DNeasy Blood and Tissue kit (Qiagen), according to the manu-
facturer’s protocol. Polymerase chain reaction (PCR) was performed using
primers for the Tcf7 floxed allele (Forward primer: agctgagcccctgttgtaga,
Reverse primer: caacgagctgggtagaggag) using standard PCR.

2.8. Gene expression analysis
Total RNA was isolated from tissue by homogenizing samples in Tri
Reagent (Molecular Research Center, OH, USA) using a TissueLyser II
system (Qiagen, Germantown, MD, USA). For pancreatic islets, RNA
was isolated using an RNeasy Mini Kit (Qiagen), because of small
sample size and low yield of RNA. First strand cDNA synthesis was
carried out using DNase I treated total RNA (0.25e2 mg), SuperScript III
and random primers (Thermo Fisher). Quantitative PCR (qPCR) for
quantifying gene expression levels was carried out on a QuantStudio
System, using TaqMan Gene expression Master Mix and Assays
(Thermo Fisher Scientific). Gene expression was analyzed using the 2-
DDCt method and expression levels were normalized to Tbp, as indi-
cated in Figure legends. qPCR primer assay ID numbers (Thermo
Fisher Scientific) are provided in Supplementary Table 1.

2.9. Histological analysis
Mouse tissues were isolated and fixed in formalin for 24 h, paraffin-
embedded, sectioned and slide mounted. Slides were deparaffinised
through xylenes and a series of graded alcohol solutions and taken to
water. Antigen retrieval was performed using HIER with TriseEDTA
buffer (pH 9) or Citrate buffer (min 6) for 7 min. Endogenous peroxi-
dase activity was blocked in Bloxall reagent (Agilent) for 12 min. Non-
specific antibody binding was blocked using Vector ImmPRESS
blocking reagent (Cat # MP-7401, Vector Laboratories) for 20 min at
room temperature. Sections were then incubated for 1 h at room
temperature in either Rabbit anti- TCF1/TCF7 (C63D9) (Cat # 2203, Cell
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Signaling Technology) diluted at 1:150 in antibody diluent (Agilent) or
Rabbit Anti-Insulin (Cat # ab181547, Abcam) diluted to 1:30,000.
Sections were then incubated in ImmPRESS peroxidase Polymer Anti-
Rabbit IgG reagent (Cat # MP-7401, Vector Laboratories) for 30 min at
room temperature. Positive immunoreactive staining was visualized
using Steady DAB/Plus (Cat # ab103723, Abcam). Mayer’s hematox-
ylin was used as a counterstain prior to dehydrating and mounting
coverslips. Liver sections were stained with hematoxylin and eosin
using standard protocols. Immunohistochemistry, hematoxylin and
eosin staining, and slide scanning were performed by the Pathology
Services facility at the Lunenfeld-Tanenbaum Research Institute. b-cell
area in the pancreatic sections was quantified by positive pixel count
analysis using Aperio ImageScope Viewer Software (Leica Bio-
systems). Weak positive pixels were discounted to minimize the effects
of non-specific staining.

2.10. Single-cell RNA sequencing data analysis
Published single-cell RNA sequencing (scRNA-seq) data matrices were
obtained as follows. Adult mouse islet data were obtained from
GSE84133 [26] and GSE109774 [27]. Embryonic mouse pancreas data
spanning E12.5, E14.5, E15.5, E17.5, and E18.5 were obtained from
GSE101099 [28] and GSE120522 [29]. Isolated human islet data were
obtained from E-MTAB-5061 [30], GSE81547 [31] and GSE124742
[32]. Human embryonic stem cell (hESC)-derived b cell data spanning
stage 0 to stage 7 of differentiation were obtained from GSE143783
[33]. All matrices were processed in Seurat 3.2.2 [34]. Low quality
mouse cells and human cells (defined by mitochondria
transcripts >5% and >10% of total transcripts, respectively) were
filtered out, and filtered data were scaled using SCTransform and
visualized by UMAP (uniform manifold approximation and projection).

2.11. Western blot analysis
Total protein lysates were prepared from frozen thymus tissue extracts
from Tcf7þ/þ and Tcf7�/� mice using RIPA lysis buffer (50 mM Tris,
150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% NP-40, 0.5% Sodium
deoxycholate, 0.1% SDS) containing protease inhibitor cocktail
(Complete mini Protease inhibitor cocktail, Roche). Forty micrograms of
protein per lane were resolved on a 10% SDS-PAGE gel and trans-
ferred to nitrocellulose membranes. Membranes were blocked with
5% skim milk for 1 h at room temperature and probed with TCF7
primary antibody at 1:1000 dilution (TCF1/TCF7 (C63D9) Rabbit mAb
#2203, Cell Signaling Technology) overnight at 4 �C. After incubating
with secondary antibody (1:2000 dilution) for 1 h at room temperature,
immunoreactive bands were detected using SuperSignal West Pico
Chemiluminescent assay (Thermo Fisher Scientific) in a ChemiDoc
XRS þ imager (Bio-Rad). GAPDH (#2118, Cell Signaling Technology)
was used as a loading control.

2.12. Statistical methods
Results are expressed as mean � standard deviation (SD), except for
the area under the curve (AUC) where data is expressed as
mean � Standard Error of the Mean (SEM). Statistical analysis was
performed using Graph Pad Prism 9 (San Diego, CA, USA). Compari-
sons were made by i) one-way ANOVA followed by Tukey post hoc, ii)
two-way ANOVA followed by a Sidak post hoc, or iii) unpaired Student’s
t tests, where applicable. For correlation analysis, Pearson’s correla-
tion coefficients, r, and confidence intervals were calculated. P values
were computed using two-tailed t-tests and goodness of fit was
assessed by R2 values, calculated using linear regression. Statistically
significant differences are indicated as *p � 0.05, **p � 0.01,
***p � 0.001 and ****p � 0.0001.
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3. RESULTS

3.1. Hepatocyte-specific deletion of Tcf7 in adult mice does not
perturb glucose metabolism or insulin tolerance
Previous studies examining Tcf7 biology within the liver correlated
miR-22-3p-regulated Tcf7 expression with control of hepatic gluco-
neogenesis in diabetic db/db mice [11]. Given the central importance
of hepatocytes for control of gluconeogenesis, we investigated if
endogenous hepatocyte Tcf7 plays a direct role in regulating liver and
whole-body glucose metabolism. To generate mice with selective
inactivation of Tcf7 in hepatocytes (Tcf7Hep�/�), we injected adeno-
associated virus (AAV) expressing Cre recombinase driven by the
thyroxine-binding globulin (Tbg) promoter (AAV-Tbg-Cre) into Tcf7fl/fl

mice as previously described [18,35]. For controls, we injected AAV-
Tbg-Cre into WT mice (WTCre) or AAV-Tbg-GFP into Tcf7fl/flmice
(Tcf7fl/fl-GFP) (Figure 1A and Fig. S1A). Levels of Tcf7 mRNA transcripts
were 70% lower in RNA from whole liver and isolated hepatocytes from
Tcf7Hep�/� vs. control mice, however Tcf7 expression in the NPC liver
fraction, as well as in the spleen and thymus, was not reduced
(Figure 1B). Oral and intraperitoneal glucose tolerance was unchanged
in Tcf7Hep�/� mice on a RCD several days after AAV-induced reduction
of hepatocyte Tcf7 expression (Figure 1C,D). Moreover, plasma insulin
levels in response to oral glucose (Fig. S1B) and insulin tolerance after
exogenous insulin administration (Figure 1E) were not different in mice
with hepatocyte-selective reduction of Tcf7 expression.
We subsequently examined the contribution of hepatocyte Tcf7 to
glucose homeostasis after HF/HFr/HCD feeding for 4 and 12 weeks
(Fig. S1A). Four weeks of HF/HFr/HC diet feeding did not impair glucose
tolerance or the glycemic response to exogenous insulin in Tcf7Hep�/�

vs. control mice (Figure 1FeH). Moreover, glucose-stimulated plasma
insulin levels were not different after 4 weeks of HF/HFr/HC diet
feeding (Fig. S1C). After prolonged exposure to the HF/HFr/HC diet for
12 weeks, Tcf7Hep�/� exhibited similar body weight and adiposity
compared to littermate control mice (Figs. S1D and E) and the glycemic
responses to oral and intraperitoneal glucose or insulin were not
different in Tcf7Hep�/� vs. control mice (Figure 1IeK). Mice fed a HF/
HFr/HC diet exhibited higher levels of i) fasting glucose, ii) basal and
glucose-stimulated plasma insulin levels, and iii) glycemic excursions
during oGTT, compared to mice fed a RCD (Figs. S1FeH). However,
plasma insulin levels were comparable across all three genotypes
during the oGTT (Fig. S1I). Taken together, these data show that
reduced Tcf7 expression in hepatocytes does not impair glucose
metabolism in RCD- or HF/HFr/HC diet-fed mice.

3.2. Hepatocyte-specific deletion of Tcf7 does not alter expression
of genes regulating metabolism or inflammation
Basal levels of hepatic Tcf7 expression were lower relative to corre-
sponding mRNA levels in the thymus, spleen, and lung tissue, organs
enriched for immune cell populations (Figure 2A). Tcf7 mRNA levels
were reduced in whole liver from Tcf7Hep�/� mice (Figure 2B); how-
ever, there were no changes in the mRNA levels of several related
transcription factors including Tcf7l1, Tcf7l2 Lef1 or b-catenin
(Ctnnb1) in the liver of Tcf7Hep�/� mice. We subsequently examined
whether selective hepatocyte depletion of Tcf7 dysregulated the
expression of genes important for gluconeogenesis or lipid meta-
bolism. The relative expression of genes important for gluconeogenic
or lipid metabolism pathways was not different in Tcf7Hep�/� mice
after 20 weeks of HF/HFr/HC diet (Figure 2CeG). Consistent with these
findings, TG excursion after oral olive oil gavage was similar in
Tcf7Hep�/� mice (Fig. S1J) and plasma TG levels were similar across
genotypes in fasted or re-fed animals (Fig. S1K). Organ weights
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(normalized to body weight) were comparable across genotypes
(Fig. S1L). Although exposure to a HF/HFr/HC diet induces hepatic
inflammation [16], no differences in levels of liver mRNA transcripts
corresponding to genes acting within inflammatory pathways were
observed in Tcf7Hep�/� mice (Figure 2H). Histological analysis of the
liver revealed similar levels of hepatic fat deposition and histological
appearance after HF/HFr/HC feeding in Tcf7Hep�/� vs. control mice
(Fig. S1M). Moreover, we did not observe any compensatory changes
in the relative expression of Tcf7, Tcf7l1, Tcf7l2, Lef1 and Ctnnb1 in
adipose tissue (inguinal and epididymal fat depots, Figs. S2A and S2B)
from Tcf7Hep�/�mice. Collectively, these findings show that the loss of
hepatic Tcf7 does not impair transcriptional programs controlling
glucose or lipid homeostasis.

3.3. Mice with targeting of Tcf7 in adult b-cells exhibit normal
glucose homeostasis
We previously observed reduced levels of Tcf7 expression in islet RNA
isolated from diabetic db/db mice and from humans with T2D [4].
Moreover, Tcf7�/� mice exhibited impaired glucose tolerance and
defective glucose-stimulated insulin secretion, leading us to question
whether loss of Tcf7 impairs b-cell function. Accordingly, we used
mice expressing tamoxifen-inducible Cre recombinase under the
control of the mouse insulin promoter (MIP Cre) to target Tcf7 in adult
pancreatic b-cells of Tcf7bcell�/� MIP mice analyzed from 8 to 35
weeks of age (Figure 3A and Fig. S3A). Tcf7bcell�/�MIP and control
mice exhibited similar body weights, body composition (Figure 3B,
Fig. S3B), and comparable responses to oral or intraperitoneal glucose
at 8, 18 and 35 weeks of age on a RCD (Figure 3CeH). Similarly, the
plasma insulin responses to oral glucose were not different in
Tcf7bcell�/�MIP mice (Figs. S3CeE). Furthermore, the glycemic
response to exogenous insulin assessed after 8 and 18 weeks of RCD
feeding was not different (Figure 3I,J), consistent with similar sensi-
tivity to insulin and comparable b-cell area across genotypes
(Figs. S3FeG). Organ weights were also similar in Tcf7bcell�/�MIP vs.
control mice (Fig. S3H).
To independently verify the results obtained using MIP-Cre for tar-
geting of Tcf7 in b-cells, we generated Tcf7bcell�/� RIP mice using an
alternate constitutive Cre driver, RIP-Cre (Fig. S4A), expressed earlier
(from E13-E15) during b-cell development [36]. Consistent with our
findings using MIP-Cre (Figure 3), Tcf7bcell�/� RIP mice did not reveal
any phenotypic differences vs. control animals (WT and RIP-Cre).
Specifically, Tcf7bcell�/� RIP mice displayed comparable body weights,
glucose tolerance (oral), and plasma insulin levels (fasting and in
response to oral glucose) at 8, 18, and 35 weeks of age (Figs. S4BeH).
Analysis of pancreatic histology revealed comparable b-cell area in
Tcf7bcell�/�RIP vs. RIP-Cre mice (Figs. S4IeJ). In conclusion, attempts
to inactivate b-cell expression of Tcf7 do not impair b-cell function in
RCD-fed Tcf7bcell�/� RIP mice.

3.4. High fat diet feeding does not differentially impair glucose or
insulin tolerance in Tcf7bcell�/� MIP vs. control mice
To examine the putative importance of Tcf7 for b-cell function under
conditions of metabolic stress, we fed Tcf7bcell�/� MIP mice and
littermate controls a HFD for 22 weeks (Figure 4A). Tcf7bcell�/� MIP

mice gained weight to a similar extent as controls (Figure 4B). After 10
weeks of HFD feeding, glucose excursions during oGTT or ipGTT were
similar and plasma insulin levels (fasting and in response to oral
glucose) were comparable in Tcf7bcell�/� MIP vs. littermate control
mice (Figure 4CeE). Consistent with exposure to a diabetogenic diet,
mice on the HFD displayed elevated fasting glucose levels, increased
plasma insulin levels following a glucose challenge, and elevated AUC
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Figure 1: Hepatocyte specific deletion of Tcf7 does not perturb glucose homeostasis. A) Schematic representation of Cre-LoxP strategy to generate hepatocyte-specific Tcf7
knockout (Tcf7Hep�/�) using adeno-associated virus (AAV) expressing Cre recombinase driven by the thyroxine-binding globulin (Tbg) promoter in eight-week-old mice. B) Tcf7
mRNA expression (relative to Tbp) in whole liver, isolated hepatocytes, isolated liver non-parenchymal cell (NPC) fraction, spleen, and thymus tissue (n ¼ 3 per group) sampled
from Floxed Tcf7 mice (Tcf7fl/fl) injected with either AAV-Tbg-GFP (green, Tcf7fl/fl-GFP) or AAV-Tbg-Cre (red, Tcf7Hep�/�) and after 12 weeks of HF/HFr/HC diet. Glucose excursion in
5-h fasted mice during C) Oral glucose tolerance test (oGTT, n ¼ 9e10 per group), D) Intraperitoneal glucose tolerance (ipGTT, n ¼ 4 per group), and E) Insulin tolerance test (ITT,
n ¼ 4e5 per group) after 1e2 weeks of AAV injection in RCD-fed mice (black, WTCre; green, Tcf7fl/fl-GFP; red, Tcf7Hep�/�). Glucose excursion in 5-h fasted mice during F) oGTT
(n ¼ 8e9 per group), G) ipGTT (n ¼ 7e9 per group), and H) ITT (n ¼ 6e9 per group) after 4 weeks on HF/HFr/HC diet. Glucose excursion in 5-h fasted mice during I) oGTT
(n ¼ 7e9 per group, J) ipGTT (n ¼ 7e9 per group), and K) ITT (n ¼ 7e9 per group) after a total of 12 weeks on HF/HFr/HC diet (and a total of 14e16 weeks after AAV injection).
Insets depict area under the curve (AUC) analysis of glucose excursions during different metabolic tests. Data are represented as mean � standard deviation (SD) except for AUC
analysis, where data are represented as mean � standard error of the mean (SEM). Statistical significance was calculated using Student’s t-test (panel B) or One-way ANOVA with
Tukey’s correction for multiple comparisons (panel CeK). *p � 0.05, ***p � 0.001.
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Figure 2: Gene expression analysis in tissues from Tcf7HepL/Lmice fed a HF/HFr/HC diet for 12 weeks. A) ComparativemRNA levels of Tcf7 (relative to Tbp) in different tissues from
Tcf7Hepþ/þmice (n¼ 3).B)mRNA levels (relative toTbp) ofTcf7, Tcf7l1, Tcf7l2, Lef1, andCtnnb1 inwhole liver tissue fromWTCre (black), Tcf7fl/fl-GFP (green) or, Tcf7Hep�/� (red)mice (n¼ 5e9
per group). (CeH)mRNA levels (relative to Tbp) of genes related to C) Gluconeogenesis,D) Lipid synthesis, E) Fatty acid oxidation, F) Lipid sequestration, G) Transcriptional regulation and H)
Inflammation in liver after AAV-Tbg-GFP or AAV-Tbg-Cre injection in mice fed a HF/HFr/HC diet for 12 weeks post AAV injection (black,WTCre, n¼ 9; green, Tcf7fl/fl-GFP n¼ 4; red, Tcf7Hep�/�,
n¼ 6). Data are presented as mean� SD and analyzed using One-way ANOVA with Tukey’s correction for multiple comparisons for the indicated groups. **p� 0.01, ****p� 0.0001.
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Figure 3: Targeting of b-cell Tcf7 does not impair glucose tolerance. A) Schematic representation of Cre-LoxP strategy to generate pancreatic b-cell specific Tcf7 knockout
(Tcf7bcell�/�MIP). Mice expressing Tamoxifen-inducible Cre driven by the mouse insulin promoter (MIP-Cre) were mated with Floxed-Tcf7 (Tcf7fl/fl) mice, giving rise to four ge-
notypes (WT, grey; Tcf7fl/fl, green; MIP-Cre, blue; Tcf7bcell�/�MIP, pink). B) Mouse body weights compared across genotypes at 8, 18, and 35 weeks of age on chow diet (n ¼ 7e
12 per group). (CeJ) Metabolic phenotyping at 8, 18, and 35 weeks of age in mice belonging to all four genotypes. Glucose excursions in 5-h fasted mice during oGTT at C) 8
weeks (n ¼ 7e12 per group), D) 18 weeks (n ¼ 11e15 per group), and E) 35 weeks (n ¼ 9e10 per group) of age. Glucose excursions in 5-h fasted mice during intraperitoneal
glucose tolerance tests (ipGTT) at F) 8 weeks (n ¼ 7e12 per group), G) 18 weeks (n ¼ 7e9 per group), and H) 35 weeks (n ¼ 6e9 per group) of age. Glucose excursions in 5-h
fasted mice during insulin tolerance tests (ITT) at I) 8 weeks (n ¼ 5e7 per group), and J) 18 weeks of age (n ¼ 6e8 per group). Insets depict AUC analysis. Data are presented as
mean � SD, except AUC graphs which are presented as mean � SEM, and analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons.
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Figure 4: High fat diet feeding does not impair glucose or insulin tolerance in Tcf7bcellL/LMIP mice. A) Schematic representation of the experimental design. B) Body
weight during the course of high fat diet (HFD) feeding starting at eight weeks of age. C) Glucose excursion and D) Plasma insulin levels at 0 and 10 min after oral gavage with
glucose during an oral glucose tolerance test (oGTT; n ¼ 7e12 per group) after 10 weeks of HFD feeding. E) ipGTT (n ¼ 6e12 per group) and F) ITT (5e10 per group) after 10
weeks of HFD feeding. G) oGTT (n ¼ 6e9/group), H) Body composition (percent fat mass) measured by MRI, I) Representative photomicrographs of pancreas sections showing
insulin immunostaining in islets (scale bar: 200 mm; 10� magnification), and J) b-cell area after 20 weeks of HFD feeding (n ¼ 4 per group). Insets depict AUC analysis. Data are
presented as mean � SD, except AUC graphs that are presented as mean � SEM. Statistical significance was determined using one-way ANOVA with Tukey’s correction for
multiple comparisons (panel C, E, FeH), two-way ANOVA (panel D) or Student’s t-test (panel J).
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glucose during glucose tolerance testing compared to mice fed a RCD
(Figs. S5AeC). Furthermore, glucose levels were similar across ge-
notypes during insulin tolerance testing (Figure 4F). Moreover, no
glycemic differences were observed after 20 weeks of HFD feeding
(Figure 4G), and body adiposity (Figure 4H), organ weights (Fig. S5D)
and b-cell area (Figure 4IeJ) were not different.

3.5. Whole-body Tcf7 knockout (Tcf7�/�) mice exhibit normal
glucose homeostasis
Given the surprisingly normal metabolic phenotypes of mice with
targeting of Tcf7 in hepatocytes or b-cells, we re-examined the
metabolic phenotype of new cohorts of whole body Tcf7�/� mice.
Adult Tcf7�/� mice displayed normal body weight, glucose tolerance
(either oral or intraperitoneal) and insulin levels at 18 weeks of age on
a RCD (Figure 5AeD), and after 4e6 weeks on a HFD (Figure 5EeH).
Furthermore, histological analysis of pancreatic sections did not reveal
differences in b-cell area (Figure 5I,J) and liver histology was not
grossly different in Tcf7�/� vs. Tcf7þ/þ mice (Figure 5K). Taken
together, the available data does not support the previous hypothesis
that loss of Tcf7 dysregulates glucose homeostasis [4].

3.6. Gene expression analysis in pancreatic islets isolated from
Tcf7bcell�/� MIP mice
To understand the failure to detect metabolic phenotypes in Tcf7bcell�/

� MIP mice, we quantified Tcf7 expression in different tissues, including
isolated islets. Levels of islet Tcf7 expression were much lower relative
to levels of Tcf7 mRNA in the thymus, spleen, lung, and liver
(Figure 6A). Moreover, levels of insulin (Ins2), glucagon (Gcg), chro-
mogranin A (Chga), GLP-1 receptor (Glp1r) and GIP receptor (Gipr)
mRNA transcripts were not different in islets from Tcf7bcell�/� MIP mice
(Figure 6B). Surprisingly, levels of islet Tcf7 mRNA transcripts were not
reduced in Tcf7bcell�/�MIP mice, despite evidence for Cre-mediated
recombination of genomic DNA selectively in islets and not in the
thymus, spleen, lung, or liver (Figure 6A,C). Consistent with these data,
Tcf7 expression was also not reduced in islet RNA of Tcf7bcell�/�RIP

mice (Fig. S4K).
To further interrogate the cell type(s) within the pancreas that might
express Tcf7, we analyzed published single-cell RNA-seq data
(Figure 6D). Within the adult mouse pancreas, different pancreatic cell
populations were represented in UMAP plots defined by endocrine cell
(Ins1, Gcg, Sst, and Ppy), immature endocrine cell (Ghrl), acinar/
exocrine cell (Cpa1), ductal cell (Krt19), and endothelial cell markers
(Pecam1) (Figure 6D). UMAP plots were also generated for Tcf7 and
Cd3g (a T-cell marker). Weak Tcf7 expression was detected in acinar
cells, ductal cells and endothelial cells, whereas stronger Tcf7 signals
overlapped primarily with Cd3g in T-cells. No Tcf7 signals were
observed within endocrine cells of the adult mouse pancreas.
In scRNA-seq data of embryonic mouse pancreata (E12.5 e E18.5),
weak Tcf7 signals were localized to Sox9High/Pdx1þ/Ptf1aLow bipotent
trunk cells (Figs. 7A and S6A) [37]. Tcf7 mRNA was also detected in
pancreatic endocrine progenitors marked by Neurog3 expression [38];
however, it was not expressed in hormone-positive endocrine cell
lineages. Cd3gþ T-cells expressed high levels of Tcf7 (Figure 7A) and
some diffuse expression was evident in Fstlþ mesenchymal cells
during pancreatic development.
Violin plots (Figure 7B) show low expression of Tcf7 in at least some
early pancreatic progenitor populations, but not in differentiated islet
cell lineages, and the expression was predominantly localized to
lymphocytes, mesenchymal cells, and other non-endocrine cell line-
ages (Figure 7B). Referring to the human endocrine pancreas scRNA-
seq data, TCF7 was expressed at very low levels, precluding accurate
MOLECULAR METABOLISM 48 (2021) 101213 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
assignment to a specific cell lineage (Fig. S6B). In contrast, TCF7
expression was detectable in pancreatic cells derived from human
embryonic stem cells (hESC) at various stages of differentiation,
including NEUROG3þ pancreatic endocrine progenitors (Figs. S6C and
S6D).
Next, we analyzed TCF7 expression in pancreatic islets using a vali-
dated antibody [39]. We verified the specificity of the TCF7 antibody by
Western blotting using protein lysates from thymus tissue isolated from
Tcf7þ/þ and Tcf7�/� mice (Fig. S7A). Consistent with RNA-seq data
from mouse pancreas, we could not detect immunoreactive TCF7 cells
within pancreatic islet endocrine cells from C57BL/6 WT mice
(Figure 8A), whereas TCF7-immunopositive cells were detected in
immune cells within the spleen and thymus tissue (Fig. S7B).
Because Tcf7 is highly expressed within immune cell populations
including T-cells [40], we hypothesized that the Tcf7 mRNA transcripts
detectable in mouse and human [4] islet preparations might arise
predominantly from contaminating immune cells. Accordingly, we
analyzed islet RNA from immunodeficient Rag2�/�Il2rg�/� mice,
which lack T and B lymphocytes, and natural killer cells. Consistent
with this hypothesis, levels of Tcf7 mRNA transcripts were markedly
reduced in islet RNA isolated from Rag2�/�Il2rg�/� mice (Figure 8B).
In keeping with the absence of T-cells in Rag2�/�Il2rg�/� mice, the
expression of Cd3g was extremely low in islet RNA (Figure 8C).
Remarkably, the levels of Tcf7 and Cd3g mRNAs were highly corre-
lated in islets from WT mice, with a Pearson’s coefficient, r equal to
0.987 (Figure 8D). No differences in levels of islet mRNA transcripts
were observed in Rag2�/�Il2rg�/� mice (Figure 8E). Taken together,
these findings support the hypothesis that the major source of Tcf7 in
islet preparations is islet-associated immune cells, and not b-cells.

4. DISCUSSION

Our interest in the potential role of Tcf7 in the islets stemmed from
observations that Tcf7 (and Lef1) expression was reduced in islet RNA
isolated from Giprbcell�/� mice [4]. Moreover, GIP directly increased
Tcf7/TCF7 mRNA transcripts in the INS-1 b-cell line, as well as in
primary cultures of human islets, the latter experiments carried out
independently in a separate laboratory [4]. Furthermore, islet Tcf7/
TCF7 mRNA transcripts were lower in db/db mice, and relatively
decreased in islet RNA isolated from older human subjects as well as
from islet RNA from donors with T2D [4]. Taken together with findings
of glucose intolerance in Tcf7�/� mice, these findings, combined with
independent reports describing islet TCF7 expression [12,13], sup-
ported a potential role for islet TCF7 in the control of glucose
homeostasis.
Attribution of glucoregulatory actions of TCF7 specifically to b-cells is
complicated by studies linking liver Tcf7 expression to the control of
lipid and glucose homeostasis. Downregulation of TCF7 in HepG2 cells
increased the expression of gluconeogenic enzymes and levels of Tcf7
RNA and protein were reduced in the liver of db/dbmice, in association
with increased expression of Pck1 and G6pc [11]. Nevertheless, these
experiments interrogating changes in TCF7 were carried out indirectly,
by manipulating expression of miR-22-3p, a microRNA that down-
regulates hepatic Tcf7 expression. Hence, a direct relationship be-
tween altered TCF7 expression and the control of gluconeogenesis had
not been established. Herein we tested the hypothesis that selective
downregulation of hepatic Tcf7 expression would be sufficient to
perturb glucose homeostasis. Surprisingly, we did not detect impair-
ment in oral or intraperitoneal glucose tolerance, plasma triglycerides,
lipid tolerance, or changes in insulin sensitivity approximated by
assessment of insulin tolerance in mice withw70% reduction of levels
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Figure 5: Whole-body Tcf7 knockout (Tcf7L/L) mice do not exhibit dysregulated glucose tolerance. (AeD) Metabolic phenotyping of Tcf7�/� mice fed a regular chow diet
(RCD). A) Body weight and glycemic excursion during B) Oral glucose tolerance (oGTT, n ¼ 7 per group) and C) Intraperitoneal glucose tolerance test (ipGTT, n ¼ 5e8 per group)
in overnight fasted 18 week-old male Tcf7þ/þ and Tcf7�/� mice. D) Plasma insulin levels at 0 and 15 min after glucose challenge during the ipGTT. (EeH) Metabolic phenotyping
of Tcf7�/� mice fed a high fat diet (HFD) for 4e6 weeks. E) Body weight and glycemic excursion during F) oGTT, (n ¼ 6e11 per group) and G) ipGTT (n ¼ 7e11 per group) in
overnight fasted 12e14 week-old male Tcf7þ/þ and Tcf7�/� mice. H) Plasma insulin levels at 0 and 15 min after glucose challenge during the ipGTT. I) Representative
photomicrographs of pancreas sections showing insulin immunostaining within islets and J) Quantification of b-cell area (n ¼ 4e5 per group). K) H&E staining in liver sections
(n ¼ 4e5 per group) from Tcf7þ/þ and Tcf7�/� mice fed a HFD for 8 weeks (scale bar: 500 mm; 4� magnification). Insets depict AUC analysis. Data are presented as mean � SD
except AUC graphs, which are presented as mean � SEM, and analyzed using Student’s t-test.
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Figure 6: Gene expression analysis in mouse tissues and isolated pancreatic islets. A) mRNA levels of Tcf7 (relative to Tbp) in tissues and B) mRNA levels of islet-specific
markers in isolated pancreatic islets from Tcf7bcell�/�MIP and control mice (n ¼ 5e6 per group). C) Recombination of genomic DNA in pancreatic islets, but not in other Tcf7-
expressing tissues (thymus, spleen, lung and liver), in Tcf7bcell�/� vs. control mice (n ¼ 5e6 per group). D) UMAP plots for the expression of Tcf7 and various pancreas markers in
3,758 adult mouse islet cells from published single cell RNAseq data sets. Expression data are shown in a log2 scale. Data are presented as mean � SD and analyzed using
Student’s t-test.
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Figure 7: Tcf7 expression in mouse embryonic pancreatic cells. A) UMAP plots for the expression of Tcf7 and various embryonic pancreas markers in 60,322 embryonic
mouse pancreatic cells spanning E12 to E18.5 from previously published single cell RNA-seq data sets. B) A violin plot for the expression of Tcf7 across various embryonic mouse
pancreatic cell types. All expression data are shown in a log2 scale.
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Figure 8: TCF7 protein is not detectable in pancreatic islets of WT mice and Tcf7 mRNA levels are markedly reduced in pancreatic islets isolated from immuno-
deficient Rag2L/LIl2rgL/L mice. A) Representative images of immunohistochemical staining with insulin or TCF7 antibodies in pancreatic serial sections from C57BL/6 WT
female mice (scale bar: 100 mm; 20 � magnification). B) Tcf7 and C) T-cell marker, Cd3g mRNA levels (relative to Tbp) in islets isolated from either Rag2þ/þIl2rgþ/þ or Rag2�/

�Il2rg�/� mice (females; n ¼ 7 per group). D) Correlation analysis (Pearson’s Correlation coefficient, r ¼ 0.987; r2 value ¼ 0.975; 95% Confidence interval ¼ 0.916e0.998)
between Tcf7 and Cd3g expression levels in islets isolated from WT (Rag2þ/þIl2rgþ/þ females; n ¼ 7) mice. E) mRNA levels of Islet-specific gene markers (relative to Tbp) in
Rag2þ/þIl2rgþ/þ or Rag2�/�Il2rg�/� mice. Data are presented as mean � SD and analyzed using Student’s t-test - **p � 0.01.
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Original Article
of hepatocyte Tcf7 mRNA transcripts. Moreover, hepatic gene
expression profiles for mRNAs encoding proteins regulating glucose
production, lipid metabolism, or inflammation, were not different in
Tcf7Hep�/� mice. Taken together, the current evidence does not
support a physiological role for endogenous hepatocyte Tcf7 expres-
sion in the control of hepatocyte glucose or lipid metabolism.
Despite previous detection of TCF7 expression in INS-1 cells, as well
as in RNA isolated from mouse and human islets [4], we were unable
to detect abnormal glucose homeostasis in 2 different lines of mice
generated to inactivate Tcf7 expression in b-cells. In hindsight, this
was not surprising, as we did not observe reduction of islet Tcf7
expression in Tcf7bcell�/� mice. This latter finding prompted us to
reassess the possibility that Tcf7 was not expressed in the majority of
b-cells. Interrogation of TCF7 expression using published scRNA-seq
databases demonstrated that Tcf7/TCF7 could be detected within
islet progenitors in the developing murine pancreas, as well as in
pancreatic endocrine cell precursors arising from guided hESC dif-
ferentiation. Nevertheless, the majority of differentiated mouse and
human b-cells did not contain mRNA transcripts corresponding to
Tcf7/TCF7. Hence, the detection of Tcf7 expression in mouse islets
was likely not a reflection of Tcf7 expression within islet endocrine
cells, but rather a reflection of expression in non-endocrine cells
associated with islets.
Consistent with this premise, Tcf7 expression was localized to a subset
of Cd3gþ cells within murine islets (Figure 6D), in agreement with
identification of T lymphocytes as the cell type with the highest relative
expression of Tcf7. Furthermore, Tcf7 expression was markedly
reduced in islets from Rag2�/�Il2rg�/� mice, in agreement with the
predominant localization of islet cell-associated Tcf7 expression to
immune cells. The representation and proportions of non-endocrine
immune cells within isolated islets have been described in mouse,
non-human primate and human studies [26,41e43], with T lympho-
cytes being the predominant immune cell type detected within islets
from donors without diabetes [44]. Indeed, Baron et al. detected 4
distinct immune cell populations, tissue-resident macrophages, mast
cells, B cells, and cytotoxic T cells associated with mouse and human
islets [26]. Not surprisingly, the proportion of immune cells is increased
in the pancreas from islet autoantibody þ donors and individuals with
type 1 diabetes [43]. The majority of studies analyzing islet-associated
cells in humans assessed donor islet cells from older individuals;
hence, much less is known about the representation of islet-associated
immune cell populations in islets from children or young adult donors.
Our previous studies employing INS-1 cells and human islets
demonstrated that gain and loss of GIPR signaling regulate Tcf7/TCF7
expression [4]. It is likely that the expression of Tcf7 in an immortalized
cell line reflects a more immature b-cell gene expression profile in the
insulin-producing cell line, which often expresses neuropeptide Y,
gastrin and related markers characteristic of fetal or immature islet
development [45,46]. Indeed, scRNA-seq data demonstrate expression
of Tcf7 in multiple cell lineages in the embryonic mouse pancreas, as
well as in early progenitors during the course of hESC differentiation
towards pancreatic cells.
Surprisingly, we were unable to replicate our previous findings [4] of
glucose intolerance in whole body Tcf7�/� mice. At present, we do not
have a satisfactory explanation for the failure to replicate these findings
several years later. Although the reasons for different metabolic phe-
notypes in Tcf7�/� mice studied several years apart are unclear, this
might possibly reflect changes in the bacterial colonization of our
animal facility over time, perhaps impacting systemic inflammation
and insulin resistance.
14 MOLECULAR METABOLISM 48 (2021) 101213 � 2021 The Author(s). Published by Elsevier GmbH. T
The GIP receptor is expressed in the bone marrow, and within cells
arising from the myeloid and lymphoid lineages, including macro-
phages and T cells [47,48]. Moreover, gain and loss of GIPR signaling
is associated with dysregulated immune responses to pro-
inflammatory stimuli involving regulation of the TLR and Notch path-
ways in bone marrow cells [48]. Hence, it seems likely that our pre-
vious findings demonstrating GIP-dependent regulation of TCF7
expression in human islet cultures [4] might be consistent with the
actions of GIP on islet-associated immune cells or a small subset of
mouse b-cells that express a functional GIPR. Taken together, these
findings suggest that TCF7 is not a direct regulator of b-cell, hepa-
tocyte, or whole body glucose homeostasis in mice, implying that the
previously described association of genetic variation within the TCF7
gene and type 1 diabetes [14,15] likely reflects actions of TCF7 within
the immune system, and neither b-cells nor hepatocytes.
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Supplementary Table 1 

Gene Symbol  Gene Name  Assay ID 

Acacb  acetyl‐Coenzyme A carboxylase beta Mm01204671_m1 

Acox1  acyl‐Coenzyme A oxidase 1, palmitoyl Mm00443579_m1 

Adgre1  adhesion G protein‐coupled receptor E1 Mm00802529_m1 

Arg1  arginase 1, liver  Mm00475988_m1 

Ccl2  chemokine (C‐C motif) ligand 2 Mm00441242_m1 

Cd3g  CD3 antigen, gamma polypeptide Mm00438095_m1 

Chga  chromogranin A  Mm00514341_m1 

Cidea  cell death‐inducing DNA fragmentation factor, alpha 
subunit‐like effector A 

Mm00432554_m1 

Cidec  cell death‐inducing DFFA‐like effector c Mm00617672_m1 

Cpt1a  carnitine palmitoyltransferase 1a, liver Mm01231183_m1 

Cpt1b  carnitine palmitoyltransferase 1b, muscle Mm00487191_g1 

Crat  carnitine acetyltransferase Mm00483985_m1 

Ctnnb1  catenin (cadherin associated protein), beta 1 Mm00483039_m1 

Cxcl1  chemokine (C‐X‐C motif) ligand 1 Mm00433859_m1 

Dgat2  diacylglycerol O‐acyltransferase 2 Mm01273905_m1 

Elovl3  elongation of very long chain fatty acids (FEN1/Elo2, 
SUR4/Elo3, yeast)‐like 3 

Mm00468164_m1 

Fasn  fatty acid synthase Mm00662319_m1 

Fbp1  fructose bisphosphatase 1 Mm00490181_m1 

Fitm1  fat storage‐inducing transmembrane protein 1 Mm01322192_g1 

G6pc  glucose‐6‐phosphatase, catalytic Mm00616234_m1 

Gcg  glucagon  Mm00433550_g1 

Gipr  gastric inhibitory polypeptide receptor Mm01316344_m1 

Glp1r  glucagon‐like peptide 1 receptor Mm00445292_m1 

Gpam  glycerol‐3‐phosphate acyltransferase, mitochondrial Mm00833328_m1 

Ifng  interferon gamma Mm01168134_m1 

Il10  interleukin 10  Mm99999062_m1 

Il12b  interleukin 12b  Mm99999067_m1 

Il1b  interleukin 1 beta Mm00434228_m1 

Il6  interleukin 6  Mm00446190_m1 

Ins2  Insulin II  Mm00731595_gh 

Lef1  lymphoid enhancer binding factor 1 Mm00550265_m1 

Mgl2  macrophage galactose N‐acetyl‐galactosamine specific 
lectin 2 

Mm00460844_m1 

Pck1  phosphoenolpyruvate carboxykinase 1, cytosolic Mm01247058_m1 

Pcx  pyruvate carboxylase Mm00500992_m1 

Plin2  perilipin 2  Mm00475794_m1 

Ppara  peroxisome proliferator activated receptor alpha Mm00440939_m1 



Pparg  peroxisome proliferator activated receptor gamma Mm01184322_m1 

Ppargc1a  peroxisome proliferative activated receptor, gamma, 
coactivator 1 alpha 

Mm00447183_m1 

Scd1  stearoyl‐Coenzyme A desaturase 1 Mm00772290_m1 

Srebp1c/Srebf1  sterol regulatory element binding transcription factor 
1 

Mm00550338_m1 

Tbp  TATA box binding protein Mm00446973_m1 

Tcf7  transcription factor 7, T cell specific Mm00493445_m1 

Tcf7l1  transcription factor 7 like 1 (T cell specific, HMG box) Mm01188711_m1 

Tcf7l2  transcription factor 7 like 2, T cell specific, HMG box Mm00501505_m1 

Tnf  tumor necrosis factor Mm00443258_m1 
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Supplementary Figure 1. Hepatocyte-specific reduction of Tcf7 expression does not alter metabolic 

parameters in mice. A) Schematic of the experimental strategy. Plasma insulin levels at 0 and 10 mins 

after oral glucose challenge during an oGTT in B)  RCD-fed mice shortly after AAV-induced knockdown of 

Tcf7 and  C) in the same mice after HF/HFr/HC feeding for 4 weeks (n=7-9 per group). D) Body weight and 

E) Body composition (fat and lean mass percentage) after ~16 weeks of HF/HFr/HC diet (n=7-9 per group). 

F) 5H fasting glucose levels, G) basal and glucose-stimulated plasma insulin levels during an oGTT, and H) 

AUC during glucose tolerance testing in mice fed HF/HFr/HC diet compared to mice fed a regular chow 

diet. I) Plasma insulin levels at 0 and 10 mins following an oral glucose gavage after 12 weeks of HF/HFr/HC 

feeding (n=7-9 per group). J) Plasma triglycerides (TGs) over a period of 3h after an oral gavage with olive 

oil (200 µl/mouse) during a lipid tolerance test (oLTT, n=7-9 per group) in 5 h fasted mice fed a HF/Hfr/HC 

diet for over 12 weeks. K) Plasma TGs in mice fasted overnight and then refed the HF/HFr/HC diet for 1 h 

(n=7-9 per group). L) Organ weights, relative to body weight, at the time of sacrifice after ~16 weeks of 

HF/HFr/HC feeding. M) Representative images of liver sections with H&E staining from WTCre and Tcf7Hep-

/-mice (scale bar: 500 µm; 4X magnification). Data are presented as mean ± SD and analyzed using one-

way ANOVA with Tukey’s correction for multiple comparisons (panel E, F and L) or two-way ANOVA (panel 

B, C, G, H, I, K). For Figures S1F-G, all mice irrespective of genotype were pooled to compare the effects 

of HF/HFr/HC diet vs. regular chow diet on glucose and insulin levels. **p ≤ 0.01, ***p ≤ 0.001, 

****p≤0.0001. 

Supplementary Figure 2. Gene expression analysis of RNA from adipose tissue depots of Tcf7Hep-/- mice 

fed a HF/HFr/HC diet for 12 weeks. mRNA expression levels (relative to Tbp) for Tcf7, Tcf7l1, Tcf7l2, Lef1 

and Ctnnb1 in A) inguinal fat and B) epididymal fat from WTCre (black), Tcf7fl/fl-GFP (green) or, Tcf7Hep-/- (red) 

mice (n=4-9 per group). Data are presented as mean ± SD and analyzed using one-way ANOVA with 

Tukey’s correction for multiple comparisons. 

Supplementary Figure 3. Metabolic characterization of regular chow diet-fed Tcf7βcell-/- MIP mice at 

different ages. A) Schematic representing experimental strategy. B) Body composition (fat and lean mass 

percentage) assessed by MRI. (C-E) Plasma insulin levels at 0 and 10 mins after oral glucose gavage during 

oGTT at C) 8 weeks (n=6-9 per group), D) 18 weeks (n=7-12 per group), and E) 35 weeks of age (n=9-10 

per group). F) Representative photomicrographs of pancreas sections showing insulin immunostaining in 

islets (scale bar: 200 µm; 10X magnification) and G) pancreatic -cell area (n=8 per group).. H) Organ 

weights (relative to the body weight) at 35 weeks of age (n=9-10 per group). Data are presented as mean 

± SD and analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons (panel B, H), 

Two-way ANOVA (panel C-E) or Student’s t-test (panel G).  

Supplementary Figure 4. β-cell specific recombination of the Tcf7 locus by RIP-Cre does not impair 

glucose homeostasis in mice fed a regular chow diet. A) Schematic representation of Cre-LoxP strategy 

to generate pancreatic β-cell specific Tcf7 knockout (Tcf7βcell-/-RIP) by mating mice expressing Cre driven by 

rat insulin promoter (RIP-Cre) and flox-Tcf7 (Tcf7fl/fl) mice giving rise to three genotypes studied (WT = 

black; RIP-Cre = blue; Tcf7βcell-/-RIP = purple). B) Mouse body weights compared across genotypes at 8, 18, 

and 35 weeks of age on chow diet (n=9-17 per group). Glycemic excursion during 2-h Oral glucose 

tolerance test (oGTT) at C) 8 weeks (n=9-17 per group), D) 18 weeks (n=9-17 per group), and E) 35 weeks 

of age (n=6-8 per group). Insets depict area under the curve (AUC) analysis. (F-H) Plasma insulin levels at 

0 and 10 mins after oral gavage of glucose in Tcf7βcell-/-RIP and control mice at F) 8 weeks (n=6-8 per group), 

G) 18 weeks (n=6-8 per group), and H) 35 weeks of age (n=6-8 per group). I) Representative 

photomicrographs of insulin immunostaining in islets of pancreatic sections (scale bar: 200 µm; 10X 



magnification). J) Quantification of insulin-positive β-cell area (n=4 per group). K) mRNA levels of Tcf7 

(relative to Tbp) and islet-specific markers (ChgA, Ins2, Gcg, Glp1r, and Gipr, relative to Tbp) quantified in 

pancreatic islets isolated from Tcf7βcell-/-RIP mice and control animals (n=4/group).  Data are presented as 

mean ± SD, except AUC graphs which are presented as mean ± SEM.  Statistical significance was 

determined using one-way ANOVA with Tukey’s correction for multiple comparisons (panel B-E, K), Two-

way ANOVA (panel F-H) or Student’s t-test (panel J). 

Supplementary Figure 5. Effects of 10 weeks of HFD vs regular chow feeding on A) 5h fasting glucose 

levels, B) basal and oral-glucose stimulated plasma insulin levels and C) AUC during an intraperitoneal 

glucose tolerance test. D) Organ weights (relative to body weight) in mice fed a HFD for 20 weeks (WT, 

grey; Tcf7fl/fl, green; MIP-Cre, blue; Tcf7βcell-/-, pink). Data are presented as mean ± SD, except AUC graphs 

which are presented as mean ± SEM.  Data were analyzed using one-way ANOVA with Tukey’s correction 

for multiple comparisons (panel D), Two-way ANOVA (panel B, C) or Student’s t-test (panel A).  

****p≤0.0001. 

Supplementary Figure 6.  A) A UMAP plot of the mouse embryonic pancreatic cell data in Figure 7A with 

assigned cell types and clusters. B)  UMAP plots for the expression of TCF7 and various pancreas markers 

in 14780 isolated human islet cells from previously published single cell RNA-seq data sets. C) UMAP 

plots for the expression of TCF7 and various pancreas markers in 136,485 human embryonic stem cell-

derived beta cells from previously published single cell RNA-seq data sets.   D) A violin plot of TCF7  

expression during various stages of differentiation. S0 to S7 denote the stage of differentiation. All 

expression data are shown in a log2 scale. 

Supplementary Figure 7. Immunodetection of TCF7. A) Western blot analysis of TCF7 protein expression 

in thymus tissue isolated from Tcf7+/+ and Tcf7-/- mice (n=3 per group). B) Representative images of 

immunohistochemical staining with TCF7 antibody in spleen and thymus sections from C57BL/6 WT mice 

(scale bar: 200 µm; 10X magnification). 

 


	TCF7 is not essential for glucose homeostasis in mice
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Glucose, insulin, and lipid tolerance tests
	2.3. Body weight and body composition
	2.4. Blood collection and metabolic assays
	2.5. Mouse hepatocyte isolation and non-parenchymal cell (NPC) fractions
	2.6. Mouse pancreatic islet isolation
	2.7. Genomic DNA isolation and PCR
	2.8. Gene expression analysis
	2.9. Histological analysis
	2.10. Single-cell RNA sequencing data analysis
	2.11. Western blot analysis
	2.12. Statistical methods

	3. Results
	3.1. Hepatocyte-specific deletion of Tcf7 in adult mice does not perturb glucose metabolism or insulin tolerance
	3.2. Hepatocyte-specific deletion of Tcf7 does not alter expression of genes regulating metabolism or inflammation
	3.3. Mice with targeting of Tcf7 in adult β-cells exhibit normal glucose homeostasis
	3.4. High fat diet feeding does not differentially impair glucose or insulin tolerance in Tcf7βcell−/− MIP vs. control mice
	3.5. Whole-body Tcf7 knockout (Tcf7−/−) mice exhibit normal glucose homeostasis
	3.6. Gene expression analysis in pancreatic islets isolated from Tcf7βcell−/− MIP mice

	4. Discussion
	Author contributions
	Acknowledgments
	Conflict of interest
	Appendix A. Supplementary data
	References


