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I  ABSTRACT 

ABSTRACT 

Type 2 diabetes mellitus (T2DM) is a multifactorial disease characterized by chronic 

hyperglycemia due to peripheral insulin resistance, impaired insulin synthesis and release from 

pancreatic β-cells, and a general loss of β-cell mass, mainly caused by loss of β-cell identity. 

The loss of β-cell identity - also referred to as β-cell dedifferentiation - is associated with a 

reduced expression of β-cell identity genes, an upregulation of disallowed genes, and a 

reoccurrence of progenitor markers, suggestive for a dysregulation of transcriptional events.  

 

In this context, the transcriptional co-factors transducin β-like 1 (TBL1) and transducin β-like 

related 1 (TBLR1), which were previously shown to mediate both expression and repression 

of genes, were investigated to identify their role in the regulation of transcriptional events in β-

cells. Mice with a conditional and β-cell specific deletion of TBL1 (TBLβKO) or TBLR1 

(TBLRβKO) appeared as metabolically healthy. Gene expression analysis revealed an 

upregulation of TBLR1 upon TBL1 deficiency, suggesting that the development of a clear 

metabolic phenotype might have been masked by this alteration in TBLR1 expression. Thus, 

mice lacking both transcription co-factors (TBL/RβKO) were generated. Metabolic 

characterization revealed that TBL/RβKO mice developed hyperglycemia starting at the age 

of 6 weeks. Impaired insulin gene expression, alterations in islet architecture, and reduced 

numbers of insulin positive cells preceded the development of hyperglycemia. A transcriptome 

analysis revealed a downregulation of β-cell identity genes, while disallowed genes and 

progenitor markers were upregulated, indicating a loss of identity in β-cells lacking TBL1 and 

TBLR1. Adult mice with a tamoxifen-induced knock out of TBL1 and TBLR1 (iTBL/RβKO) 

displayed a milder but similar phenotype compared to the TBL/RβKO mice, supporting the 

notion that β-cells deficient for TBL1 and TBLR1 lose their identity and dedifferentiate.  

  

A subsequent interactome analysis identified components of the nuclear receptor 

corepressor/silencing mediator for retinoid and thyroid receptors (NCOR/SMRT) repressor 

complex - a complex of which TBL1 and TBLR1 are known to be part of -, subunits of the 

facilitates chromatin transcription (FACT) activator complex, and paired box 6 (PAX6), a 

master regulator of endocrine cells of the pancreas, to directly interact with TBL1 and TBLR1. 

Components of the NCOR/SMRT repressor and FACT activator complex were also interacting 

with PAX6. Additionally, TBL1 and TBLR1 directly regulated insulin gene expression through 

the binding to the same promoter region as PAX6, identifying TBL1 and TBLR1 as possible 

regulators of PAX6 mediated gene expression. 

 

This study identified TBL1 and TBLR1 as novel and critical regulators of β-cell identity. Through 

interaction with NCOR/SMRT, FACT, and PAX6, TBL1 and TBLR1 might contribute to the 

maintenance of β-cell identity and its loss in pathologic conditions. Manipulation of TBL1 and 

TBLR1 levels, action, or binding to the respective interaction partners therefore represents a 

novel approach to counteract loss of β-cell identity and thereby development and progression 

of T2DM. 

  



 

 

II  ZUSAMMENFASSUNG 

ZUSAMMENFASSUNG 

Typ-2-Diabetes mellitus (T2DM) ist eine multifaktorielle Erkrankung die durch eine chronische 

Hyperglykämie gekennzeichnet ist. Hervorgerufen wird sie durch eine periphere 

Insulinresistenz, eine gestörte Insulinsynthese und -freisetzung aus den β-Zellen der 

Bauchspeicheldrüse sowie einem allgemeinen Verlust der β-Zellmasse. Aktuelle Studien 

zeigten, dass der auch als β-Zell Dedifferenzierung bezeichnete Verlust der β-Zell Identität, 

eine der Hauptursachen darstellt. Dieser Identitätsverlust geht mit einer verminderten 

Expression von β-Zell Funktionsgenen sowie einer Überexpression von in β-Zellen strikt 

reprimierten Genen und einer Reaktivierung von Vorläufer-Genen einher. Daher kann von 

einer allgemeinen Fehlregulierung der Genexpression ausgegangen werden. 

 

Die Transkriptions-Kofaktoren Transducin β-like 1 (TBL1) und Transducin β-like related 1 

(TBLR1) regulieren sowohl Expression als auch Repression von Genen. Daher wurde ihre 

Funktion in der Regulation von Transkriptionsvorgängen in β-Zellen untersucht. Mäuse mit 

einer konditionalen β-Zell spezifischen Deletion von TBL1 (TBLβKO) oder TBLR1 (TBLRβKO) 

waren metabolisch unauffällig. Genexpressionsanalysen der Inselzellen ergaben, dass bei 

TBL1-Deletion TBLR1 überexprimiert wird, was vermuten lässt, dass Veränderungen in der 

TBLR1 Genexpression die Entwicklung eines klar erkennbaren metabolischen Phänotyps 

verhindert haben könnte. Daher wurden Mäuse generiert, denen beide Transkriptions-

Kofaktoren (TBL/RβKO) fehlten. β-Zell spezifische Deletion von TBL1 und TBLR1 führte zu 

Hyperglykämie ab einem Alter von 6 Wochen. Der Hyperglykämie gingen eine beeinträchtigte 

Insulin-Genexpression, Veränderungen in der Inselarchitektur und eine verringerte Anzahl von 

Insulin-positiven Zellen voraus. Das Genexpressionsprofil der Inselzellen von TBL/RβKO 

Mäusen wies auf einen Identitätsverlust der β-Zellen hin, da die Expression von β-Zell 

Funktionsgenen verringert war während in β-Zellen strikt reprimierte sowie Vorläufer-Gene 

verstärkt exprimiert wurden. Die Tamoxifen-induzierte Inaktivierung von TBL1 und TBLR1 in 

adulten Mäusen rief einen ähnlichen jedoch milderen Verlauf des Phänotyps hervor. Daher ist 

anzunehmen, dass β-Zellen durch den Verlust von TBL1 und TBLR1 unfähig sind ihre Identität 

beizubehalten und dadurch dedifferenzieren.  

 

Eine anschließende Analyse des Interaktoms ergab, dass Komponenten des 

Repressionskomplexes Nuclear receptor corepressor/Silencing mediator for retinoid and 

thyroid receptors (NCOR/SMRT), Untereinheiten des Aktivatorkomplexes Facilitates 

chromatin transcription (FACT) und Paired box 6 (PAX6), ein Hauptregulator der endokrinen 

Zellen der Bauchspeicheldrüse, direkt mit TBL1 und TBLR1 interagieren. Die Komponenten 

des NCOR/SMRT-Repressor- und FACT-Aktivatorkomplexes interagierten ebenfalls mit 

PAX6. Darüber hinaus regulierten TBL1 und TBLR1 die Insulin-Genexpression durch Bindung 

an dieselbe Promotorregion wie PAX6. Dies deutet darauf hin, dass TBL1 und TBLR1 als 

mögliche Regulatoren der PAX6-vermittelten Genexpression in Frage kommen. 

 

In dieser Studie wurden TBL1 und TBLR1 als neuartige und zentrale Regulatoren der β-

Zellidentität identifiziert. Durch die Interaktion mit NCOR/SMRT, FACT und PAX6 tragen TBL1 

und TBLR1 zur Aufrechterhaltung der β-Zell-Identität und deren Verlust unter pathologischen 

Bedingungen bei. Die Manipulation der TBL1- und TBLR1-Expression, der Aktivität oder der 

Bindung an die jeweiligen Interaktionspartner stellt daher einen neuen Ansatz dar, um dem 

Verlust der β-Zell-Identität und damit der Entwicklung sowie dem Fortschreiten von T2DM 

entgegenzuwirken.  
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1 INTRODUCTION 

1 INTRODUCTION 

 Type 2 diabetes mellitus 

1.1.1 Type 2 diabetes mellitus: definition, numbers, risks 

The clinical features of diabetes mellitus are known to physicians for more than 3500 years 

and were described for the first time by ancient Egyptians 1500 BC (Ahmed 2002). Diabetes 

is a disorder of glucose homeostasis and is mainly divided into two main categories: type 1 

diabetes mellitus (T1DM), an auto-immune disease resulting in the destruction of the insulin-

producing β-cells, and T2DM, a chronic metabolic condition characterized by elevated blood 

glucose levels due to impaired insulin signaling in peripheral tissues, followed by insufficient 

insulin synthesis and release (Fu et al. 2013). To date, the global prevalence of diabetes has 

reached pandemic proportions with 10.5% in 2021 (Figure 1) and an estimated prevalence of 

12.2% for 2045 (Sun et al. 2022). 

 

Figure 1: Diabetes prevalence in 2021. The share of people aged 20-79 years diagnosed with type1 or type 2 
diabetes mellitus in 2021. From: World Development Indicators - World Bank. Data was used from: Diabetes Atlas 
- International Diabetes Federation. 

T2DM accounts for up to 90% of the diabetes cases and is diagnosed when one of the following 

criteria is met in repeated measurements: 1) elevated fasting blood glucose levels 

(> 126 mg/dl), 2) elevated blood glucose levels 2 h after performance of an oral glucose 

tolerance test (> 200 mg/dl), and 3) elevated hemoglobin A1c (HbA1c) levels (> 6.5%), 

reflecting long-term glycemia (Sacks et al. 2011). Genetic predisposition and lifestyle factors 

were identified as main risk factors for T2DM development. Genome-wide association studies 

for instance robustly linked variants of the TCF7L2 (Grant et al. 2006) or KCNJ11 (Gloyn et al. 

2003) gene with a higher T2DM risk. Moreover, lifestyle factors such as cigarette smoking, 

sedentary lifestyle, physical inactivity, and poor diet (Helmrich et al. 1991; Willi et al. 2007; 

Salmerón et al. 2001) were shown to contribute to T2DM development and progression. In line 

with this, obesity was identified as primary cause for the development of T2DM (Colditz et al. 

1995).  

 

T2DM is associated with life threatening comorbidities such as cardiovascular complications, 

retinopathies, and nephropathies (Long and Dagogo-Jack 2011). Accordingly, T2DM was 



 

 

2  INTRODUCTION 

shown to reduce life expectancy (Heald et al. 2020; Bragg et al. 2017) and is one of the leading 

causes for mortality (Yang et al. 2019). A recent study identified six different T2DM subtypes 

based on parameters such as body mass index, HbA1c, and measures of insulin resistance 

and secretion. These subtypes were highly associated with the development of specific T2DM 

comorbidities, suggesting that for optimal treatment strategies, diabetes subtypes must be 

considered (Ahlqvist et al. 2020). Moreover, in the recent years, an increase in numbers of 

T2DM cases amongst young people was observed (Candler et al. 2018). This is of particular 

concern since early onset of diabetes leads to longer lifetime exposure to hyperglycemia and 

therefore a higher risk to develop T2DM comorbidities (Arslanian et al. 2018). Thus, with the 

increasing worldwide prevalence, the identification of T2DM subtypes, and the rising 

incidences amongst adolescent and children, studying causes and mechanisms underlying 

T2DM development and progression are central to develop novel treatment and prevention 

approaches. 

1.1.2 Pathophysiology of T2DM and current therapeutic approaches 

Genetic predisposition and lifestyle factors are the main risk factors for insulin resistance, a 

state in which insulin signaling in peripheral tissues is impaired. At first, pancreatic β-cells 

compensate for the increasing demand of insulin by β-cell hyperplasia (Kim et al. 2009) and 

elevated insulin secretion (Karam et al. 1963). Eventually, β-cells are unable to secrete 

adequate amounts of insulin to compensate for the insulin resistance - in part due to 

mitochondrial dysfunction - which results in elevated blood glucose levels and manifests as 

T2DM (Kulkarni et al. 1999; Haythorne et al. 2019). The resulting hyperglycemia and 

hypoinsulinemia affect multiple organs, which were shown to contribute to the elevated blood 

glucose levels, resulting in a vicious cycle. For instance, insulin signaling inhibits 

gluconeogenesis in the liver. Accordingly, impaired or absent insulin signaling promotes 

gluconeogenesis and the release of glucose from the liver, further contributing to systemic 

hyperglycemia (Magnusson et al. 1992). In white adipose tissue, insulin induces glucose 

uptake and inhibits triglyceride oxidation and free fatty acid release into the circulation 

(Kashiwagi et al. 1983; Chakrabarti et al. 2013). Consequently, insulin resistance promotes 

fatty acid oxidation resulting in elevated circulating free fatty acids (Bogardus et al. 1984), 

which were shown to impair glucose uptake in the muscle (Kelley et al. 1993) and β-cell 

function (Shimabukuro et al. 1998), thereby contributing to T2DM progression.  

 

β-cell function progressively declines with the duration of hyperglycemia and dyslipidemia 

exposure. In patients in which β-cells are still capable of insulin secretion, treatment 

approaches include physical activity, dietary interventions, and oral medication to support 

glycemic control (Davies et al. 2022). Some of the frequently prescribed pharmacological 

agents are sodium glucose co-transporter-2 (SGLT2) inhibitors, which inhibit renal glucose 

reabsorption (Bailey and Day 2010) or metformin, which promotes insulin sensitization 

especially in liver and muscle (Scarpello and Howlett 2008). In recent years, novel 

combinatorial agents were developed for T2DM treatment such as dual incretin receptor 

agonists which improve β-cell function and insulin sensitivity in T2DM (Thomas et al. 2021). 

Only at advanced stages of T2DM, when insulin secretion is impaired and β-cells fail, insulin 

therapy, which bears a high risk for hypoglycemia is recommended (Davies et al. 2022). 

Modern therapy approaches include the transplantation of β-cells from cadaveric donors, 

which is however limited due to donor matching and availability (Shapiro et al. 2006). Major 

advances in the recent years in stem cell research have led to the generation of pancreatic β-

cells derived from human pluripotent stem cells (hPSC). This has opened the possibility for 

replacement therapy in insulin-dependent diabetes. An ongoing clinical trial (NCT04786262) 
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is testing the safety, tolerability, and efficacy of transplanted β-cells derived from stem cells in 

T1DM patients. In T2DM however, underlying insulin-resistance, hyperglycemia, and 

dyslipidemia would lead to β-cell dysfunction and ultimately failure of transplanted β-cells 

(Hiramatsu and Grill 2001). Moreover, differentiation efficiency is currently not reproducible 

across different hPSC cell types (Merkle et al. 2022) and hPSC derived β-cells display 

signatures of immaturity, resulting in impaired glucose stimulated insulin secretion (Balboa et 

al. 2022). Thus, in depth understanding of processes during β-cell development are essential 

to improve or generate novel treatment approaches. 

 The pancreas 

The pancreas is a dual gland with an exocrine and endocrine implication. The exocrine 

pancreas secretes digestive zymogens in response to food intake and thereby assists in 

digestion. It comprises of acinar cells, which produce and secrete digestive zymogens and 

protons and ductal cells which secrete bicarbonate and deliver the secreted zymogens towards 

the duodenum. The endocrine pancreas consists of cellular clusters which form hormone 

producing micro-organs, the so-called islets of Langerhans. These islets comprise of α-, β-,   

δ-, PP-, and ε-cells producing glucagon, insulin, somatostatin, pancreatic polypeptide Y, and 

ghrelin, respectively and are central to blood glucose homeostasis (Atkinson et al. 2020; 

Behrendorff et al. 2010). 

1.2.1 Development of the pancreas 

In mice, the first visible signs of a pancreas are observed in embryonic day (E) 9, when a 

ventral and dorsal bud is formed from the foregut endoderm (Pearse et al. 1973). The buds 

undergo expansion, branching, and subsequently fusion which results in a single definitive 

pancreas around E12.5 (Pictet et al. 1972). These morphological changes coincide with the 

formation of the three main pancreatic cell types – endocrine, acinar, and ductal. Tightly 

controlled spatiotemporal expression of transcription factors drive the differentiation and cell 

type specification of pancreatic cells as shown in Figure 2. Differentiation is initiated by the 

expression of the transcription factors Pdx1 (Pancreatic and duodenal homeobox 1), Ptf1a 

(Pancreas associated transcription factor 1a), Sox (SRY box) 9, and Sox17 in endoderm 

epithelial cells which induces the formation of multipotent progenitor cells (Kawaguchi et al. 

2002; Gu et al. 2002; Burlison et al. 2008; Seymour et al. 2007; Spence et al. 2009). Maintained 

expression of Ptf1a subsequently induces the differentiation into acinar cells (Krapp et al. 1998; 

Kawaguchi et al. 2002), while the expression of Pdx1 and Sox9 promotes the differentiation 

into bipotent trunk cells (Burlison et al. 2008; Seymour et al. 2007). This period, taking place 

between E13.5 and E14.5, is termed secondary transition and is marked by a massive rise of 

acinar cells, bipotent trunk cells, and a general pancreas growth (Pictet et al. 1972). Bipotent 

trunk cells express Pdx1, Sox9, Nkx6.1 (NK6 homeobox 1), and Hnf1β (Hepatocyte nuclear 

factor 1 homeobox B) and are capable to further differentiate into either ductal cells, when 

Hnf1β expression is maintained (Haumaitre et al. 2005) or into endocrine progenitor cells when 

Pdx1, Nkx6.1, and Sox9 expression persists (Seymour et al. 2007; Schaffer et al. 2010; 

Burlison et al. 2008). SOX9 induces the expression of Ngn3 (Neurogenin 3) (Gu et al. 2002; 

Gradwohl et al. 2000), which is a central marker for progenitor cells of the endocrine pancreas. 

Ngn3 expression is first detected at E11.5, peaks during the secondary transition, declines at 

E17.5, and is undetectable in the pancreas of neonates or adults (Schwitzgebel et al. 2000). 

Thus, Ngn3 expression is a useful marker to determine the state of differentiation in endocrine 

cells. 
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The rise of the respective endocrine cell types was shown to take place over a spectrum of 

time during embryogenesis with glucagon and/or insulin-expressing cells being detected as 

early as E9.5-E10.5 (Herrera et al. 1991). However, lineage tracing revealed that these cells 

do not represent precursors of endocrine cells (Herrera 2000) and their function remains 

unclear. Thus, the main phase of endocrine cell differentiation is the second transition and is 

initiated by the expression of Ngn3. As differentiation proceeds, the generation of the 

respective endocrine cell line depends on the spatiotemporal expression of the transcription 

factors Arx (Aristaless-related homeobox), which promotes the expression of α- and PP-cells 

(Collombat et al. 2003; Collombat et al. 2007), and Pax4 (Paired box 4), which induces the rise 

of β- or δ-cells (Sosa-Pineda 2004). Specification of ε-cells is induced through the repression 

of Pax6 (Heller et al. 2005). Only after E18.5 endocrine cell clusters, namely islets are 

observed. Endocrine cell clustering and islet formation start with the expression of Ngn3. For 

this, endocrine precursors delaminate from the trunk epithelium, migrate through the 

remodelling of adhesion molecules, and eventually cluster and aggregate as islets (Cole et al. 

2009; Miettinen et al. 2000). The exact mechanisms through which the endocrine cells find 

each other and cluster however, are not completely understood.  

 

Figure 2: The differentiation of pancreatic cells. This diagram shows the process of differentiation and the 
respective transcription factors involved for the specification of acinar cells, ductal cells, or the endocrine α-, β-, δ-, 
PP-, and ε-cells from endoderm epithelial cells. Created with Biorender.com. 

1.2.2 The endocrine pancreas 

The endocrine pancreas comprises of 5 cell types, each synthesizing and secreting a cell type-

specific hormone with autocrine, paracrine, and systemic effects. Production, release, and 
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action of the respective hormones is tightly controlled and regulates metabolic homeostasis 

and nutrient storage and utilization. Mutations during endocrinogenesis therefore often result 

in metabolic conditions such as diabetes. 

 

α-cells 

The glucagon producing α-cells are the second largest cell population in murine and human 

pancreatic islets. Up to 10-20% of the murine islet and 33-46% of the human islet consist of α-

cells (Cabrera et al. 2006). In states of chronic hyperglycemia, such as T2DM, the portion of 

α-cells is even higher (Amo-Shiinoki et al. 2021). Secretion of glucagon from the α-cells 

(Gromada et al. 1997) is induced by hypoglycemia and promotes catabolic processes in 

peripheral tissues such as liver, muscle, kidney, and pancreas (Rix et al. 2000). In the liver for 

instance, glucagon signaling promotes gluconeogenesis and the release of generated glucose, 

thereby resulting in an increase in blood glucose levels (Bryla et al. 1977). In T2DM where α-

cell mass (Amo-Shiinoki et al. 2021) but also circulating glucagon levels are increased (Müller 

et al. 1970), glucagon induced gluconeogenesis in the liver was shown contribute to 

hyperglycemia and T2DM progression. Glucagon signaling in β-cells or δ-cells induces insulin 

and somatostatin release, respectively (Kieffer et al. 1996; Capozzi et al. 2019). In rodents, 

glucagon inhibits ghrelin secretion from the ε-cells while in humans ghrelin secretion is 

stimulated (Qader et al. 2008). 

 

δ-cells 

The δ-cells synthesize and secrete somatostatin. In murine islets, δ-cells make up 5-10%, 

which is comparable to the amount observed in humans (Cabrera et al. 2006). Glucose, amino 

acids, and fatty acids promote somatostatin secretion which is not exclusively secreted from 

δ-cells but also from intestinal cells (Francis et al. 1990). Somatostatin inhibits insulin and 

glucagon secretion (Mandarino et al. 1981). Accordingly, somatostatin knock out mice display 

elevated circulating insulin and glucagon levels (Hauge-Evans et al. 2009). In T2DM, 

somatostatin secretion is increased (Hermansen et al. 1979) while total pancreatic 

somatostatin content is reduced (Henquin et al. 2017). This suggests that dysfunctional 

somatostatin secretion might be involved in the development or progression of T2DM 

(Rorsman and Huising 2018). 

 

PP-cells 

Pancreatic polypeptide Y secreting PP-cells make up to 5% of the murine islet and < 5% of the 

human islet (Cabrera et al. 2006). PP-cell numbers however strongly vary depending on 

gender and age although cell number is not affected by chronic hyperglycemia and T2DM 

(Stefan et al. 1982). Secretion of pancreatic polypeptide Y is induced postprandially. 

Accordingly, high levels of pancreatic polypeptide Y were shown to reduce food intake and 

appetite (Batterham et al. 2003). Its secretion promotes food digestion through the release of 

digestive enzymes (Adrian et al. 1976). Pancreatic polypeptide Y has no effects on insulin 

secretion (Bastidas et al. 1990) but represses glucagon (Aragón et al. 2015) and somatostatin 

release (Kim et al. 2014). 

 

ε-cells 

The ε-cells synthesize and secrete ghrelin and are the smallest cell population in the endocrine 

pancreas. During foetal and early postnatal life, pancreatic ε-cells represent the major source 

of ghrelin while in adults most of the ghrelin originates from the stomach (Wierup et al. 2002; 

Date et al. 2000). Accordingly ε-cell numbers are highest early in life and decrease over time 

(Wierup et al. 2002). Ghrelin promotes glucagon secretion while insulin, somatostatin, and 
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pancreatic polypeptide Y secretion are inhibited (Qader et al. 2008). Systemically, ghrelin 

promotes food intake and appetite (Wren et al. 2000). In T2DM patients, circulating ghrelin 

levels are lower in comparison to healthy subjects (Pöykkö et al. 2003). 

 

β-cells 

The insulin producing β-cells represent the largest cell population of the endocrine pancreas. 

In mice, β-cells make up 70-80% of the islet and are mainly located in the centre of the islet 

surrounded by glucagon producing α-cells. In humans, β-cells make up only ~55% and are 

distributed across the islet (Cabrera et al. 2006). High blood glucose levels are the main 

stimulus for insulin synthesis and secretion (Melloul et al. 1993; Fu et al. 2013). Insulin 

biosynthesis is tightly controlled on transcriptional and translational level, while proper insulin 

secretion is achieved in part through rate-limiting enzymes. 

 

As most species, humans have one insulin gene (Harper et al. 1981), while rodents carry two 

non-allelic insulin genes, the Ins1 (Insulin 1) and Ins2 gene (Davies et al. 1994), of which Ins2 

corresponds to the single copy other species have. The insulin promoter region is located -300 

to -100 base pairs prior to the transcription start site (German et al. 1995; Sharma and Stein 

1994) and consists of regulatory elements serving as binding sites for transcription factors 

such as PDX1 (Qiu et al. 2002), MAF BZIP Transcription Factor A (MAFA) (Kataoka et al. 

2002), and PAX6 (Sander et al. 1997). Through the recruitment of regulatory complexes and 

histone modifiers, transcription factors were shown to coordinate insulin transcription based 

on metabolic need (Mosley et al. 2004; Mosley and Ozcan 2004; McKenna et al. 2015). Like 

transcription, also translation of insulin is promoted by nutrients of which glucose appears to 

be the most important (Itoh and Okamoto 1980; Melloul et al. 1993). The insulin gene encodes 

for an insulin precursor, the preproinsulin which is cleaved and folded into proinsulin in the 

endoplasmic reticulum. Proinsulin is subsequently transported into the Golgi apparatus where 

it enters secretory vesicles and is further cleaved into mature insulin and the C-peptide (Fu et 

al. 2013) (Figure 3). 

 

The main physiological signal for vesicle exocytosis and insulin release are increased 

circulating blood glucose levels at postprandial state (Fu et al. 2013). In addition, also amino 

acids (Herchuelz et al. 1984) and hormones such as glucagon-like polypeptide-1 (GLP1) or 

glucose-dependent insulinotropic polypeptide (GIP), secreted by intestinal endocrine cells 

were shown to induce insulin secretion (Wang et al. 1995; Fujimoto et al. 1978). Insulin 

secretion takes place in a biphasic manner: a triggering pathway referred to as the first phase 

of insulin secretion and a metabolic amplifying pathway, also known as the second phase 

(Henquin 2009). The first phase is induced by glucose uptake into the β-cell through the 

glucose transporter 2 (GLUT2) which is encoded by the Slc2a2 (Solute carrier family 2 member 

2) gene (Unger 1991). After entering the cell, glucose is phosphorylated by glucokinase (GCK), 

a hexokinase with a low glucose affinity to ensure glucose phosphorylation at high glucose 

levels only, making it a rate-limiting enzyme for glucose metabolism in the β-cell. 

Phosphorylated glucose is then metabolized by glycolysis into pyruvate which is subsequently 

oxidized in the tricarboxylic acid (TCA) cycle in mitochondria resulting in an increase in cellular 

adenosine triphosphate (ATP) levels (Fu et al. 2013). The increase in ATP induces a closure 

of ATP-sensitive potassium channels (Ashcroft et al. 1984; Cook and Hales 1984), 

depolarization of the membrane, and opening of voltage-dependent calcium channels 

(Rorsman et al. 1988). Calcium influx eventually triggers exocytosis of the insulin-containing 

granules (Rorsman et al. 1988) (Figure 3). This first phase results in a rapid release of insulin 
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shortly after the glucose stimulus. During the second phase, insulin is released at a lower but 

sustained rate spanning several hours (Henquin 2009).  
 

 

Figure 3: Glucose stimulated insulin secretion in pancreatic β-cells. The expression of the insulin gene, which 
encodes for the insulin precursor preproinsulin, is induced by glucose. In the endoplasmic reticulum (ER), 
preproinsulin is cleaved into proinsulin which is subsequently folded. The folded proinsulin is then transported from 
the ER into the Golgi apparatus where it is cleaved into mature insulin and C-peptide and stored in secretory 
vesicles. After uptake into the cell, glucose is metabolized through glycolysis into pyruvate which then enters the 
tricarboxylic acid (TCA) cycle in the mitochondria resulting in an increase in adenosine triphosphate (ATP) levels. 
ATP-sensitive potassium channels close which leads to a depolarization of the cell membrane. Voltage-dependent 
calcium channels open, leading to a calcium influx which triggers the exocytosis of insulin vesicles. Adopted from 
“Insulin Production Pathway”, by Biorender.com (2023).  

In peripheral tissues, insulin signaling promotes glucose uptake and utilization (Kashiwagi et 

al. 1983; Kelley et al. 1993), thereby lowering blood glucose levels. Moreover, insulin was 

shown to promote somatostatin secretion from the δ-cells and inhibit glucagon secretion from 

the α-cells. A recent study demonstrated that the inhibitory effects on α-cells are not directly 

induced by insulin but are driven by the induction of somatostatin secretion which in turn 

inhibits glucagon release (Vergari et al. 2019). 

1.2.3 Pathophysiology of pancreatic β-cells – the progressive loss of maturity and 

identity 

Under physiologic conditions, adult β-cells are fully differentiated and mature, which is required 

for optimal β-cell function. In mice, after β-cell differentiation, β-cells are still immature and lack 

the expression of β-cell identity genes (Blum et al. 2012; Hang et al. 2014), induce insulin 

secretion at lower blood glucose levels (Otonkoski et al. 1988), and are highly proliferative 

(Meier et al. 2008; Swenne 1983). β-cell maturation is biphasic and takes place in the first two 

weeks of life which is also referred to as the first wave of maturation. During this period a 

general increase in endocrine mass is observed suggesting that β-cells are still proliferative. 

With the progression of maturation, the proliferative capacity is however lost (Swenne 1983; 

Meier et al. 2008). The second wave of maturation coincides with the weaning period and is 

triggered by the transition from high fat mother’s milk to high carbohydrate chow diet (Stolovich-

Rain et al. 2015). During this time, β-cells acquire the expression of maturity marker such as 
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Syt4 (Synaptotagmin 4), which promotes glucose stimulated insulin secretion at high glucose 

levels (Huang et al. 2018) or Ucn3 (Urocortin 3), of which the physiological function is currently 

not completely understood (Blum et al. 2012).  

 

β-cell maturity is a fragile state and requires tightly controlled expression of β-cell enriched 

markers, the identity genes, and the repression of disallowed genes. β-cell identity genes are 

highly or exclusively expressed in β-cells (Xin et al. 2016) and are implicated in β-cell 

maturation, function, insulin gene expression, insulin granule formation, and exocytosis. MAFA 

for instance was identified as key transcription factor for insulin, but was also shown to promote 

glucose stimulated insulin secretion (Kataoka et al. 2002; Hang et al. 2014; Wang et al. 2007). 

Another example for a β-cell identity gene is Gck which encodes for GCK, the main hexokinase 

in the β-cells. In contrast to hexokinases expressed in other tissues, GCK has a low affinity to 

glucose. Thus, glucose phosphorylation and subsequent glucose stimulated insulin secretion 

is catalyzed only at high glucose levels. In contrast, β-cell disallowed genes are genes that are 

expressed in almost all mammalian tissues, but are selectively repressed in β-cells (Thorrez 

et al. 2011; Dhawan et al. 2015). Hk1 (Hexokinase 1), which encodes for a hexokinase with a 

higher glucose affinity in comparison to GCK, is such a disallowed gene. Another example is 

Ldha (Lactate dehydrogenase), which is required for the conversion of the glycolysis end 

product pyruvate into lactate. Continuous repression of Ldha ensures that pyruvate is not 

converted into lactate but instead undergoes oxidation in the mitochondria to produce ATP 

(Ainscow et al. 2000). Thus, disallowed genes often express proteins or enzymes that would 

impair β-cell function. Disallowed genes require continuous repression, which is facilitated by 

β-cell enriched transcription factors such as PAX6 (Swisa et al. 2017) or NKX2.2 (Gutiérrez et 

al. 2017). Interestingly, PAX6, itself a β-cell identity gene, was shown to induce the expression 

of β-cell identity genes and simultaneously repress the expression of disallowed genes 

(Gosmain et al. 2012; Swisa et al. 2017). How PAX6 achieves this bidirectional gene 

expression is not completely understood.  

 

The dysregulation of transcriptional events in β-cells is closely linked to the development of β-

cell failure and ultimately T2DM. Development and progression of T2DM is initiated by 

peripheral insulin resistance which is first compensated by increased insulin secretion and 

hyperplasia of β-cells (Karam et al. 1963; Kim et al. 2009). Later, β-cells fail to compensate 

(Kulkarni et al. 1999) which is in part induced by chronic hyperglycemia and dyslipidemia also 

known as glucotoxicity and lipotoxicity. Since the exposure of pancreatic islets to high glucose 

concentrations or free fatty acids was shown to induce apoptosis (Efanova et al. 1998; 

Shimabukuro et al. 1998), this increase in apoptotic events was thought to cause reduced β-

cell mass and insufficient circulating insulin levels observed upon chronic hyperglycemia, 

further contributing to T2DM progression (Butler et al. 2003). However, the apoptotic events 

did not fully explain the β-cell deficit observed upon T2DM (Amo-Shiinoki et al. 2021; Talchai 

et al. 2012; Swisa et al. 2017; Taylor et al. 2013).  

 

In 2012, Talchai and colleagues proposed the loss of β-cell characteristics, termed β-cell 

dedifferentiation as novel mechanism through which β-cells fail and are lost in T2DM (Talchai 

et al. 2012). β-cell dedifferentiation is characterized by progressive loss of β-cell identity gene 

expression and subsequent increase in disallowed gene expression, resulting in a loss of 

functional β-cell mass (Talchai et al. 2012; Swisa et al. 2017; Gutiérrez et al. 2017). 

Accordingly, transcriptomic profiling revealed that expression of identity genes is reduced while 

the expression of disallowed genes is strongly increased in states of chronic hyperglycemia 

and dyslipidemia such as T2DM (Xin et al. 2016; Jonas et al. 1999; Amo-Shiinoki et al. 2021). 
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Apart from hyperglycemia, also oxidative stress, endoplasmic reticulum stress, and 

inflammation were shown to promote β-cell dedifferentiation (Lombardi et al. 2012; Nordmann 

et al. 2017; Talchai et al. 2012). The loss of β-cell identity is also associated with the 

reoccurrence of endocrine progenitor markers like Ngn3 (Swisa et al. 2017; Schwitzgebel et 

al. 2000; Gradwohl et al. 2000) or Cd81 (Cluster of differentiation 81) (Salinno et al. 2021), 

indicating that β-cells return to a progenitor-like state. These alterations promote a 

reprogramming of the β-cell, forcing the cell to exit the mature and functional state resulting in 

defective β-cells and abnormal glucose stimulated insulin secretion. Loss of cellular identity 

also coincides with the upregulation of genes characteristic for other cell types of the endocrine 

pancreas such as glucagon, somatostatin, or ghrelin (Taylor et al. 2013; Swisa et al. 2017). 

Lineage tracing experiments indeed demonstrated that β-cells which lost their identity, first 

returned into a progenitor-like state and eventually adopted the fate of δ-cells (Taylor et al. 

2013) or ε-cells (Swisa et al. 2017). In other studies, β-cells were shown to directly convert into 

other terminally differentiated cell types. This reprogramming of differentiated β-cells is referred 

to as transdifferentiation and was observed upon PDX1 or NKX2.2 deficiency where β-cells 

converted into α- or δ-cells, respectively (Gutiérrez et al. 2017; Gao et al. 2014). 

 

Of note, in opposite to dedifferentiation, transdifferentiation was only observed in knock out 

studies and not upon chronic hyperglycemia and T2DM thus far (Wang et al. 2014). This 

suggests that dedifferentiation and the return to a progenitor-like state with a subsequent 

adaptation of other cell fates represents a mechanism with a higher relevance for T2DM 

development in humans. Normalization of blood glucose levels through insulin therapy 

sufficiently restored β-cell identity gene expression and reduced Ngn3 expression. Thus, loss 

of β-cell identity due to chronic hyperglycemia was shown to be reversible (Wang et al. 2014) 

(Figure 4). 

 

Figure 4: Chronic hyperglycemia and dyslipidemia induce β-cell dysfunction, dedifferentiation, and 
reprogramming. Normal β-cells are able to compensate for metabolic challenges such as insulin resistance by 
hyperplasia and elevated insulin secretion. Chronic hyperglycemia and dyslipidemia however result in apoptosis or 
a loss of β-cell identity, of which the latter represents a reversible state. Dedifferentiated β-cells enter a progenitor-
like state, and are unable to properly secrete insulin and display an upregulation of progenitor marker expression 
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such as Neurogenin3 (Ngn3). Dedifferentiated β-cells can be also reprogrammed resulting in the expression of 
hormones typical for other cell types of the endocrine pancreas such as glucagon (Gcg), somatostatin (Sst), or 
pancreatic polypeptide Y (Ppy). The direct transdifferentiation from β-cells to other terminally differentiated cell types 
was observed in few murine studies but is rarely observed in humans. Created with Biorender.com. Adapted from 
(Dor and Glaser 2013). 

In summary, in addition to undergoing apoptosis, metabolically challenged β-cells can lose 

their identity, which is accompanied by reduced β-cell identity gene and increased disallowed 

and progenitor-cell gene expression. The upregulation of disallowed and progenitor genes 

causes β-cells to exit their mature and differentiated state, leading to dysfunctional and 

insufficient glucose stimulated insulin secretion, further promoting T2DM. Reversibility of the 

progressive loss of β-cell identity highlights the potential for novel therapeutical approaches 

and the need for an in depth understanding of how β-cell identity and disallowed gene 

expression are regulated. 

 The transcription co-factors transducin β-like 1 (TBL1) and 

transducin β-like related 1 (TBLR1) 

1.3.1 TBL1 and TBLR1 control transcriptional events as transcription co-factors 

Metabolic processes are highly flexible and assure rapid adaptation to nutrient and energetic 

demands. This flexibility is facilitated by dynamic but also tightly controlled gene expression, 

mediated by transcription factors and nuclear receptors which signal dependently induce or 

repress transcription. Whether transcription is induced or repressed is coordinated by 

regulatory proteins – co-activators and co-repressors, which are recruited as complexes 

context specifically to the transcription factors. Although co-regulators do not directly bind to 

DNA, they induce histone modifications, chromatin remodelling, or DNA methylation. 

Modification of histone tails by acetylation, methylation, ubiquitination, or SUMOylation affect 

chromatin structure, DNA accessibility, and thereby whether transcription is induced or 

repressed (Perissi et al. 2010). Methylation of histones is associated with induction and 

repression of transcription depending on which amino acids are methylated and how many 

methyl groups are attached (Greer and Shi 2012). One example of a regulatory complex that 

promotes gene expression through recruitment of a demethylase to modify histone 

methylation, is the facilitates chromatin transcription (FACT) complex (Frost et al. 2018). An 

upregulation of the FACT complex, which comprises of the two subunits SPT16 homolog 

facilitates chromatin remodelling subunit (SUPT16H) and structure specific recognition protein 

1 (SSRP1), is associated with cancer development and progression (Hudson et al. 2007; 

Garcia et al. 2011). Also histone acetylation is associated with the induction of gene expression 

(Hebbes et al. 1988). Acetylation takes place on lysine residues of the histones and neutralizes 

the positive charge of the tails. This decreases the interaction with the negatively charged 

DNA, resulting in relaxation of the chromatin and improved accessibility of the regulatory 

regions by transcriptional proteins (Lee et al. 1993; Hong et al. 1993). Accordingly, 

deacetylation results in compression of the chromatin and repression of transcription. One of 

the better studied co-repressors that modify chromatin structure through deacetylation is the 

nuclear receptor corepressor (NCOR)/silencing mediator of retinoic acid and thyroid hormone 

receptors (SMRT) repressor complex. This multi-protein complex comprises of NCOR, SMRT, 

histone deacetylase 3 (HDAC3), G protein pathway suppressor 2 (GPS2), transducin β-like 1, 

x-linked (TBL1X, hereafter referred to as TBL1) and transducin β-like 1, x-linked-related 1 

(TBL1XR1, hereafter referred to as TBLR1) (Guenther et al. 2000; Yoon et al. 2003) and is 

preferentially recruited to unliganded nuclear receptors and transcription factors to induce 

transcriptional repression through deacetylation of histones (Ishizuka and Lazar 2003, 2005).  
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Depending on the signal, transcription factors interact with activator or repressor complexes, 

which requires coordinated recruitment and dismissal of the respective regulators. Although 

the transcription co-factors TBL1 and TBLR1 were identified as core components of the 

NCOR/SMRT repressor complex, they were found to mediate the signal dependent exchange 

of co-activators and co-repressors and are therefore also referred to as “nuclear exchange 

factors”. Regulatory complex exchange is induced through the recruitment of the ubiquitin/19S 

proteasome to the NCOR/SMRT repressor complex which is subsequently ubiquitinated and 

degraded by the proteasome, enabling co-activator binding (Perissi et al. 2004) (Figure 5). 

 

Figure 5: TBL1 and TBLR1 mediate transcriptional events through the exchange of regulatory complexes 
ligand or signal dependently. Unliganded transcription factors and nuclear receptors (TF/NR) predominantly bind 
to repressor complexes resulting in repression of transcription. Ligand binding induces recruitment of the 
proteasome, resulting in dismissal and proteasomal degradation of the repressor complex and binding of an 
activator complex all together facilitated by TBL1 and TBLR1. Binding of the activator complex promotes activation 
of transcription. Without ligand binding, TBL1 and TBLR1 facilitate dismissal of the activator complex resulting in its 
subsequent proteasomal degradation while a repressor complex is recruited. Created with Biorender.com. Adapted 
from (Perissi et al. 2004). 

Although TBL1 and TBLR1 are highly homologous and share 90% of their protein sequence, 

they do not necessarily possess identical functions. For instance, TBL1 mediates the dismissal 

of the co-repressor C-terminal binding protein (CTBP) 1 and 2, while TBLR1 is required for 

NCOR/SMRT dismissal (Perissi et al. 2008). Moreover, while only TBLR1 is required for 

activator protein 1 (AP1) and retinoic acid receptor (RAR) mediated transcription, both TBL1 

and TBLR1 induce activation of nuclear factor k-light-chain-enhancer of activated B cells 

(NFκB) targets or thyroid hormone signaling (Perissi et al. 2004). This highlights the diverse 

functions that TBL1 and TBLR1 have and indicates their importance in metabolic regulation. 

1.3.2 TBL1 and TBLR1 – regulators of cell metabolism and cell fate 

Full body knock out of TBL1 and TBLR1 is embryonically lethal, which underlines their 

importance for developmental processes and metabolism (Perissi et al. 2010). Functional 
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studies revealed an implication in liver and adipose tissue lipid metabolism (Kulozik et al. 2011; 

Rohm et al. 2013). In the liver, TBL1 and TBLR1 control peroxisome proliferator-activated 

receptor (PPAR) α mediated fatty acid oxidation through the recruitment and dismissal of 

regulatory complexes. Hence, TBL1 and TBLR1 deficiency in the liver led to impaired dismissal 

of the NCOR/SMRT repressor complex and therefore sustained repression of genes involved 

in fatty acid oxidation, resulting in lipid accumulation in the liver and ultimately steatosis. 

Accordingly, TBL1 expression negatively correlated with liver triglyceride content in humans 

and was downregulated in mouse models of hepatic steatosis (Kulozik et al. 2011). In contrast 

to the liver, only TBLR1 was implicated in adipose tissue lipid metabolism. Adipose tissue 

TBLR1 levels were increased in obese individuals and positively correlated with serum 

triglycerides and free fatty acids. Accordingly, adipose tissue specific TBLR1 deficiency 

promoted adiposity and impaired fasting induced lipolysis in mice. Work from our laboratory 

demonstrated that TBLR1 regulates fasting-induced lipolysis through physical interaction with 

PPARγ/ retinoid X receptor (RXR) α and additionally controls the transcription of key enzymes 

involved in lipolysis (Rohm et al. 2013).  

 

Apart from their role in transcriptional events regulating cellular metabolism, TBL1 and TBLR1 

were found to control multiple layers of oncogenesis. For instance, through 

phosphatidylinositol 3‑kinase (PI3K)/protein kinase B (AKT) and β-catenin signaling, TBL1 and 

TBLR1 were found to promote proliferation and inhibit apoptosis in cancer cells (Stoy et al. 

2015; Gu et al. 2020; Li et al. 2014). Accordingly, TBL1 and TBLR1 coordinate Wnt-signaling 

through direct interaction with β-catenin (Li et al. 2014; Li and Wang 2008), which is mediated 

by TBL1 and TBLR1 SUMOylation (Park et al. 2016; Choi et al. 2011). Moreover, TBL1 was 

shown to promote epithelial to mesenchymal transition (EMT) and thereby tumour 

aggressiveness and metastasis formation, in part through the activation of the Wnt/β-catenin 

signaling pathway (Rivero et al. 2019; Xu et al. 2022). Thus, TBL1 and TBLR1 were proposed 

as prognosis markers for cancer malignancies (Stoy et al. 2015; Rivero et al. 2019; Li et al. 

2014). Wnt-signaling, central to development, proliferation, and specification of cell fate is also 

required for the maintenance of the undifferentiated state in embryonic stem cells (Sato et al. 

2004). Accordingly, upregulation of Wnt-signaling in terminally differentiated cells was shown 

to reactivate progenitor-cell markers through which cells acquire stem cell-like properties such 

as self-renewal or induction of EMT (Schwitalla et al. 2013). The reactivation of a progenitor or 

stem cell-like program - also referred to as dedifferentiation - due to continuous Wnt-signaling 

was associated with carcinogenesis (Schwitalla et al. 2013; Perekatt et al. 2018). Given that 

TBL1 and TBLR1 are central to Wnt/β-catenin signaling and were previously associated with 

carcinogenesis, EMT, and tumour aggressiveness, it is tempting to speculate that TBL1 and 

TBLR1 might also be involved in Wnt-induced loss of cellular identity. 

 

Dedifferentiation was previously identified as major contributor to β-cell mass reduction in 

T2DM. TBL1 and TBLR1 are involved in a broad range of transcriptional events and metabolic 

diseases, but also oncogenesis through their direct implication in Wnt-signaling, which was 

previously associated with loss of cellular identity. This highlights the importance of proper 

TBL1 and TBLR1 function and action not only in the context of cancer but also in metabolic 

tissues affected by dedifferentiation such as β-cells. Thus, the investigation of TBL1 and 

TBLR1 regulated pathways in pancreatic β-cells would contribute to a better understanding of 

processes involved in T2DM development such as dedifferentiation and would provide novel 

targets for therapeutic approaches. 
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 Aims and objectives 

T2DM is characterized by a progressive loss of β-cell identity induced by chronic 

hyperglycemia and dyslipidemia. Although β-cell enriched transcription factors central to β-cell 

identity maintenance were identified in previous studies, the exact mechanisms on how these 

factors facilitate the tightly coordinated transcriptional events remain elusive. The transcription 

co-factors TBL1 and TBLR1 are implicated in cell fate, regulation of metabolism, and 

transcriptional events. As TBL1 and TBLR1 interact with a variety of transcription factors and 

nuclear receptors, but also with regulatory complexes signal and cell type specifically, they 

represent ideal candidates to investigate processes involved in maintenance of β-cell identity. 

By generating mice with a conditional and induced β-cell specific TBL1 and/or TBLR1 knock 

out, the general role of TBL1 and TBLR1 in β-cells but also their possible function as regulators 

of β-cell identity will be investigated. Importantly, transcriptomic profiling of islets from mice 

deficient for β-cell specific TBL1 and/or TBLR1 will identify genes and biological processes 

under the control of TBL1 and TBLR. The determination of direct TBL1 and TBLR1 interaction 

partners using an interactome screen aims to understand the interplay between TBL1, TBLR1, 

and potential regulators of β-cell identity under physiological and pathological circumstances. 

Ultimately, this study will increase the current understanding on how β-cell identity is 

maintained and lay the foundation for novel treatment approaches for T2DM. 
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2 RESULTS 

 Analysis of TBL1 and TBLR1 expression in pancreatic β-cells 

2.1.1 Gluco- and lipotoxicity alter TBL1 and TBLR1 expression in INS1E cells and 

mouse islets but not in human islets 

Chronic hyperglycemia and dyslipidemia as they occur in long-term obesity are detrimental for 

β-cell function and physiology, ultimately resulting in β-cell stress and failure (Fu et al. 2013). 

The Attie Lab Diabetes Database reported a downregulation of TBL1 islet gene expression in 

a genetic mouse model of obesity, while TBLR1 expression was unchanged 

(http://diabetes.wisc.edu/). This suggests that TBL1 expression might be associated with 

changes in glycemia and lipidemia and consequently with β-cell function and physiology. To 

investigate whether the expression of TBL1 but also the expression of its homolog TBLR1 are 

affected by β-cell dysfunction as a result of glucose excursions, hyperglycemia was mimicked 

in vitro in cultured β-cells and ex vivo in primary mouse and human islets. For this INS1E cells 

and pancreatic islets were chronically exposed to glucose.  

 

In INS1E cells, glucose reduced TBL1 and TBLR1 gene expression in a dose dependent 

manner (Figure 6A). After 96 h also TBLR1 protein levels were reduced, while TBL1 protein 

levels were slightly but non-significantly reduced (Figure 6B,C). Murine islets cultivated in 

25 mM glucose also showed lower TBLR1 gene expression levels in comparison to islets 

cultivated at 5 mM glucose, which however was not observed for TBL1 (Figure 6D). In human 

pancreatic islets, TBL1 and TBLR1 gene expression was unchanged after cultivation for 72 h 

with 1 mM, 2.8 mM, 5.5 mM, 11 mM, and 16.8 mM glucose (Figure 6E).  

 

Figure 6: TBL1 and TBLR1 gene and protein expression in INS1E cells, murine islets, and human pancreatic 
islets after glucose exposure. (A) INS1E cells were cultivated in 5 mM, 11 mM, or 25 mM glucose for 48 h to 
determine TBL1 and TBLR1 gene expression (n=6) via qPCR (B) and for 96 h to determine protein expression with 
Western Blot using the indicated antibodies. (C) TBL1 and TBLR1 protein levels from (B) were normalized to 
Vinculin levels and quantified using Image J. (D) Murine islet TBL1 and TBLR1 gene expression was determined 
after 48 h of cultivation in 5 mM or 25 mM (n=4) glucose. (E) Human pancreatic islets were cultivated in 1 mM, 2.8 
mM, 5.5 mM, 11 mM, or 16.8 mM glucose for 72 h. Subsequently, TBL1 and TBLR1 gene expression was 
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determined using qPCR. Data is presented as mean ± standard error of the mean (SEM). Statistical analysis was 
performed using an unpaired t-test (D) or a two-way analysis of variance (ANOVA) with a Tukey’s multiple-
comparison post hoc test (A,C,E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Apart from hyperglycemia, mouse models of obesity and obese individuals display 

dyslipidemia (Rochlani et al. 2017). The detrimental effects that chronically elevated lipid 

metabolites have on β-cells are referred to as lipotoxicity (Shimabukuro et al. 1998; Fu et al. 

2013). To investigate whether β-cell TBL1 and TBLR1 levels are affected by a lipotoxic 

environment, INS1E cells and murine islets were chronically exposed to palmitate conjugated 

to bovine serum albumin (BSA). In INS1E cells, TBL1 and TBLR1 gene expression was 

significantly reduced after treatment with 300 µM palmitate for 48 h (Figure 7A). No changes 

in TBL1 and TBLR1 expression were observed in murine islets treated with 300 µM palmitate 

for 48 h (Figure 7B).  

 

Figure 7: TBL1 and TBLR1 gene expression in INS1E cells and murine islets after palmitate treatment. 
(A) TBL1 and TBLR1 gene expression in INS1E cells exposed to 300 µM palmitate conjugated to BSA or vehicle 
for 48 h (n=4). (B) Murine islet TBL1 and TBLR1 gene expression after treatment with 300 µM palmitate conjugated 
to BSA or vehicle for 48 h (n=4). Data is presented as mean ± SEM. Statistical analysis was performed using an 
unpaired t-test. *p < 0.05, **p < 0.01. 

2.1.2 Islet TBL1 and TBLR1 expression is altered in mouse models of aging, obesity, 

and diabetes 

Due to the genetic and physiologic similarity to humans, mice represent a highly potent model 

to investigate human biology and diseases. In many cases, mice resemble human diseases 

and are therefore widely used to understand disease causes, to investigate the underlying 

mechanisms, or to develop novel treatment approaches (Rosenthal and Brown 2007). In this 

study, in vitro and ex vivo glucose treatment of INS1E cells and murine islets pointed towards 

an association between TBL1/TBLR1 expression and β-cell function. To investigate this under 

physiologic conditions, TBL1 and TBLR1 gene expression was determined in pancreatic islets 

from mouse models of β-cell stress and failure.  

 

Aging-associated insulin resistance is a major contributor to β-cell stress and thereby promotes 

the development of age-related diabetes (Møller et al. 2003). Thus, TBL1 and TBLR1 

expression was determined in pancreatic islets from young (2 months) and aged (18 months) 

mice. While TBL1 gene expression was reduced in aged mice in comparison to young mice, 

TBLR1 gene expression was unchanged (Figure 8A), which is in line with alterations in islet 

TBL1 and TBLR1 expression observed in the Attie Lab Diabetes Database. As for aging, diet-

induced obesity is associated with insulin resistance. Moreover, the underlying lipotoxicity 

represents an additional burden for the β-cells (Fu et al. 2013). To mimic diet-induced obesity, 
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mice were put on a high fat diet (HFD) containing 60% calories from fat for 18 weeks. Islet 

TBL1 expression was not altered while TBLR1 gene expression was reduced (Figure 8B). 

Lastly, TBL1 and TBLR1 expression was determined in pancreatic islets from mice lacking the 

leptin receptor gene (db/db), a widely used mouse model for T2DM (Neelankal John et al. 

2018). While TBL1 gene expression was reduced, TBLR1 expression was increased (Figure 

8C), overall, indicating that TBL1 and TBLR1 islet expression levels are dysregulated in mouse 

models β-cell stress and diabetes. 

 

Figure 8: TBL1 and TBLR1 gene expression in mouse models of diabetes and β-cell stress. (A) TBL1 and 
TBLR1 gene expression in pancreatic islets from mice at the age of 2 months (Young) or 18 months (Aged). (B) 
TBL1 and TBLR1 gene expression in pancreatic islets from mice fed standard chow diet (Chow) or a high fat diet 
(HFD) containing 60% calories from fat for 18 weeks starting at the age of 8 weeks. (C) TBL1 and TBLR1 gene 
expression in pancreatic islets from 8 week old db/db mice and heterozygous control (db/+) mice. Data is presented 
as mean ± SEM. Statistical analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01. 

2.1.3 TBL1 and TBLR1 expression is unchanged in human islets upon diabetes or 

aging 

As described above, TBL1 and TBLR1 mRNA levels were found to be dysregulated in various 

mouse models of β-cell stress and diabetes. In particular upon aging and chronic 

hyperglycemia, TBL1 expression was reduced while TBLR1 gene expression was unaffected 

or increased. Therefore, TBL1 and TBLR1 gene expression was determined in human 

pancreatic islets comparing young and aged but also non-diabetic and diabetic organ donors. 

Table 1 summarizes donor characteristics.  

Table 1: Clinical parameters of human pancreatic islet donors. All values are presented as mean ± SEM.  

 Young Aged 

Age [years] 25.7 ± 3.6 67.6 ± 3.2 

Sex 2 f / 9 m 2 f / 11 m 

BMI [kg/m2] 27.6 ± 4.5 27.5 ± 3.1 

HbA1c [%] 5.3 ± 0.4 5.6 ± 0.2 

   

 Non-diabetic (ND) Type 2 diabetic (T2DM) 

Age [years] 49.4 ± 7.3 57.3 ± 4.1 

Sex 2 f / 5 m 2 f / 4 m 

BMI [kg/m2] 27.0 ± 2.8 26.9 ± 4.1 

HbA1c [%] 4.9 ± 0.6 8.2 ± 1.3 

 

Islet TBL1 and TBLR1 gene expression was unchanged between young (Age = 25.7 ± 3.6) 

and body mass index (BMI)- and hemoglobin A1c (HbA1c)-matched aged (Age = 67.6 ± 3.2) 

organ donors (Figure 9A). Also, no differences in islet TBL1 and TBLR1 expression between 

non-diabetic (ND, HbA1c = 4.9 ± 0.6) and BMI-matched type 2 diabetic donors (T2DM, 
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HbA1c = 8.2 ± 1.3) were observed (Figure 9B). A subsequently performed Pearson correlation 

analysis revealed no correlation between TBL1 or TBLR1 expression and age (Figure 9C,D). 

Also, TBLR1 mRNA levels and HbA1c did not correlate (Figure 9F). Interestingly, a non-

significant trend towards negative correlation between TBL1 mRNA levels and HbA1c was 

observed (Figure 9E), further suggesting that TBL1 expression may be associated with the 

functionality and well-being of β-cells. 

 

Figure 9: TBL1 and TBLR1 expression in human pancreatic islets. (A) Islet TBL1 and TBLR1 gene expression 
from 11 young (Age = 25.7 ± 3.6) and 13 aged (Age = 67.6 ± 3.2) organ donors. (B) Islet TBL1 and TBLR1 gene 
expression from 7 non-diabetic (ND; HbA1c = 4.9 ± 0.6) and 6 type 2 diabetic (T2DM; HbA1c = 8.2 ± 1.3) organ 
donors. Correlation analysis between Age and islet (C) TBL1 or (D) TBLR1 gene expression (n = 37). Correlation 
analysis between HbA1c and islet (E) TBL1 or (F) TBLR1 gene expression (n = 34). Pearson correlation coefficients 
and significance are displayed in each diagram. Data is presented as mean ± SEM (A,B). Statistical analysis was 
performed using an unpaired t-test (A,B) or a linear regression (C-F). 

 Generation of β-cell specific TBL1 and/or TBLR1 knock out mice 

Cre/LoxP is a widely and frequently used site-specific recombinase system to cell type and 

time specifically manipulate genes. It thereby enables the identification of the tissue or 

developmental stage-specific function of a gene within an animal model. To achieve tissue 

specific manipulation of a gene, the Cre recombinase gene is inserted after a cell type-specific 

promoter and is thus expressed only in that particular cell type. Upon expression, the Cre 

recombinase protein recognizes two directly repeated loxP sites. Depending on the direction 

of the loxP sites the Cre induced recombination results in deletion, inversion, or translocation 

of the flanked regions (Kim et al. 2018).  

 

In order to investigate the role of TBL1 and TBLR1 in pancreatic β-cells in vivo, conditional β-

cell specific TBL1 and/or TBLR1 knock out mice were generated on a C57BL/6N background. 

To accomplish a β-cell specific knock out, mice carrying the Cre recombinase gene under the 

control of the insulin 1 gene (Ins1) promoter were used (Ins1Cre). Ins1Cre mice (B6(Cg)-

Ins1tm1.1(cre)Thor/J) were generated by Thorens et al. (Thorens et al. 2015) and purchased from 

The Jackson Laboratory. The conditional knock out was induced by backcrossing Ins1Cre 

mice to a C57BL/6N background and a subsequent crossing with floxed TBL1 or TBLR1 mice. 
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Floxed TBL1 (C57BL/6NTac-Tbl1xtm3495Arte) and TBLR1 (C57BL/6-Tbl1xr1tm2273Arte) mice were 

generated by Taconic Artemis. In the TBL1 flox and TBLR1 flox mice, loxP sites were flanking 

exon 5, which encodes for the F-box-like domain resulting in loss of function of the TBL1 or 

TBLR1 protein upon Cre recombination. Floxed TBL1 and TBLR1 litter mates genotyped 

negatively for the Cre recombinase were used as controls.  

2.2.1 Mice heterozygous for Ins1Cre show normal glycemia and insulinemia, but 

reduced insulin gene expression 

To exclude that any phenotype observed in the TBL1 or TBLR1 knock out mice is driven 

exclusively by the presence of Ins1Cre, first mice carrying the Ins1Cre but not the floxed TBL1 

or TBLR1 were phenotyped. A previous study determined the efficiency and tissue specificity 

of the Ins1Cre mouse line (Thorens et al. 2015). Since Thorens and colleagues determined 

random glycemia and glycemia during an intraperitoneal glucose tolerance test (ipGTT) only 

(Thorens et al. 2015), mice heterozygous for Ins1Cre were characterized in this study prior to 

phenotypic characterization of the respective knock out mouse lines. In line with Thorens et 

al., body weight (Figure 10A), blood glucose levels (Figure 10B), and blood glucose clearance 

in an ipGTT (Figure 10C) did not differ significantly between Ins1Cre+ mice and Ins1Cre- control 

mice. Moreover, no differences in fasting and refeeding blood glucose (Figure 10D) and 

plasma insulin (Figure 10E) were observed, suggesting an intact insulin secretion machinery. 

 

Figure 10: Mice heterozygous for Ins1Cre do not differ in glycemia and insulin secretion from control litter 
mates. (A) Body weight, (B) random blood glucose levels, (C) glucose clearance and area under the curve (AUC) 
during an ipGTT, fasting and refeeding (D) blood glucose and (E) plasma insulin levels of heterozygous Ins1Cre+ 
and Ins1Cre- control litter mates. Data is presented as mean ± SEM. Statistical analysis was performed using an 
unpaired t-test (C for AUC), or a two-way ANOVA with repeated measures and a Šídák's multiple comparison post 
hoc test (A-C), or a two-way ANOVA with a Šídák's multiple comparison post hoc test (D,E). 

Moreover, serum from Ins1Cre+ and Ins1Cre- mice was analyzed using the Serum Analyzer 

from Beckmann Coulter to investigate whether effects on lipid or liver metabolism occur. No 

differences in lipid metabolism markers such as cholesterol, triglycerides, non-esterified fatty 

acids (NEFA), low density lipoprotein (LDL), high density lipoprotein (HDL), or ketone bodies 

were observed (Figure 11A-F). Also, lactate dehydrogenase (LDH) (Figure 11G) and markers 
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of liver function such as albumin, aspartate aminotransferase (AST), or alanine 

aminotransferase (ALT) (Figure 11H-J) did not differ between Ins1Cre+ and Ins1Cre- mice, 

suggesting the Cre insertion into the Ins1 locus does not affect liver or lipid metabolism.  

 

Figure 11: Serum parameters are unchanged between Ins1Cre+ and Ins1Cre- control mice. Serum from mice 
was tested for (A) cholesterol, (B) triglycerides, (C) non-esterified fatty acids (NEFA), (D) low density lipoprotein 
(LDL), (E) high density lipoprotein (HDL), (F) ketone bodies, (G) lactate dehydrogenase (LDH), (H) albumin, (I) 
aspartate aminotransferase (AST), and (J) alanine aminotransferase (ALT). Data is presented as mean ± SEM. 
Statistical analysis was performed using an unpaired t-test. 

Gene expression is a tightly regulated and dynamic process which ensures the rapid 

adaptation of the cell in response to the metabolic need. In pancreatic β-cells, dysregulation of 

gene expression results in loss of β-cell identity, β-cell failure, and ultimately T2DM (Neelankal 

John et al. 2018). The maintenance of a differentiated and mature state of the β-cell is 

facilitated not only by the induction of identity gene expression but also from a selective 

repression of disallowed genes (Swisa et al. 2017). Oxidative stress, ER stress, and 

inflammation, resulting from chronic hyperglycemia and dyslipidemia induce a loss of β-cell 

identity with a downregulation of identity genes such as MafA, Slc2a2, or Pdx1 and an 

upregulation of disallowed genes which comprise of Ldha or Hk1 (Bensellam et al. 2018). 

 

To investigate whether the insertion of the Cre gene into the Ins1 locus would alter islet gene 

expression, β-cell identity and disallowed gene expression was determined in islets from 

heterozygous Ins1Cre+ mice and Ins1Cre- control litter mates. Ins1Cre+ animals showed 

increased Cre mRNA levels, which validates the insertion and expression of the Cre 

recombinase gene (Figure 12A). Moreover, Ins1 gene expression was reduced in Ins1Cre+ by 

~50% in comparison to control litter mates. This reduction was mainly explained by insertion 

of the Cre recombinase by homologous recombination into the second exon of the Ins1 gene, 

resulting in a replacement of the entire Ins1 coding sequence (Thorens et al. 2015). 

Surprisingly, Nkx6.1 but also MafA gene expression were significantly increased (Figure 12B). 

The expression of the other β-cell identity genes (Figure 12B) as well as the expression of the 

disallowed genes (Figure 12C) remained unchanged between Ins1Cre+ and Ins1Cre- mice.  
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Figure 12: Mice heterozygous for Ins1Cre display altered islet Ins1, Nkx6.1, and MafA gene expression. (A) 
Pancreatic islet Cre expression, (B) expression of β-cell identity genes, and (C) expression of disallowed genes 
from heterozygous Ins1Cre+ and Ins1Cre- control litter mates. Data is presented as mean ± SEM. Statistical analysis 
was performed using an unpaired t-test. *p < 0.05, ***p < 0.001, ****p < 0.0001. 

Although no differences in fasting and refeeding plasma insulin levels were observed, Ins1 

gene expression was reduced by ~50% while Nkx6.1 and MafA expression was increased. To 

investigate whether these changes in gene expression would affect hormone levels in the 

pancreas, total pancreatic insulin, glucagon, and somatostatin levels were determined. After 

dissection, pancreas weight did not differ between Ins1Cre+ and control mice (Figure 13A). 

Also, no differences in total pancreas insulin (Figure 13B), glucagon (Figure 13C), and 

somatostatin (Figure 13D) content were observed. Thus, although Ins1 gene expression was 

reduced in Ins1Cre+ mice pancreatic insulin content but also content of other islet hormones 

was unchanged between Ins1Cre- and Ins1Cre+ mice.  

 

Figure 13: Ins1Cre+ mice display normal islet hormone expression. (A) Pancreas weight in control Ins1Cre- 
and Ins1Cre+ mice. After dissection, pancreas was lysed and total pancreatic (B) insulin, (C) glucagon, and (D) 
somatostatin content was determined. Subsequently, hormone levels were normalized to protein levels. Data is 
presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test.  

Although Ins1 gene expression was reduced, no changes in glucose homeostasis and insulin 

secretion were observed upon Cre recombinase insertion into the Ins1 locus. This indicates 

that the Ins1Cre mouse line is a suitable model to knock out TBL1 and TBLR1 β-cell 

specifically. 

2.2.2 Validation of TBL1 and TBLR1 knock out specificity and efficiency 

In line with observations from Thorens et al., insertion of the Cre recombinase into the Ins1 

locus had no effects on glucose metabolism in mice (Thorens et al. 2015). Moreover, as 

described above apart from the 50% downregulation of the Ins1 gene and slight upregulation 

of the Nkx6.1 and MafA gene no differences in islet gene expression were observed. As no 
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changes in pancreatic insulin content or circulating plasma insulin were observed, the Ins1Cre 

model was used to investigate the β-cell specific role of TBL1 and TBLR1.  

 

Mice heterozygous for Ins1Cre and homozygous for TBL1 flox (TBLβKO) or TBLR1 flox 

(TBLRβKO) were born at a mendelian ratio and with normal body weight and size. Knock out 

specificity and efficiency were tested prior to metabolic characterization of the mice. In the 

TBLβKO mice, islet TBL1 mRNA levels were significantly reduced by 80% while in other 

tissues such as liver, epididymal white adipose tissue (eWAT), kidney, spleen, gastrocnemius 

(GC) muscle, brain, or small and large intestine TBL1 mRNA levels remained unchanged in 

comparison to controls (Figure 14A). As multicellular micro-organ, the pancreatic islet 

comprises of various cell types of which β-cells make up around 70-80% (Kim et al. 2009). 

Thus, the remaining 20% of TBL1 expression in the islets is likely attributed to other islet cell 

types. Accordingly, TBL1 protein levels in the islet were also strongly reduced (Figure 14B). 

As for the gene expression, remaining TBL1 protein levels can be explained by TBL1 

expression in the other islet cell types. Comparable to the TBLβKO mice, TBLR1 gene 

expression was reduced by ~70% in islets of TBLRβKO mice, while the expression in the other 

tissues was unchanged in comparison to control litter mates (Figure 14C). In line with reduced 

TBLR1 mRNA levels, TBLR1 protein levels were also strongly reduced in TBLRβKO mice in 

comparison to controls (Figure 14D). Ultimately, this implies that TBL1 and TBLR1 were 

deleted with a high efficiency most likely specifically in the β-cells of TBLβKO and TBLRβKO 

mice, respectively. 

 

Figure 14: TBL1 and TBLR1 mRNA levels are specifically reduced in pancreatic islets of TBLβKO and 
TBLRβKO mice, respectively. (A) TBL1 gene expression in islets and peripheral tissues from TBLβKO mice and 
controls. (B) TBL1 and Vinculin protein expression determined in islets from TBLβKO mice and control litter mates 
using Western Blot. (C) TBLR1 gene expression in islets and peripheral tissues from TBLRβKO mice and controls. 
(D) TBLR1 and Vinculin protein expression determined in islets from TBLRβKO mice and control litter mates using 
Western Blot. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test. 
**p < 0.01, ***p < 0.001. 
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 β-cell specific TBL1 (TBLβKO) and TBLR1 (TBLRβKO) knock out mice 

display no metabolic phenotype 

To investigate the role of TBL1 and TBLR1 in pancreatic β-cells in vivo, mice lacking TBL1 

(TBLβKO) or TBLR1 (TBLRβKO) β-cell specifically were generated using the Cre/loxP system 

as previously described. After demonstrating knock out efficiency and tissue specificity and 

excluding effects due to the insertion of the Cre recombinase gene into the Ins1 locus, mice 

were phenotypically characterized under normal and challenged conditions, including diet-

induced obesity and aging.  

2.3.1 Ablation of β-cell specific TBL1 or TBLR1 has no effect on β-cell physiology 

TBLβKO and TBLRβKO mice, and the respective control mice were weekly monitored starting 

the age of 4 or 5 weeks. Weekly determined body weight or blood glucose levels determined 

on the day of sacrifice did not differ between controls and TBLβKO (Figure 15A) or TBLRβKO 

(Figure 15B) mice, respectively. In line with similar body weights, no differences in liver, eWAT, 

kidney, or spleen weight were observed between controls and TBLβKO (Figure 15C) or 

TBLRβKO (Figure 15D) mice. 

 

Figure 15: Body and tissue weight are unchanged upon β-cell specific TBL1 or TBLR1 knock out in 
comparison to controls. Weekly determined body weight and blood glucose determined on the day of sacrifice in 
(A) TBLβKO or (B) TBLRβKO mice and the respective controls. Liver, eWAT, kidney, and spleen weight in (C) 
TBLβKO or (D) TBLRβKO mice and the respective controls. Data is presented as mean ± SEM. Statistical analysis 
was performed using an unpaired t-test (A,B for blood glucose and C,D) or a two-way ANOVA with repeated 
measures and a Šídák's multiple comparison post hoc test (A,B for body weight).  

To investigate glucose metabolism and the responsiveness to glucose of β-cells lacking TBL1 

or TBLR1, blood glucose clearance during an ipGTT was investigated. No differences in blood 

glucose clearance during the ipGTT were observed between TBLβKO or TBLRβKO and 

respective control mice (Figure 16A,B). To exclude possible effects on blood glucose 

clearance due to impaired insulin signaling, insulin sensitivity was determined. As expected, 

insulin responsiveness was comparable between controls and TBLβKO (Figure 16C) or 

TBLRβKO (Figure 16D) mice, respectively. 
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Figure 16: Blood glucose clearance is unchanged between TBLβKO or TBLRβKO mice and respective 
controls. ipGTT in (A) TBLβKO or (B) TBLRβKO mice and the respective controls. Mice were fasted for 6 h. After 
basal blood glucose determination, mice were injected with 2 g/kg D-glucose. Blood glucose levels were determined 
15, 30, 60, and 120 min after injection. ipITT in (C) TBLβKO or (D) TBLRβKO mice and the respective control litter 
mates. Mice were fasted for 6 h. After determination of baseline blood glucose levels, mice were injected with 
0.6 U/kg insulin. Blood glucose levels were determined 15, 30, 45, 60, 90, and 120 min after injection. Blood glucose 
levels are plotted over time course of the experiment or are displayed as AUC. Data is presented as mean ± SEM. 
Statistical analysis was performed using an unpaired t-test (A-D for AUC) or a two-way ANOVA with repeated 
measures and a Šídák's multiple comparison post hoc test (A-D for time course experiments). 

Blood glucose clearance and insulin sensitivity were comparable between TBLβKO or 

TBLRβKO mice and respective controls. Next, β-cell functionality and in particular ability to 

secrete insulin in response to food intake was determined. Thus, fasting and refeeding blood 

glucose and plasma insulin levels were determined. However, no differences in fasting and 

refeeding glycemia and insulinemia were observed between TBLβKO (Figure 17A) or 

TBLRβKO (Figure 17B) mice and the respective controls. Ultimately, this implies that 

pancreatic β-cells lacking TBL1 or TBLR1 are functional and secrete insulin adequately in 

response to food intake.  

 

Figure 17: TBLβKO and TBLRβKO mice display normal fasting and refeeding glycemia and insulinemia. 
Blood glucose and plasma insulin levels after 16 h of fasting and 2 h of refeeding in controls and (A) TBLβKO or 
(B) TBLRβKO mice. Data is presented as mean ± SEM. Statistical analysis was performed using a two-way ANOVA 
with a Šídák's multiple comparison post hoc test. 

TBL1 and TBLR1 are transcription co-factors and were previously described to regulate 

transcriptional events through signal dependent transcription factor binding and recruitment of 



 

 

24  RESULTS 

activator or repressor complexes (Perissi et al. 2008). To investigate whether TBL1 and TBLR1 

were implicated in β-cell gene expression, pancreatic islets were isolated from TBLβKO and 

TBLRβKO mice and expression of identity genes and of genes that are commonly repressed 

in mature β-cells was determined. Upon TBL1 knockout, TBLR1 was significantly upregulated 

suggesting TBLR1 might compensate for the lack of TBL1 (Figure 18A). In contrast, TBL1 

expression was unchanged upon TBLR1 knock out (Figure 18B). In islets from TBLβKO and 

TBLRβKO mice, Ins1 gene expression was significantly reduced by ~50% (Figure 18C,D), an 

observation that was previously made when mice heterozygous for Ins1Cre were compared to 

control litter mates (see Chapter 2.2.1). This indicates that the reduction in Ins1 expression is 

not induced by the lack of TBL1 or TBLR1 but results from the Cre insertion into the Ins1 locus. 

Moreover, NeuroD1 expression was significantly upregulated in TBLRβKO mice in comparison 

to controls (Figure 18D). Interestingly, the β-cell disallowed genes Ngn3, Hk1, and Arx were 

significantly upregulated upon TBL1 knock out (Figure 18E). No changes in the expression of 

β-cell disallowed genes were observed in islets from TBLRβKO mice in comparison to control 

litter mates (Figure 18F). Thus, although β-cell identity is maintained upon TBLR1 deficiency, 

changes in islet gene expression upon TBL1 knock out suggest a slight impairment of β-cell 

identity.  

 

Figure 18: TBLβKO islets over express TBLR1 while TBL1 levels are unchanged in TBLRβKO islets. TBL1 
and TBLR1 gene expression in (A) TBLβKO or (B) TBLRβKO mice. Expression of (B,C) β-cell identity genes and 
(E,F) disallowed genes in islets from controls and TBLβKO or TBLRβKO mice, respectively. Data is presented as 
mean ± SEM. Statistical analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001. 

In line with previously described body and tissue weights, pancreas weight did not differ 

between control and TBLβKO or TBLRβKO mice (Figure 19A). Subsequently determined total 

pancreatic insulin content showed that no differences in insulin content were observed 

between controls and TBLβKO or TBLRβKO mice (Figure 19B), which is in line with 
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comparable circulating insulin levels at fasted and refed state shown above. Moreover, no 

differences in total pancreas glucagon (Figure 19C) or somatostatin (Figure 19D) content were 

observed between controls, TBLβKO, and TBLRβKO mice, implying that islet hormone 

expression is unchanged upon TBL1 or TBLR1 deficiency in pancreatic β-cells. 

 

Figure 19: TBL1 or TBLR1 deficiency in β-cells does not alter insulin, glucagon, or somatostatin content in 
the pancreas. (A) Pancreas weight in control, TBLβKO, and TBLRβKO mice. Total pancreas (B) insulin, (C) 
glucagon, and (D) somatostatin content in control, TBLβKO, and TBLRβKO mice normalized to protein levels. Data 
is presented as mean ± SEM. Statistical analysis was performed using a one-way ANOVA with a Dunnett’s multiple 
comparison post hoc test. 

Previous studies have demonstrated that alterations in islet morphology can precede β-cell 

failure and hyperglycemia (Mezza et al. 2014). Therefore, islet micro-architecture was 

investigated upon TBL1 or TBLR1 knock out although no phenotypic alterations were observed 

thus far. Immunofluorescence staining for glucagon and insulin, identifying α-cells and β-cells, 

respectively revealed that the highly organized cell distribution commonly observed in murine 

islets (Cabrera et al. 2006; Kim et al. 2009) was unaffected upon TBL1 (Figure 20A) or TBLR1 

(Figure 20B) knock out. Accordingly, no differences in β-cell mass or α-cell mass were 

observed between TBLβKO (Figure 20C) or TBLRβKO mice (Figure 20D) and the respective 

controls. 

 

Figure 20: Islet micro-architecture is unaffected by TBL1 or TBLR1 knock out. Representative images of 
immunofluorescence staining of islets in the pancreas of controls and (A) TBLβKO or (B) TBLRβKO mice. β-cells 
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are displayed as insulin+ cells in green. α-cells are displayed as glucagon+ cells in red. Immunofluorescence 
staining was performed and analyzed by the core facility Pathology & Tissue Analytics at the Helmholtz Munich. (C) 
Quantification of insulin+ cell mass (β-cells) and glucagon+ cell mass (α-cells) in TBLβKO mice and control litter 
mates. (D) Quantification of insulin+ cell mass (β-cells) and glucagon+ cell mass (α-cells) in TBLRβKO mice and 
controls. Data is presented as median and minimum/maximum (C,D). Statistical analysis was performed using an 
unpaired t-test.  

2.3.2 TBLβKO and TBLRβKO mice display normal glucose metabolism on high fat diet  

Previous studies identified diet-induced obesity as main contributor to the development of 

glucose intolerance and insulin resistance. The resulting hyperglycemia and the increased 

insulin demand in obesity represent major stressors for the β-cells. At first, β-cells compensate 

for the underlying insulin resistance by increased insulin secretion and β-cell hyperplasia 

(Karam et al. 1963; Kim et al. 2009). Eventually, β-cells fail which leads to impaired insulin 

synthesis, secretion, and ultimately to the development of T2DM (Rochlani et al. 2017). Since 

TBLβKO and TBLRβKO mice showed no metabolic phenotype on chow diet, the effects of β-

cell specific TBL1 or TBLR1 ablation were investigated at pathological conditions such diet-

induced obesity. 

 

For this, TBLβKO and TBLRβKO mice were placed on a HFD containing 60% calories from fat 

for 24 weeks starting at the age of 6 weeks. Weekly determined body weight and blood glucose 

levels were undistinguishable between control and TBLβKO (Figure 21A) or TBLRβKO mice 

(Figure 21B), respectively. Body composition of TBLβKO and TBLRβKO mice was determined 

using echo-magnetic resonance imaging (MRI) after 15 weeks of HFD. As expected from the 

weekly determined body weight, TBLβKO (Figure 21C) and TBLRβKO (Figure 21D) mice 

showed similar body composition in comparison to control mice. In line with that, no differences 

in eWAT weight between controls and respective knock out mice were observed. Likewise, 

liver, kidney, or spleen weight between TBLβKO (Figure 21E) or TBLRβKO (Figure 21F) and 

control litter mates were unchanged. 

 

Figure 21: Body weight and composition do not differ between controls and TBLβKO or TBLRβKO mice on 
HFD. Weekly determined body weight in (A) TBLβKO or (B) TBLRβKO mice and respective controls. Body 
composition was determined using Echo-MRI after 15 weeks of HFD in controls or (C) TBLβKO and (D) TBLRβKO 
mice. eWAT, liver, kidney, and spleen weight after 24 weeks of HFD in (E) TBLβKO or (F) TBLRβKO mice and the 
respective control mice. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired 
t-test (C-F) or a two-way ANOVA with repeated measures and a Šídák's multiple comparison post hoc test (A,B).  
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Weekly determined blood glucose levels did not differ between TBLβKO (Figure 22A) or 

TBLRβKO (Figure 22B) mice and respective control litter mates. To investigate whether TBL1 

or TBLR1 knock out affects glucose homeostasis, blood glucose and plasma insulin levels 

were determined at fasted and refed state. No differences in fasting or refeeding glycemia and 

insulinemia were observed in TBLβKO (Figure 22C) or TBLRβKO (Figure 22D) mice in 

comparison to controls, suggesting that also under challenged conditions such as diet-induced 

obesity blood glucose homeostasis is not affected by the β-cell specific deletion of TBL1 or 

TBLR1. 

 

Figure 22: Mice lacking β-cell specific TBL1 or TBLR1 display normal glycemia and insulinemia on HFD. 
Weekly determined blood glucose levels in (A) TBLβKO and (B) TBLRβKO mice. Blood glucose and plasma insulin 
after 16 h fasting and 2 h refeeding in (C) TBLβKO and (D) TBLRβKO mice after 22 or 14 weeks on HFD, 
respectively. Data is presented as mean ± SEM. Statistical analysis was performed using a two-way ANOVA with 
repeated measures and a Šídák's multiple comparison post hoc test (A,B) or a two-way ANOVA with a Šídák's 
multiple comparison post hoc test (C,D). 

Since fasting and refeeding blood glucose and plasma insulin levels did not differ between 

controls and knock out mice, a glucose tolerance test was performed to closely investigate 

blood glucose clearance and thereby the responsiveness of β-cells to glucose in the absence 

of TBL1 or TBLR1 upon HFD. However, blood glucose clearance was unchanged in TBLβKO 

(Figure 23A) and TBLRβKO (Figure 23B) mice in comparison to control litter mates, 

respectively suggesting insulin secretion is not affected upon TBL1 or TBLR1 knock out in diet-

induced obesity. To exclude possible effects on blood glucose clearance due to differing insulin 

responsiveness, insulin sensitivity was determined. No differences in insulin sensitivity were 

observed between TBLβKO (Figure 23C) or TBLRβKO (Figure 23D) mice and controls, 

ultimately suggesting that β-cells are functional despite lacking TBL1 or TBLR1 on HFD. 
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Figure 23: Glucose tolerance and insulin sensitivity are unchanged in TBLβKO and TBLRβKO mice on HFD. 
After 20 weeks of HFD, (A) TBLβKO and (B) TBLRβKO mice were starved for 16 h. Then, after baseline blood 
glucose determination mice were injected intraperitoneally with 2 g/kg D-glucose. Blood glucose levels were 
determined 5, 15, 30, 60, and 120 min after injection. After 12 weeks of HFD, insulin sensitivity was determined. 
After 6 h of fasting and baseline glucose determination, (C) TBLβKO and (D) TBLRβKO mice were injected with 
1 U/kg insulin. Blood glucose levels were determined 15, 30, 45, 60, 90, and 120 min after injection. Blood glucose 
levels are plotted over time course of the experiment or are displayed as AUC. Data is presented as mean ± SEM. 
Statistical analysis was performed using an unpaired t-test (A-D for AUC) or a two-way ANOVA with repeated 
measures and a Šídák's multiple comparison post hoc test (A-D for blood glucose curve). 

To investigate whether islet gene expression was affected by the ablation of TBL1 or TBLR1 

on HFD, pancreatic islets were isolated and tested for TBL1/TBLR1 gene expression but also 

for β-cell identity and disallowed genes. Interestingly, as for the chow diet fed mice, TBLR1 

gene expression was significantly upregulated upon TBL1 knock out (Figure 24A), while no 

changes in TBL1 expression upon TBLR1 knock out occurred (Figure 24B). Apart from the 

expected reduction in Ins1 gene expression, no differences in`β-cell identity gene expression 

were observed in islets from TBLβKO mice in comparison to controls (Figure 24C). Ins1 gene 

expression was also downregulated in TBLRβKO mice. Moreover, Nkx6.1, MafA, and Slc2a2 

expression was significantly upregulated in the TBLRβKO mice (Figure 24D). In line with 

observations from TBLβKO mice on chow diet, Ngn3, a β-cell progenitor cell marker, was 

upregulated in TBLβKO mice (Figure 24E). Moreover, the α-cell identity gene MafB (MAF BZIP 

Transcription Factor B) was upregulated upon TBLR1 knock out (Figure 24F), overall 

suggesting impairments in β-cell identity upon TBL1 and TBLR1 knock out. 
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Figure 24: Islet gene expression is altered in mice lacking TBL1 or TBLR1 on HFD. After 24 weeks of HFD, 
islet (A,B) TBL1 and TBLR1, (C,D) β-cell identity, and (E,F) disallowed gene expression was determined in TBLβKO 
and TBLRβKO mice, respectively. Data is presented as mean ± SEM. Statistical analysis was performed using an 
unpaired t-test. **p < 0.01, ***p < 0.001, ****p < 0.0001 

Taken together, although glucose homeostasis and insulinemia were unchanged, TBLβKO or 

TBLRβKO mice displayed dysregulated islet gene expression upon HFD. The increase in 

disallowed genes upon TBL1 or TBLR1 deficiency implies a mild impairment in β-cell identity 

or an initiation of dedifferentiation, suggesting a possible role of TBL1 and TBLR1 in the 

maintenance of β-cell identity. 

2.3.3 Aged TBLβKO and TBLRβKO mice show normal islet gene expression and islet 

morphology 

Age is a major risk factor for the development of β-cell dysfunction, mainly due to the underlying 

insulin resistance. In addition, processes and mechanisms that are crucial for normal β-cell 

function, including proliferation, dedifferentiation, regenerative capacity, are altered during 

aging (Møller et al. 2003). In mice, islet TBL1 expression was reduced upon aging. Thus, islet 

gene expression in one year old TBLβKO and TBLRβKO mice was investigated. Interestingly, 

as for the young TBLβKO mice, TBLR1 gene expression was significantly upregulated (Figure 

25A), while TBL1 expression remained unchanged upon TBLR1 knock out (Figure 25B). No 

differences in β-cell identity gene expression were observed in TBLβKO (Figure 25C) and 

TBLRβKO (Figure 25D) mice in comparison to the control litter mates apart from a ~50% 

reduction in Ins1 gene expression which is attributed to the Cre recombinase insertion into the 

Ins1 locus. Genes typically disallowed in β-cells were not affected by TBL1 (Figure 25E) or 

TBLR1 (Figure 25F) knock out, generally suggesting that β-cell function and identity is 

maintained in aged mice despite TBL1 or TBLR1 ablation. 
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Figure 25: TBLR1 is upregulated in pancreatic islets of 1 year old TBLβKO mice. (A,B) Islet TBL1 and TBLR1, 
(C,D) β-cell identity, and (E,F) disallowed gene expression from 1 year old TBLβKO and TBLRβKO mice, 
respectively was determined by qPCR. Data is presented as mean ± SEM. Statistical analysis was performed using 
an unpaired t-test. **p < 0.01, ****p < 0.0001.  

To investigate possible alterations in islet micro-architecture, pancreas was dissected from 

1 year old controls and TBLβKO or TBLRβKO mice and histologically analyzed. Pancreas 

weight did not differ between controls and TBLβKO (Figure 26A) or TBLRβKO (Figure 26B) 

mice. In line with the unchanged gene expression profile in the islets from TBLβKO and 

TBLRβKO mice in comparison to the controls, no differences in islet architecture were 

observed upon TBL1 (Figure 26C) or TBLR1 (Figure 26D) knock out. Quantification of the 

immunofluorescence images showed no differences in insulin+ β-cell mass or glucagon+ α-cell 

mass in TBLβKO (Figure 26E) in comparison to control litter mates. Although no differences in 

insulin gene expression and islet architecture were observed in TBLRβKO mice, β-cell mass 

was significantly increased while α-cells mass was unchanged in TBLRβKO mice in 

comparison to controls (Figure 26F). 
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Figure 26: In aged mice, islet micro-architecture is unaffected by TBL1 or TBLR1 knock out. Pancreas weight 
of 1 year old (A) TBLβKO or (B) TBLRβKO mice and respective controls. Representative images of 
immunofluorescence staining of islets in the pancreas of controls and (C) TBLβKO or (D) TBLRβKO mice. β-cells 
are displayed as insulin+ cells in green. α-cells are displayed as glucagon+ cells in red. Immunofluorescence staining 
was performed and analyzed by the core facility Pathology & Tissue Analytics at the Helmholtz Munich. (E) 
Quantification of insulin+ cell mass (β-cells) and glucagon+ cell mass (α-cells) in TBLβKO mice and control litter 
mates. (F) Quantification of insulin+ cell mass (β-cells) and glucagon+ cell mass (α-cells) in TBLRβKO mice and 
controls. Data is presented as mean ± SEM (A,B) or as median and minimum/maximum (E,F). Statistical analysis 
was performed using an unpaired t-test. *p < 0.05. 

2.3.4 Gene expression profiling of islets from TBLβKO and TBLRβKO mice reveals 

distinct functions of TBL1 and TBLR1 

Characterization of mice lacking either TBL1 or TBLR1 β-cell specifically showed that the β-

cells maintained their functionality under physiologic but also under challenged conditions such 

as in diet-induced obesity or aging. In line with this, β-cell identity genes and genes typically 

repressed in β-cells were also mostly unchanged by the deletion of TBL1 or TBLR1, 

respectively. To further investigate possible functions of TBL1 and TBLR1 in β-cells, global 

gene expression profiling was performed. For this, islets from four 12 week old control, 

TBLβKO, and TBLRβKO mice were used. Although islet and glucose metabolism were largely 

unchanged in mice lacking TBL1 or TBLR1 β-cell specifically, 1464 genes in the TBLβKO islets 

and 3053 genes in the TBLRβKO islets were differentially expressed in comparison to the 

controls. The volcano plot displays all expressed genes of which significantly differentially 

expressed genes (p < 0.05) are shown above the threshold (Figure 27A,B). Of the 1464 

differentially expressed genes in the TBLβKO islets, 731 genes were upregulated while 733 

genes were downregulated. Interestingly, as previously observed in gene expression analysis 

using qPCR, TBLR1 expression was significantly upregulated upon TBL1 knock out (Figure 

27A). Thus, it is tempting to speculate that the development of a strong physiologic phenotype 

in TBLβKO mice was dampened by the over expression of TBLR1.  

 

In the TBLRβKO islets, amongst the 3053 differentially expressed genes 1655 genes were 

upregulated while 1398 genes were downregulated. As previously observed in the qPCR 

analysis, TBL1 expression was unchanged upon TBLR1 knock out (Figure 27B). Thus, 

although TBLR1 may compensate for the lack TBL1, TBL1 does not compensate for the lack 

of TBLR1. This suggests that under physiologic conditions, TBL1 and TBLR1 might have 

distinct functions in the β-cells. Indeed, of the 1464 differentially expressed genes in the 

TBLβKO islets and the 3053 differentially expressed genes in the TBLRβKO islets, only 319 

alternatively regulated genes were overlapping between TBL1 and TBLR1 knock out (Figure 

27C). 
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Figure 27: Gene expression profiling of TBLβKO and TBLRβKO islets reveals distinct functions between 
TBL1 and TBLR1 in pancreatic β-cells. Volcano plot displaying differentially expressed genes from (A) TBLβKO 
or (B) TBLRβKO islets vs. control islets. (C) Venn diagram of differentially expressed genes shared between 
TBLβKO and TBLRβKO islets. n=4. 

A subsequently performed Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway 

analysis identified metabolic pathways associated with the differentially expressed genes. This 

analysis further underlined the difference between TBL1 and TBLR1 as only one pathway – the 

MAPK signaling pathway was upregulated (Figure 28A,B) and one pathway – the 

staphylococcus aureus infection was downregulated in both TBLβKO and TBLRβKO islets in 

comparison to the controls (Figure 28C,D). Interestingly, TBLR1 indeed was previously shown 

to regulate the MAPK signaling pathway in neuronal stem cells (Mastrototaro et al. 2021). No 

islet or diabetes related pathways were upregulated upon TBL1 knock out in β-cells (Figure 

28A). However, although no metabolic differences between TBLβKO mice and controls were 

observed, KEGG pathway analysis revealed pancreatic secretion and the type 1 diabetes 

mellitus to be significantly downregulated (Figure 28C). Surprisingly, upon β-cell specific 

TBLR1 knock out, the notch signaling pathway, which is associated with the loss of β-cell 

maturation (Bartolome et al. 2019), was the only significantly upregulated pathway. Apart from 

that, differentially expressed genes were non-significantly enriched for β-cell-function 

associated metabolic pathways such as type 2 diabetes mellitus, insulin resistance, and the 

insulin signaling pathway (Figure 28B), suggesting an implication of TBLR1 in β-cell function. 

Downregulated pathways upon TBLR1 knock out included protein export and protein 

processing in endoplasmic reticulum (Figure 28D). 
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Figure 28: Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis, suggests an implication 
of TBL1 and TBLR1 in β-cell function. Upregulated KEGG pathways associated with differentially expressed 
genes from (A) TBLβKO and (B) TBLRβKO islets in comparison to islets from controls. Downregulated KEGG 
pathways associated with differentially expressed genes from (C) TBLβKO and (D) TBLRβKO islets in comparison 
to islets from controls. The red box highlights islet/β-cell associated pathways. The black box highlights pathways 
shared by TBLβKO and TBLRβKO. 

 β-cell specific double knock out of TBL1 and TBLR1 (TBL/RβKO) 

results in β-cell dysfunction  

Thus far, mice lacking either TBL1 or TBLR1 β-cell specifically did not show any alterations in 

β-cell function or physiology. Metabolic challenges such as diet-induced obesity or aging also 

did not reveal impairments in the β-cells, although the expression of disallowed genes such as 

Ngn3, Arx, or MafB was significantly upregulated in TBLβKO and TBLRβKO mice on HFD, 

suggesting that a transcriptional program indicative of a loss of β-cell identity is activated. 

Interestingly, islet TBLR1 gene expression was strongly upregulated upon TBL1 knock out, 

indicating a possible compensation for the lack of TBL1 by TBLR1. Indeed, previous studies 

demonstrated that TBL1 and TBLR1 synergistically fulfil critical functions in the liver, as 

ablation of both transcription co-factors resulted in a stronger phenotype than the ablation of 

the respective factor alone (Kulozik et al. 2011). Thus, mice lacking simultaneously TBL1 and 

TBLR1 β-cell specifically (TBL/RβKO) were generated and metabolically characterized.  

2.4.1 TBL/RβKO mice display hyperglycemia, hypoinsulinemia, and abnormal islet 

gene expression 

Weekly determined blood glucose levels were increasing starting at the age of 6 weeks in 

TBL/RβKO mice (Figure 29A). Although TBL/RβKO mice displayed significantly higher blood 

glucose levels during an insulin tolerance test (Figure 29B), blood glucose changes relative to 

baseline glucose were indistinguishable in comparison to controls (Figure 29C), indicating a 

comparable insulin sensitivity between TBL/RβKO and control mice. Thus, insulin resistance 

did not account for the hyperglycemia observed in the TBL/RβKO mice. To investigate β-cell 

functionality and responsiveness to changes in blood glucose levels, fasting and refeeding 

blood glucose and plasma insulin levels were determined in 5 week old mice, prior to the onset 

of hyperglycemia in the TBL/RβKO mice, and in mice at the age of 12 weeks. At the age of 5 

weeks no differences in fasting and refeeding glycemia and insulinemia were observed (Figure 

29D). As expected, in the adult TBL/RβKO mice fasting and refeeding blood glucose levels 

were significantly increased in comparison to the controls. In line with this, fasting insulin levels 

were non-significantly reduced (p=0.08), while refeeding plasma insulin levels were 

significantly lower in TBL/RβKO mice in comparison to the controls. Interestingly, while control 
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mice increased plasma insulin levels in response to food intake significantly, no differences in 

plasma insulin of the TBL/RβKO mice between fasted and refed state were observed (Figure 

29E). Moreover, randomly measured plasma glucagon levels were significantly increased in 

TBL/RβKO mice in comparison to controls (Figure 29F). Thus, hyperglycemia observed in 

TBL/RβKO mice resulted from severely impaired insulin synthesis or secretion as well as from 

elevated circulating glucagon levels. Moreover, worsening of glycemia with age implies a 

progressive loss of β-cell function upon TBL1 and TBLR1 knock out.  

 

Figure 29: Hyperglycemia in TBL/RβKO mice results from impaired rise in circulating insulin in response 
to food intake. (A) Weekly determined random blood glucose levels in control (n=6) and TBL/RβKO (n=6) mice. 
(B) ipITT in TBL/RβKO (n=5) mice and control litter mates (n=5). After fasting for 6 h, baseline glucose levels were 
determined. Subsequently, mice were injected with 0.6 U/kg insulin and blood glucose levels were determined 15, 
30, 45, 60, 90, and 120 min after injection. (C) Relative blood glucose changes from (B). For this, blood glucose 
was normalized to baseline blood glucose levels. Blood glucose levels are plotted over time course of the 
experiment or are displayed as AUC. (D) Blood glucose and plasma insulin levels after 16 h of fasting and 2 h of 
refeeding from 5 week old control and TBL/RβKO mice. (E) Blood glucose and plasma insulin levels after 16 h of 
fasting and 2 h of refeeding from 12 week old control and TBL/RβKO mice. (F) Plasma glucagon levels in control 
and TBL/RβKO mice at the age of 15 weeks. Data is presented as mean ± SEM. Statistical analysis was performed 
using an unpaired t-test (B,C for AUC, F), a two-way ANOVA with repeated measures and a Šídák's multiple 
comparison post hoc test (A and B,C for blood glucose), or a two-way ANOVA with a Tukey’s multiple comparison 
post hoc test (D,E). *Indicates significance between control and TBL/RβKO mice, # indicates significance between 
fasting and refeeding. 

Insulin is a central regulator of energy metabolism as it enables glucose uptake into the 

periphery. The absence of insulin impairs glucose uptake into the respective tissues which 

results in a wasting like phenotype, as observed upon type 1 diabetes mellitus (Fu et al. 2013). 

Indeed, although body weight between TBL/RβKO mice and control litter mates was 

undistinguishable until the age of 13 weeks, starting from the age of 14 weeks TBL/RβKO body 
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weight decreased significantly in comparison to the controls (Figure 30A). Body composition 

analysis at the age of 11 weeks using Echo-MRI revealed substantial loss of fat mass (Figure 

30B), preceding the drop in body weight. Accordingly, eWAT weight was severely reduced. In 

line with mouse models of chronic hyperglycemia, kidney weight was increased (Sharma et al. 

2003). No differences in liver and spleen weight were observed (Figure 30C). 

 

Figure 30: TBL/RβKO mice loose body weight due to fat mass wasting. (A) Weekly determined body weight 
of TBL/RβKO (n=6) and control (n=6) mice. (B) Body composition determined in TBL/RβKO (n=6) and control (n=6) 
mice at the age of 11 weeks using Echo-MRI. (C) eWAT, kidney, liver, and spleen weight determined at the age of 
15 weeks. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test (B,C) or 
a two-way ANOVA with repeated measures and a Šídák's multiple comparison post hoc test (A). *p < 0.05, 
**p < 0.01, ****p < 0.0001. 

In line with the starvation-like phenotype due to lack of peripheral insulin signaling, circulating 

ketone body levels were increased (Figure 31A). Additionally, triglycerides were significantly 

increased (Figure 31B), NEFA levels were non-significantly elevated (Figure 31C), and HDL 

levels were significantly decreased (Figure 31D), suggesting an impairment in lipid 

metabolism. Interestingly, albumin levels were significantly reduced (Figure 31E) while ALT 

(Figure 31F) was increased, suggesting that the liver might be affected by the chronic 

hyperglycemia.  

 

Figure 31: Serum markers related to lipolysis and liver function are altered in TBL/RβKO mice. Serum levels 
of (A) ketone bodies, (B) triglycerides, (C) NEFA, (D) HDL, (E) albumin, and (F) ALT from 15 week old TBL/RβKO 
and control mice. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test. 
*p < 0.05, **p < 0.01. 

Not only facilitates insulin the uptake of glucose, but it also regulates a large portion of 

metabolic pathways in peripheral tissues such as eWAT and liver. As insulin promotes anabolic 

pathways, the absence of insulin would trigger catabolic pathways in these tissues. Previously 

determined serum parameters suggested alterations in eWAT and liver metabolism. Thus, 

expression of genes associated with glucose and lipid metabolism were determined in eWAT 

and liver from TBL/RβKO and control mice. In line with reduced eWAT weight, eWAT Lep 

(Leptin) gene expression was significantly reduced in TBL/RβKO mice in comparison to 

controls. Moreover, according to the hypoinsulinemia in TBL/RβKO mice, expression of insulin 

regulated key enzymes of fatty acid synthesis such as Scd1 (Stearoyl-coenzyme A 

desaturase 1) and Fasn (Fatty acid synthase) was reduced, although no statistical significance 
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was reached for Fasn. Additionally, the gene expression of the insulin dependent glucose 

transporter Slc2a4 (Solute carrier family 2 member 4) was significantly downregulated in the 

eWAT of TBL/RβKO mice (Figure 32A). In accordance with eWAT gene expression, liver Scd1 

expression was also significantly reduced in TBL/RβKO animals. As expected, due to the 

absence of insulin fatty acid oxidation was induced as indicated by an upregulation of Pgc1a 

(Peroxisome proliferator-activated receptor-γ coactivator-1α) (Morris et al. 2012) in TBL/RβKO 

mice. Ultimately, Pck1 (Phosphoenoylpyruvate carboxykinase 1), the rate-limiting enzyme of 

gluconeogenesis in the liver, was also significantly upregulated in TBL/RβKO mice in 

comparison to controls (Figure 32B). Thus, eWAT wasting in TBL/RβKO mice and alterations 

in serum lipid parameters result from reduced fatty acid synthesis in eWAT and liver and 

induced fatty acid oxidation in the liver, promoted by reduced circulating insulin levels. 

Moreover, hyperglycemia in the TBL/RβKO mice is additionally promoted by upregulation of 

the gluconeogenic pathway in the liver.  

 

Figure 32: Catabolic pathways are induced in eWAT and liver in hypoinsulinemic TBL/RβKO mice. (A) Gene 
expression of Lep, Scd1, Fasn, and Slc2a4 in eWAT from TBL/RβKO and control mice. (B) Gene expression of 
Scd1, Pgc1a, and Pck1 in liver from TBL/RβKO and control mice. Data is presented as mean ± SEM. Statistical 
analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Fasting and refeeding glycemia and insulinemia revealed that mice lacking β-cell TBL1 and 

TBLR1 develop hyperglycemia due to insufficient increase in circulating insulin levels in 

response to food intake. To investigate whether the reduced circulating insulin levels result 

from a reduction in insulin synthesis or secretion, islet gene expression from normoglycemic 

5 week old control and TBL/RβKO mice was determined. Surprisingly, although TBL1 and 

TBLR1 gene expression was significantly reduced in comparison to the controls, the 

expression was higher than expected based on observations from the respective single knock 

out mice (Figure 33A). Analysis of β-cell identity genes showed that Ins1 gene expression was 

significantly reduced in TBL/RβKO mice which exceeded the 50% reduction due to Cre 

recombinase insertion. Moreover, Ins2 gene expression was also significantly reduced in 

TBL/RβKO mice in comparison to control litter mates, suggesting that reduced insulin levels 

resulted from reduced insulin gene expression. Interestingly, expression of the β-cell identity 

genes Pax6, Nkx6.1, MafA and Slc2a2 was downregulated in TBL/RβKO mice, suggesting a 

loss of β-cell identity (Figure 33B). In accordance with the reduced expression of β-cell identity 

genes due to β-cell specific TBL1 and TBLR1 knock out, expression of disallowed genes was 

upregulated. The β-cell progenitor cell marker Ngn3 was strongly upregulated in TBL/RβKO 

mice in comparison to controls. Also ChgA (Chromogranin A), Ldha, and Hk1 which are 

commonly repressed in β-cells showed a significant upregulation upon TBL1 and TBLR1 knock 

out (Figure 33C). Overall, gene expression analysis of pancreatic islets revealed that β-cells 

lacking TBL1 and TBLR1 lost their ability to express insulin. The downregulation of 



 

 

37  RESULTS 

transcription factors that control insulin gene expression such as MafA in part explain the 

impaired insulin expression. Simultaneously, β-cell specific TBL1 and TBLR1 ablation 

promoted the expression of disallowed genes.  

 

Figure 33: β-cells lacking TBL1 and TBLR1 lose their identity and induce the expression of disallowed 
genes. Islet (A) TBL1 and TBLR1, (B) β-cell identity, and (C) disallowed gene expression from 5 week old control 
and TBL/RβKO mice was determined by qPCR. Data is presented as mean ± SEM. Statistical analysis was 
performed using an unpaired t-test. *p < 0.05, ***p < 0.001, ****p < 0.0001. 

In line with the analysis of islet gene expression, total pancreatic insulin content was 

significantly reduced in 15 week old TBL/RβKO mice (Figure 34B), although no differences in 

pancreas weight were observed (Figure 34A). In line with the previously observed increase in 

plasma glucagon levels, pancreatic glucagon content (Figure 34C) was increased in 

TBL/RβKO mice in comparison to the controls, while no differences in somatostatin content 

were observed (Figure 34D).  

 

Figure 34: Total pancreas insulin content is reduced while glucagon content is increased in TBL/RβKO 
mice. (A) Pancreas weight in TBL/RβKO mice and controls. Total pancreas (B) insulin, (C) glucagon, and (D) 
somatostatin content normalized to protein levels in TBL/RβKO mice and control litter mates. Data is presented as 
mean ± SEM. Analysis was performed using an unpaired t-test. ****p < 0.0001. 

Dissection of the pancreas from TBL/RβKO and control mice was performed at the age of 

4 days, 5 weeks, and 20 weeks, to investigate changes in the islet morphology over time. 

TBL/RβKO mice had a lower body weight in comparison to control litter mates at the age of 

4 days and 20 weeks, while no differences at the age of 5 weeks were observed (Figure 35A). 

Interestingly, 4 days old TBL/RβKO mice had lower blood glucose levels in comparison to 

controls and in line with previous observations, 5 week old TBL/RβKO mice displayed 

normoglycemia, while 20 week old TBL/RβKO mice displayed hyperglycemia (Figure 35B). 

Immunofluorescence staining of islets in paraffin-embedded pancreas sections showed no 

morphological differences between control and TBL/RβKO mice at the age of 4 days. Although 

TBL/RβKO mice displayed normal glycemia and insulinemia at the age of 5 weeks, islet 
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morphology was severely altered. In murine islets, β-cells are predominantly located in the islet 

core, while α-cells surround the islet in a mantle-like structure (Cabrera et al. 2006). This highly 

organized structure observed in the islets of 5 and 20 week old control mice was completely 

lost upon TBL1 and TBLR1 knock out, as glucagon+ cell clusters appeared in the islet core in 

both 5 week old and 20 week old TBL/RβKO mice (Figure 35C). Interestingly, such abnormal 

islet structure was previously described to occur upon chronic hyperglycemia and T2DM (Kim 

et al. 2009). However, in TBL1 and TBLR1 deficient mice these alterations precede the 

hyperglycemia, suggesting that abnormalities in islet architecture are caused by TBL1 and 

TBLR1 deletion. In line with previously conducted islet gene expression analysis, quantification 

of the immunofluorescence images revealed that β-cell mass was significantly reduced in 

TBL/RβKO mice in comparison to the controls independent of the age (Figure 35D). While α-

cell mass was significantly reduced at the age of 4 days no differences were observed at the 

age of 5 weeks between controls and TBL/RβKO mice. At the age of 20 weeks, α-cell mass 

was significantly increased in TBL/RβKO mice in comparison to control littermates (Figure 

35E). Taken together, the immunofluorescence analysis showed that apart from the 

hyperglycemia and hypoinsulinemia, TBL/RβKO mice display abnormalities in islet micro-

architecture which is accompanied by reduced β-cell mass and increased α-cell mass.  
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Figure 35: Islets from TBL/RβKO mice display abnormal islet morphology, reduced β-cell mass, and 
increased α-cell mass. (A) Body weight and (B) blood glucose levels from TBL/RβKO or controls at the age of 
4 days (P4), 5 weeks, and 20 weeks. (C) Representative images of immunofluorescence staining of islets in the 
pancreas of control or TBL/RβKO mice at the age of 4 days, 5 weeks, and 20 weeks. β-cells are displayed as 
insulin+ cells in green. α-cells are displayed as glucagon+ cells in red. Immunofluorescence staining was performed 
and analyzed by the core facility Pathology & Tissue Analytics at the Helmholtz Munich. Quantification of (D) insulin+ 
cell mass (β-cells) and (E) glucagon+ cell mass (α-cells) in TBL/RβKO mice and control litter mates at the age of 
4 days, 5 weeks, and 20 weeks. Data is presented as mean ± SEM (A,B) or as median and minimum/maximum 
(D,E). Statistical analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001. 

2.4.2 Gene expression profiling of islets from TBL/RβKO mice reveals loss of β-cell 

identity and functionality 

β-cell specific ablation of TBL1 and TBLR1 resulted in hyperglycemia due to impaired insulin 

transcription. Moreover, islets from TBL/RβKO mice showed an abnormal micro-architecture 

and completely lost the organized structure murine islets usually display (Cabrera et al. 2006). 

These observations imply a key role of TBL1 and TBLR1 in the regulation of gene expression 

in β-cells. Global gene expression profiling using RNA Sequencing (RNA-Seq) allows to 

identify genes under control of TBL1 and TBLR1 that go beyond the scope of previously 

performed gene expression analysis using qPCR. For this and to avoid secondary effects from 

chronic hyperglycemia, islets from normoglycemic TBL/RβKO and control mice at the age of 5 

weeks were analyzed. 

 

Preceding the hyperglycemia, 5680 genes were alternatively expressed upon β-cell specific 

TBL1 and TBLR1 knock out of which 3209 genes were upregulated and 2651 genes were 

downregulated (Figure 36A). Using differentially expressed genes from the RNA-Seq analysis, 

a Gene Set Enrichment Analysis (GSEA) was performed. In line with the previously performed 

gene expression analysis using qPCR, GSEA revealed that genes associated with β-cell 

function were enriched in islets of control mice but were downregulated in islets from 

TBL/RβKO mice (Figure 36B), suggestive for loss of β-cell identity upon TBL1 and TBLR1 

ablation. Moreover, in contrast to islets from control mice, differentially expressed genes 

enriched for the epithelial-mesenchymal transition (EMT) in TBL/RβKO islets (Figure 36C). 

Interestingly, an upregulation of EMT signaling was previously associated with loss of β-cell 

identity and T2DM (Jesus et al. 2021; Avrahami et al. 2020; Roefs et al. 2017).  



 

 

40  RESULTS 

 

Figure 36: Gene Set Enrichment Analysis reveals loss of β-cell identity and an upregulation of the epithelial-
mesenchymal transition. (A) Volcano plot displaying differentially expressed genes from TBL/RβKO islets vs. 
control islets. The dashed line indicates the threshold for significance (-log10(p-value) = 1.3). Gene Set Enrichment 
Analysis revealed a (B) downregulation of genes associated with β-cell function and an (C) upregulation of genes 
associated with the epithelial mesenchymal transition. NES = Normalized enrichment score; FDR = False discovery 
rate. 

GSEA revealed that genes associated with β-cell function and identity were strongly 

downregulated while genes associated with the EMT were upregulated in islets from 

TBL/RβKO mice, suggestig a loss of β-cell identity. Indeed, while Ins1 and Ins2 expression 

were strongly downregulated, genes encoding for the other islet hormones such as glucagon 

were upregulated in islets from TBL/RβKO mice (Figure 37A). This is in line with previously 

observed increased α-cell mass, total pancreatic glucagon content, and elevated circulating 

insulin levels in adult TBL/RβKO mice. Additionally, TBL1 and TBLR1 deficiency resulted in a 

significant downregulation of not only key β-cell transcription factors such as Pdx1, Nkx6.1, or 

MafA but also of genes associated with β-cell function including Pcsk1/2 (proprotein 

convertase 1/2), Gipr (glucose-dependent insulinotropic polypeptide receptor), or Slc2a2 

(Figure 37B). Moreover, genes typically repressed in β-cells under physiological conditions 

(Pullen et al. 2010; Lemaire et al. 2017), were strongly upregulated in islets from TBL/RβKO 

mice (Figure 37C). Lastly, also progenitor cell markers such as Sox9 or Ngn3 were upregulated 

in islets from TBL/RβKO mice (Figure 37D). Thus, β-cell specific TBL1 and TBLR1 ablation 

results in a reprogramming of the pancreatic islet gene expression signature.  

 

 

Figure 37: Gene expression profiling reveals a downregulation of β-cell identity genes and an upregulation 
of disallowed genes in islets from TBL/RβKO mice. Heat map displaying relative expression levels of 
differentially expressed genes representative for (A) islet hormones, (B) β-cell identity, (C) disallowed genes, and 
(D) β-cell progenitor marker genes. Each line represents one mouse. Colour represents log2 fold-change for control 
vs. TBL/RβKO. Threshold for significance: -log10(p-value) = 1.3 (p < 0.05). 
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Using Ingenuity Pathway Analysis (IPA) differentially expressed genes were categorized and 

associated with canonical pathways. Upregulated pathways are displayed in red, 

downregulated pathways in blue. In line with previously described alterations in β-cell gene 

expression and islet morphology the insulin secretion signaling pathway was downregulated, 

while type 2 diabetes mellitus signaling was upregulated (Figure 38A). Genes implicated in the 

insulin secretion signaling pathway with the strongest downregulation comprise of the Slc2a2, 

MafA, Ins1, and Prlr (Prolactin receptor) (Figure 38B). Expectedly, for the type 2 diabetes 

mellitus signaling also Slc2a2 and MafA, but also Ins2 and Pdx1 showed the strongest 

downregulation (Figure 38C). Thus, the IPA analysis revealed that islets from TBL/RβKO mice 

display a gene expression signature associated with impaired insulin secretion and T2DM prior 

to the onset of changes in glycemia due to downregulation of β-cell identity genes. 

 

 

Figure 38: Differentially expressed genes in islets from TBL/RβKO mice show an enrichment in pathways 
associated with β-cell dysfunction. (A) Enriched canonical pathways identified based on differentially expressed 
genes from TBL/RβKO islets vs. control islets using Ingenuity Pathway Analysis (IPA). Upregulated pathways are 
displayed in red, downregulated pathways are displayed in blue. Pathways displayed in white showed no clear 
regulation pattern. Top downregulated genes in TBL/RβKO islets from the (B) insulin secretion signaling pathway 
and the (C) type 2 diabetes mellitus signaling pathway identified by IPA. 

An upstream regulator analysis using IPA identified transcription factors or molecules that 

might explain differentially expressed genes. The most significant upstream regulator predicted 

by IPA was TGFB1 (Transforming growth factor β 1), which was previously identified to 

promote EMT in β-cell dedifferentiation (Jesus et al. 2021). This further supports the notion 

that TBL1 and TBLR1 deficient β-cells undergo ETM and dedifferentiation, as previously 

suggested by GSEA. Moreover, Dexamethasone, a glucocorticoid receptor agonist was 

predicted to cause changes in gene expression upon TBL1 and TBLR1 knock out. 

Interestingly, Jones and colleagues reported TBLR1 to be implicated in glucocorticoid receptor 

recruitment (Jones et al. 2014). Indeed, chronic glucocorticoid receptor activation results in 

hyperglycemia, insulin resistance, glucose intolerance, and reduced β-cell mass which 

manifest as steroid-induced diabetes (Esguerra et al. 2020; Delangre et al. 2021; Walth-

Hummel et al. 2022; Geer et al. 2014), which is partly in line with the phenotypic changes 

observed upon TBL1 and TBLR1 knock out (Figure 39). 
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Figure 39: Upstream regulator analysis using IPA identified TGFB1 top hit. With the upstream regulator 
analysis, IPA identified regulators of transcription that would explain the observed gene expression changes in the 
data set. 

According to the findings from the IPA, also the KEGG pathway analysis revealed a 

downregulation of pathways associated with β-cell function and physiology. Given that insulin 

is one of the most abundant and secreted proteins in the β-cell (Fu et al. 2013) and in line with 

the previously described reduction in insulin gene expression, KEGG pathway analysis 

revealed a downregulation in gene sets enriched in protein processing in the endoplasmic 

reticulum, protein export, and insulin secretion. Moreover, the KEGG pathways maturity onset 

diabetes of the young and type 2 diabetes mellitus were downregulated based on the gene set 

enrichment analysis (Figure 40A). Indeed, for both KEGG pathways genes related to β-cell 

maturity and function such as Ins1, Ins2, Slc2a2, or MafA were downregulated while genes 

related to loss of β-cell identity, including Ngn3 or Hk1 were upregulated (Figure 40B). 

Interestingly, in line with GSEA the most significant upregulated KEGG pathway upon TBL1 

and TBLR1 knock out was the extracellular matrix (ECM) receptor interaction (Figure 40C). 

Indeed, EMT and ECM deposition were previously associated with type 2 diabetes and loss of 

β-cell identity (Roefs et al. 2017; Avrahami et al. 2020; Jesus et al. 2021), which is in line with 

the diabetes-like changes in the islet transcriptome of normoglycemic TBL/RβKO mice. 

Moreover, based on the KEGG pathway analysis the PI3K-Akt signaling pathway which is 

involved in cell growth, survival, and proliferation (Yu and Cui 2016) was also upregulated 

(Figure 40C). Interestingly, TBL1 and TBLR1 were previously identified as critical regulators 

of pancreatic cancer cell proliferation through the PI3K signaling pathway (Stoy et al. 2015; Gu 

et al. 2020). As β-cells lose their ability to proliferate during maturation (Meier et al. 2008), the 

dysregulation of the PI3K-Akt signaling pathway along with the immature-like gene expression 

profile suggests that TBL1 and TBLR1 deficient β-cells might show alterations in β-cell 

proliferation, resulting in reduced β-cell mass.  
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Figure 40: KEGG pathway analysis revealed a downregulation of gene sets associated with β-cell function 
and physiology. (A) Downregulated pathways based on enriched gene sets using KEGG pathway analysis. (B) 
Up- (red) and downregulated (blue) genes in TBL/RβKO islets from the maturity onset diabetes of the young and 
type 2 diabetes mellitus KEGG pathway. (C) Upregulated pathways based on enriched gene sets using KEGG 
pathway analysis. 

2.4.3 TBL1 and TBLR1 are not implicated in β-cell proliferation 

In humans, the proliferative capacity of pancreatic β-cells reaches its maximum during foetal 

life. In the first two years of life, the proliferative rate declines and only very low replication 

rates are observed during childhood, adolescence, and adulthood for β-cells (Meier et al. 

2008), in part due to increased methylation of the promoter regions of proliferation genes 

(Avrahami et al. 2015). As the loss of functional β-cells is a central driver for the development 

of T2DM (Fu et al. 2013), promotion of proliferation and thereby the increase in the number of 

functional β-cells represents a widely investigated field in β-cell research. Interestingly, 

previous studies have identified TBL1 and TBLR1 as critical regulators of proliferation in 

pancreatic cancer cells (Li et al. 2014; Stoy et al. 2015; Gu et al. 2020). Moreover, an 

upregulation of the PI3K-Akt signaling pathway was observed in a global transcriptome 

profiling using islets from normoglycemic TBL/RβKO mice. As mice lacking TBL1 and TBLR1 

display hyperglycemia and hypoinsulinemia resulting from reduced β-cell mass, proliferative 

capacity of β-cells lacking TBL1 and/or TBLR1 was investigated in vivo.  

 

For this, TBLβKO, TBLRβKO, normoglycemic TBL/RβKO, and respective controls were in vivo 

injected with Bromodeoxyuridine (BrdU) for three consecutive days. Pancreata were 

subsequently collected and immunohistochemically analyzed for insulin, glucagon, and BrdU 

(Figure 41A). Cells that co-stained for insulin and BrdU were regarded as proliferated β-cell. 

Body weight, blood glucose levels, and pancreas weight did not differ between TBLβKO, 

TBLRβKO mice, and control litter mates (Figure 41B). In line with previously described results, 

no differences in pancreatic β-cell mass were observed and as expected, also no differences 

in proliferative rate between TBLβKO or TBLRβKO mice and controls were observed. 

Accordingly, β-cell mass that co-stained with BrdU relative to total β-cell mass did not differ 

between the respective knock outs and controls (Figure 41C). In the TBL/RβKO mice, no 

differences in blood glucose levels or pancreas weight were observed although body weigh 

was significantly reduced in comparison to the controls (Figure 41D). As previously observed, 

β-cell mass was significantly decreased in TBL/RβKO mice in comparison to controls. 

Interestingly, proliferated β-cell mass was also significantly reduced, which indicates a 

downregulation of proliferative capacity of β-cells lacking TBL1 and TBLR1. However, 

normalizing β-cells mass co-stained with BrdU to total β-cell mass, no differences between 

TBL/RβKO mice and controls were observed (Figure 41E). Thus, reduced β-cell mass 

observed upon TBL1 and TBLR1 knock out does not result from dysregulated proliferation.  
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Figure 41: TBL1 and TBLR1 are not implicated in β-cell proliferation. (A) Experimental procedure of in vivo 
Bromodeoxyuridine (BrdU) injections to determine the proliferative rate of β-cells in TBLβKO, TBLRβKO, and 
TBL/RβKO mice. (B) Body weight, blood glucose, and pancreas weight of 12 week old control, TBLβKO, and 
TBLRβKO mice. (C) β-cell mass (insulin+ cells), mass of proliferated β-cells (insulin+BrdU+ cells), and the 
proliferative rate of β-cells of controls, TBLβKO, and TBLRβKO mice. (D) Body weight, blood glucose, and pancreas 
weight of 5 week old control and TBL/RβKO mice. (E) β-cell mass (insulin+ cells), mass of proliferated β-cells 
(insulin+BrdU+ cells), and the proliferative rate of β-cells of controls and TBL/RβKO mice. Immunofluorescence 
staining was performed and analyzed by the core facility Pathology & Tissue Analysis at the Helmholtz Munich. 
Data is presented as mean ± SEM (B,D) or as median and minimum/maximum (C,E). Statistical analysis was 
performed using an unpaired t-test (D,E) or a one-way ANOVA with a Dunnett's multiple comparison post hoc test 
(B,C). *p < 0.05. 

2.4.4 TBL1 and TBLR1 are not implicated in β-cell maturation during weaning 

Pancreatic β-cells lacking TBL1 and TBLR1 show signatures of immature β-cells, as genes 

typically expressed in β-cell progenitor cells were found to be expressed in islets from 

TBL/RβKO mice. Alterations in islet gene expression and morphology interestingly preceded 

the onset of hyperglycemia, suggesting that the occurring β-cell failure is a time dependent 

process and starts before the age of 5 weeks. Notably, murine β-cell maturation is a process 

taking place in two waves. In mice, the first wave, also called the functional maturation occurs 

in the early postnatal period and is characterized by the acquisition of glucose stimulated 

insulin secretion (Otonkoski et al. 1988; Otonkoski et al. 1991). The second wave of maturation 

is triggered during weaning by the transition from high fat milk to high carbohydrate chow diet 

(Stolovich-Rain et al. 2015). To investigate whether TBL1 and TBLR1 are required for weaning-

triggered maturation, mice were either prematurely weaned at the age of 18 days (Weaned), 

or remained with their mothers (Suckling). At the age of 25 days, mice were sacrificed and 

pancreata were dissected for immunofluorescence staining (Figure 42). Thus, if TBL1 and 

TBLR1 play a key role in weaning-triggered maturation, alterations in islet morphology would 

occur only in the prematurely weaned mice and not in mice that remained with their mothers. 
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Figure 42: Experimental procedure to investigate the involvement of TBL1 and TBLR1 in β-cell maturation. 
Mice were either prematurely weaned at the age of 18 days (P18; Weaned) or remained with their mothers 
(Suckling). At the age of 25 days, mice were sacrificed. Pancreata were dissected and subsequently submitted to 
the core facility Pathology & Tissue Analytics at the Helmholtz Munich for immunofluorescence staining and 
analysis.  

On the day of tissue collection, no differences in body weight, blood glucose levels (Figure 

43A), or pancreas weight (Figure 43B) were observed between controls and TBL/RβKO mice 

from the Weaning or Suckling group. In line with previous observations, immunofluorescence 

staining of insulin and glucagon showed that β-cell specific deletion of TBL1 and TBLR1 lead 

to a loss of the highly organized islet structure. Abnormal islet micro-architecture in the 

TBL/RβKO mice did not differ between the Weaning and Suckling group (Figure 43C). 

Quantification of the immunofluorescence staining of the paraffin-embedded pancreas showed 

no significant differences in β-cell mass between controls and TBL/RβKO mice from the 

Weaning or Suckling group, although in previous observations β-cell mass was significantly 

reduced in TBL/RβKO mice at the age of 4 days. In line with previous observations α-cell mass 

was unchanged between controls and TBL/RβKO mice from the Weaning or Suckling group 

(Figure 43D). The α- to β-cell ratio was previously demonstrated to increase upon T2DM (Fujita 

et al. 2018). Preceding the hyperglycemia, the α- to β-cell ratio was significantly increased in 

the TBL/RβKO mice from the Suckling and Weaning group in comparison to the respective 

controls (Figure 43E). Thus, prolonged suckling period did not protect from the development 

of an abnormal islet structure, ultimately indicating that the second wave of maturation, 

triggered by weaning does not require TBL1 and TBLR1 function. 
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Figure 43: TBL1 and TBLR1 are not required for weaning-triggered maturation of pancreatic β-cells. Control 
and TBL/RβKO mice were either prematurely weaned (Weaned) at the age of 18 days or remained with their 
mothers (Suckling) until sacrifice at the age of 25 days. (A) Body weight and blood glucose levels of control and 
TBL/RβKO mice that were prematurely weaned or remained with their mothers. (B) Pancreas weight of control or 
TBL/RβKO mice from the respective group. (C) Representative immunofluorescence staining of β-cells in green 
(insulin+) and α-cells in red (glucagon+). Immunofluorescence staining was performed and analyzed by the core 
facility Pathology & Tissue Analytics at the Helmholtz Munich. (D) Quantification of insulin+ cell mass (β-cells) and 
glucagon+ cell mass (α-cells) from Weaned or Suckling TBL/RβKO mice and control litter mates. (E) α-cell mass 
relative to β-cell mass calculated from quantification of α-cell and β-cell mass from (D). Data is presented as mean 
± SEM (A,B) or as median and minimum/maximum (D,E). Statistical analysis was performed using a Šídák's multiple 
comparison post hoc test. *p < 0.05. 

2.4.5 Single cell sequencing of islets from TBL/RβKO animals reveals loss of β-cell 

identity 

Bulk RNA-Seq in islets from control and TBL/RβKO mice revealed severe changes in the 

transcriptome and identified almost 6000 differentially expressed genes upon β-cell specific 

TBL1 and TBLR1 deficiency. A major limitation of RNA-Seq is that different cell types within a 

sample are not distinguished, which is critical in particular for pancreatic islets as multi-cellular 

micro-organs comprising of 5 different endocrine cell types (Cabrera et al. 2006). Thus, single 

cell RNA sequencing (scRNA-Seq) was performed to generate a transcriptional profile of the 

distinct endocrine cell types in the islets of normoglycemic TBL/RβKO mice and controls.  

 

Pancreatic islets from 3 control and 4 TBL/RβKO mice were isolated and pooled. From each 

group, 150 islets were used for single cell dissociation and subsequent sequencing. In total, 

6785 single cells from the controls and 5727 single cells from the TBL/RβKO mice were 

sequenced. Based on the expression of cell type specific marker genes, sequenced cells were 

identified as either endocrine cell (expressing Ins1, Gcg, Sst, Ppy, or Ghrl), ductal cell 

(expressing Krt19), acinar cell (expressing Cpa1), endothelial cell (expressing Pecam1), or 

immune cell (expressing Cd68), resulting in 6 major clusters. The two-dimensional projection 

using uniform manifold approximation and projection (UMAP) shows that the endocrine cells 

represent the largest cluster. The low abundance of non-endocrine cell types underlines a 

clean sampling of the islets (Figure 44).  
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Figure 44: Two-dimensional projection of single cells reveals 6 major clusters. Uniform manifold 
approximation and projection (UMAP) visualization of the merged data set of the scRNA-Seq data from islet cells 
from controls and TBL/RβKO mice capturing all detected cell types identified by signature genes. Sample 
processing and library preparation was performed by the core facility Single Cell Genomics at the Helmholtz Munich. 
Sequencing was performed by the core facility Genomics at the Helmholtz Munich. Bioinformatic analysis was 
performed by Peter Weber. 

Two-dimensional projection of the endocrine cell clusters using UMAP revealed that in the 

TBL/RβKO islets, the β-cell cluster represented as Ins1+ cells was smaller than in the control, 

while the clusters for the other cell types appeared larger. Interestingly PP-cells identified as 

pancreatic polypeptide Y+ (Ppy) cells were more pronounced in the β-cell cluster of the 

TBL/RβKO islets than in control islets. Moreover, a set of cells identified as somatostatin+ (Sst) 

δ-cells appeared as small sub-cluster between the β-cell and δ-cell cluster in the TBL/RβKO 

islets (Figure 45A). Quantitative analysis of the cell type composition was in line with the UMAP 

observations, as in the islets of TBL/RβKO mice less β-cells but more α-, δ-, and PP-cells were 

identified. Interestingly, polyhormonal cells as they were previously observed in murine and 

human islets (Katsuta et al. 2010; Blodgett et al. 2015), occurred more often in islets from 

TBL/RβKO mice than in islets from the controls. In particular cells co-expressing three different 

hormones occurred more often in the islets from TBL/RβKO mice than in the controls, while 

cells co-expressing insulin and glucagon or insulin and somatostatin were observed less often 

in the TBL/RβKO islets (Figure 45B).  
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Figure 45: scRNA-Seq reveals alterations in the cell type proportions in islets of TBL/RβKO mice. (A) UMAP 
visualization of the endocrine cell clusters from islet cells from controls and TBL/RβKO mice with each dot 
representing one cell. The major clusters display the 4 main endocrine cell types in the islet. Only monohormonal 
cells are displayed. (B) Heat map showing the relative abundance of the identified cells in the islets of control and 
TBL/RβKO mice. Bioinformatic analysis was performed by Peter Weber. 

Differentially expressed genes between controls and TBL/RβKO of cells identified as β- or α-

cells were analyzed using Enrichr. As expected from previous gene expression analysis, 

differentially expressed genes in cells identified as β-cells were enriched in pathways 

associated with Insulin Secretion, Insulin Synthesis, or β-cell Function (Figure 46A). 

Surprisingly, cells identified as α-cells also showed an enrichment in genes associated with 

pathways typical for β-cells, such as Insulin Synthesis or β-cell Function (Figure 46B). This 

suggests that β-cells lacking TBL1 and TBLR1 might have been identified as α-cells due to the 

dysregulation of gene expression.  

 

 

Figure 46: Differentially expressed genes in cells identified as α- and β-cells enrich for pathways associated 
with β-cell function. Analysis was performed using Enrichr. Displayed are the 10 most significant pathways based 
on differentially expressed genes in cells identified as (A) β-cells or (B) α-cells. Length of the bar is representative 
for the p-value of the respective pathway. 

The cluster analysis and the quantification of the distinct cell types revealed that β-cell number 

was reduced while cell number from other endocrine cell types as well as poly-hormonal cells 

were increased in pancreatic islets from TBL/RβKO mice. This suggests that β-cells deficient 

for TBL1 and TBLR1 might transdifferentiate into other cell types. Therefore, the expression of 

β-cell identity genes was analyzed in β-cells but also in the other endocrine cells identified as 

α-, δ-, or PP-cells. In line with bulk RNA-Seq data and qPCR analysis, MafA expression was 

strongly reduced in β-cells of TBL/RβKO mice in comparison to controls. Surprisingly, MafA 

expression was also reduced in all the other endocrine cell types (Figure 47A), although TBL1 

and TBLR1 knock out was restricted to the β-cells. In TBL/RβKO mice Nkx6.1 expression was 

also not only reduced in β-cells but also in α- and PP-cells while in δ-cells Nkx6.1 expression 

was increased (Figure 47B). Moreover, in TBL/RβKO mice the Slc30a8 expression which 



 

 

49  RESULTS 

encodes for the zink transporter 8, an important marker for β-cell function was, downregulated 

in β-, δ-, and PP-cells while no changes in α-cells were observed (Figure 47C).  

 

Figure 47: Expression of β-cell identity genes is changed in other endocrine cell types in TBL/RβKO mice. 
(A) MafA, (B) Nkx6.1, and (C) Slc30a8 expression in cells identified as glucagon+ (Gcg) α-cells, insulin+ (Ins1) β-
cells, somatostatin+ (Sst) δ-cells, and pancreatic polypeptide Y+ (Ppy) PP-cells in islets from TBL/RβKO mice or 
control litter mates. Sample processing and library preparation was performed by the core facility Single Cell 
Genomics at the Helmholtz Munich. Sequencing was performed by the core facility Genomics at the Helmholtz 
Munich. Bioinformatic analysis was performed by Peter Weber. 

Of note, despite the 70-80% reduction of TBL1 and TBLR1 mRNA and protein levels in 

pancreatic islets from the respective knock out mice, no reduction was detected in TBL1 or 

TBLR1 mRNA in the scRNA-Seq. This is expected as only exon 5 is excised while the 

remaining mRNA is transcribed. This excludes the detection of the knock out via scRNA-Seq. 

 

In summary, two-dimensional projection of the cells based on gene expression patterns using 

UMAP showed a formation of sub-clusters upon TBL/RβKO. Moreover, cells identified as non-

β-cells based on the expression of cell-type specific marker, clustered together with β-cells 

upon TBL1 and TBLR1 knock out, suggesting that β-cells lacking TBL1 and TBLR1 start to 

express marker genes of other cell-types. Accordingly, although TBL1 and TBLR1 knock out 

was restricted to β-cells, expression of the other endocrine cells was also changed. In particular 

β-cell identity genes, which were dramatically downregulated in TBL1 and TBLR1 deficient β-

cells were also reduced in cells identified as α-, δ-, or PP-cells. To elucidate the mechanism 

through which TBL1 and TBLR1 control β-cell identity and to investigate whether TBL1 and 

TBLR1 deficient β-cells indeed transdifferentiate into other cell types, next an in vitro model 

was established.  

 The role of TBL1 and TBLR1 in β-cell physiology in the β-cell lines 

INS1E and MIN6 

Thus far, TBL1 and TBLR1 were identified as essential regulators of β-cell identity as 

TBL/RβKO mice displayed hyperglycemia, hypoinsulinemia, and abnormal islet micro-

architecture which was accompanied by dramatic changes in the islet transcriptome. 

Surprisingly, TBL1 and TBLR1 were not involved in β-cell proliferation or weaning-triggered β-

cell maturation. To understand the underlying mechanism through which TBL1 and TBLR1 

regulate substantial processes in the β-cell such as insulin gene expression, an in vitro TBL1 
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and TBLR1 knock down model was established. TBL1 and TBLR1 knock down was induced 

in INS1E cells using small interference RNA (siRNA) or MIN6 cells using small hairpin RNA 

(shRNA). After knock down gene expression and β-cell functionality were investigated. 

2.5.1 β-cell identity gene expression is upregulated upon TBLR1 and TBL1/TBLR1 

double knock down in INS1E cells 

INS1E cells were transfected with non-targeting siRNA or siRNA targeting TBL1 and TBLR1. 

After 5 days, knock down efficiency was determined. siRNA mediated knock down of TBL1 

reduced efficiently TBL1 mRNA (Figure 48A) and protein (Figure 48B) levels in comparison to 

INS1E cells transfected with the control siRNA. Interestingly, as previously observed in the 

TBLβKO mice, TBLR1 mRNA (Figure 48A) and protein (Figure 48D) levels were significantly 

increased upon TBL1 ablation, suggesting that the upregulation of TBLR1 upon TBL1 

deficiency displays a conserved mechanism in rodents. siRNA mediated knock down of TBLR1 

was successful on mRNA (Figure 48C) and protein (Figure 48D) level. As previously observed 

in the TBLRβKO mice, TBL1 expression (Figure 48B,C) was unchanged upon TBLR1 ablation. 

Simultaneous knock down of TBL1 and TBLR1 reduced TBL1 mRNA levels by 80%, while 

TBLR1 mRNA levels were reduced by only 50% (Figure 48E). Nevertheless, TBL1 and TBLR1 

protein expression was strongly reduced upon TBL1 and TBLR1 knock down in comparison to 

the control (Figure 48F), suggesting a successful knock down.  

 

Figure 48: TBL1 and TBLR1 are successfully knocked down in INS1E cells. INS1E cells were transfected for 
5 days using control siRNA (Control) or siRNA targeting TBL1 and/or TBLR1 (TBL KD, TBLR KD, or TBL/R KD). 
(A) TBL1 and TBLR1 mRNA levels in INS1E cells transfected with control siRNA (n=4) or siRNA targeting TBL1 
(n=4). (B) TBL1 and Vinculin protein levels in INS1E cells after transfection with control siRNA or siRNA targeting 
TBL1 or TBLR1, respectively. (C) TBL1 and TBLR1 mRNA levels in INS1E cells transfected with control siRNA 
(n=4) or siRNA targeting TBLR1 (n=4). (D) Western Blot displaying Vinculin and TBLR1 protein expression in INS1E 
cells transfected with control siRNA or siRNA targeting TBL1 or TBLR1, respectively. TBL1 and TBLR1 (E) mRNA 
and (F) protein levels in INS1E cells after transfection using control siRNA (n=6) or TBL1 and TBLR1 (n=6) siRNA. 
Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test. ****p < 0.0001. 

After the validation of the knock down of TBL1 and TBLR1 on mRNA and protein level, gene 

expression of β-cell identity genes and disallowed genes was determined. Interestingly, upon 

TBL1 knock down, Ins1, Ins2, and Slc2a2 expression was downregulated while Pdx1 and Ucn3 

expression was upregulated in comparison to the control (Figure 49A). Expression of genes 
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typically disallowed in β-cells was unchanged in INS1E cells transfected with either control 

siRNA or TBL1 siRNA (Figure 49B). Unexpectedly, TBLR1 knock down induced an 

upregulation of all determined β-cell identity genes (Figure 49C). ChgA expression was 

significantly increased, while Ngn3 expression was unchanged (Figure 49D), suggesting an 

improvement of β-cell function upon TBLR1 ablation. Interestingly, as for INS1E cells upon 

TBLR1 knock down, simultaneous knock down of TBL1 and TBLR1 resulted in an upregulation 

of almost all β-cell identity genes, apart from Ins2, which was significantly downregulated 

(Figure 49E). Moreover, ChgA expression was upregulated (Figure 49F). Thus, in contrast to 

previous observations in vivo TBL1 and TBLR1 deficiency in vitro resulted in a general 

upregulation of β-cell identity gene expression, suggesting an improvement of β-cell function.  

 

 

        

Figure 49: TBLR1 and TBL/R1 knock down promote β-cell identity gene expression. (A) β-cell identity gene 
expression and (B) expression of disallowed genes in INS1E cells transfected with control siRNA (Control) or TBL1 
siRNA (TBL KD). n=4. (C) β-cell identity gene expression and (D) expression of disallowed genes in INS1E cells 
transfected with control siRNA (Control) or TBLR1 siRNA (TBLR KD). n=4. (E) β-cell identity gene expression and 
(F) expression of disallowed genes in INS1E cells transfected with control siRNA (Control) or TBL1 and TBLR1 
siRNA (TBL/R KD). n=6. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired 
t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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2.5.2 TBL1 and TBLR1 knockdown improves insulin secretion in INS1E cells 

In contrast to previously described observations in vivo, TBLR1 and TBL1/TBLR1 double 

knock down promoted β-cell identity gene expression in INS1E cells. To investigate whether 

this increase in β-cell identity gene expression results in improved β-cell functionality, glucose 

stimulated insulin secretion and subsequently cellular insulin content upon TBL1 and/or TBLR1 

knock down were determined.  

 

TBL1 knock down and TBLR1 knock down resulted in significantly increased insulin secretion 

at basal condition (2 mM glucose) in comparison to the control. Insulin secretion after glucose 

stimulation (20 mM glucose) or maximal insulin secretion (2 mM glucose + 40 mM KCl) 

however, were unchanged between TBL1 knock down or TBLR1 knock down and control. 

Upon TBL1 knock down, insulin content was unchanged in all conditions in comparison to the 

control. Surprisingly, although TBLR1 knock down significantly increased insulin gene 

expression, insulin content was strongly reduced in comparison to the control at basal 

condition. No differences in insulin content at the stimulated and the maximum condition were 

observed upon TBLR1 knock down. Insulin secretion expressed as percentage of insulin 

content was unchanged upon TBL1 knock down. Upon TBLR1 knock down insulin secretion 

relative to insulin content was strongly increased at the basal condition, only (Figure 50).   

 

Figure 50: TBLR1 knock down promotes insulin secretion but reduces insulin content in INS1E cells. After 
siRNA transfection using control, TBL1, or TBLR1 siRNA, insulin secretion, content, and secretion as percentage 
to the content were determined in INS1E cells. For this, cells were glucose starved and then exposed to 2 mM 
glucose (Basal), 20 mM glucose (Stimulated), or to 2 mM glucose together with 40 mM KCl (Maximal), to stimulate 
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insulin secretion. Data is presented as mean ± SEM. Statistical analysis was performed using a Dunnett’s multiple 
comparison post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. n=4. 

Interestingly, simultaneous TBL1 and TBLR1 knock down in INS1E cells resulted in 

significantly increased insulin secretion at the basal (2.8 mM glucose), stimulated (16.8 mM 

glucose), and maximum (2.8 mM glucose + 40 mM KCl) condition. In line with the upregulation 

of Ins1 gene expression and other β-cell identity genes, insulin content was strongly increased 

upon TBL1 and TBLR1 knock down in comparison to the control in all conditions. Insulin 

secretion as percentage to insulin content revealed that only basal and maximal insulin 

secretion were significantly increased upon TBL/R knock down in INS1E cells (Figure 51).  

 

Figure 51: TBL1 and TBLR1 knock down increases insulin content in INS1E cells. After siRNA transfection 
using control or TBL1 and TBLR1 siRNA, insulin secretion, content, and secretion as percentage to the content 
(Rel. Secretion) were determined in INS1E cells. For this, cells were glucose starved and then exposed to 2.8 mM 
glucose (Basal), 16.8 mM glucose (Stimulated), or to 2.8 mM glucose together with 40 mM KCl (Maximal), to 
stimulate insulin secretion. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired 
t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n=4. 

In summary, knock down of TBL1 and TBLR1 in INS1E did not reproduce observations from 

the TBL1 and TBLR1 knock out mice. For instance, although TBLRβKO mice did not show 

alterations in insulin gene expression or synthesis, TBLR1 knock down in vitro improved β-cell 

functionality at basal conditions. Moreover, in contrast to in vivo observations, TBL1 and 

TBLR1 knock down in INS1E cells resulted in an upregulation of β-cell identity gene expression 

and insulin content. This ultimately suggests that the INS1E cells are not suitable for in vitro 

investigations on TBL1 and TBLR1 deficiency in β-cells as the phenotype observed in vivo was 

not reproduced. 

2.5.3 TBL1 and/or TBLR1 knock down in MIN6 cells does not recapitulate in vivo 

observations 

siRNA mediated knock down of TBL1 and/or TBLR1 in the rat insulinoma cell line INS1E did 

not recapitulate observations from in vivo studies. One explanation might be that the role of 

TBL1 and TBLR1 is not conserved across species and is rather mouse specific. Thus, next an 

in vitro knock down of TBL1 and/or TBLR1 was induced in MIN6 cells, an insulinoma cell line 

that originates from mice. 

 

Knock down was induced using adenoviruses carrying shRNA against TBL1 and/or TBLR1. 

An adenovirus carrying a scrambled control sequence was used as control. 48 h after shRNA 

transduction, TBL1 and/or TBLR1 gene expression was significantly reduced on mRNA (Figure 

52A) and protein level (Figure 52B). As previously observed in vivo in the TBLβKO mice and 
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in vitro in the INS1E cells, TBLR1 expression was significantly increased upon TBL1 deficiency 

(Figure 52A,B). 

 

Figure 52: TBL1 knock down in MIN6 cells promotes TBLR1 expression. MIN6 cells were transduced with 
adenoviruses carrying shRNAs against TBL1 (TBL KD), TBLR1 (TBLR KD), both (TBL/R KD), or a scrambled 
control sequence (Control). Knock down efficiency was determined on (A) mRNA level using qPCR and (B) protein 
level using Western Blot and the indicated antibodies. Data is presented as mean ± SEM. Statistical analysis was 
performed using an unpaired t-test. ***p < 0.001, ****p < 0.0001. n=4. 

After validation of TBL1 and/or TBLR1 knock down on mRNA and protein level, gene 

expression of β-cell identity genes was determined. Upon TBL1 knock down, Ins1 gene 

expression was upregulated while Nkx6.1 and Slc2a2 was downregulated (Figure 53A). 

TBLR1 knock down resulted in an increase in Ins1 and Slc2a2 expression while Pdx1 and 

Nkx6.1 expression was decreased (Figure 53B). As for the TBLR1 knock down, TBL1 and 

TBLR1 knock down led to increased Ins1 and Slc2a2 expression. Double TBL1 and TBLR1 

knock down also resulted in reduced Pdx1 and Pax6 expression (Figure 53C).  

 

Figure 53: Knock down of TBL1 and/or TBLR1 in MIN6 cells does not recapitulate observations from in vivo 
TBL1 and TBLR1 knock out. β-cell identity gene expression in MIN6 cells upon shRNA mediated (A) TBL1, (B) 
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TBLR1, and (C) TBL1/TBLR1 knock down in MIN6 cells in comparison to MIN6 cells transduced with an adenovirus 
carrying a scrambled control sequence. Data is presented as mean ± SEM. Statistical analysis was performed using 
an unpaired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001. n=4. 

As for the INS1E cells, also TBL1 and TBLR1 knock down in MIN6 cells did not recapitulate 

the observations from the in vivo studies. This suggests that the phenotype observed in vivo 

cannot be reproduced in vitro either due to discrepancies between in vitro and in vivo models 

or because TBL1 and TBLR1 are involved in differentiation rather than maintenance of β-cell 

identity. 

 Induced β-cell specific TBL1 and TBLR1 (iTBL/RβKO) knock out 

induces a milder phenocopy of conditional TBL1 and TBLR1 ablation 

Unexpectedly, in vitro ablation of TBL1 and TBLR1 in INS1E or MIN6 cells did not reproduce 

the observations from the TBL/RβKO mice, suggesting that instead of being involved in 

maintenance of β-cell identity, TBL1 and TBLR1 might be implicated in development or 

maturation. Another explanation for the discrepancy between in vivo and in vitro observations 

might be that β-cell dedifferentiation as result from TBL1 and TBLR1 deficiency is a time 

dependent process. As in vitro only acute ablation of TBL1 and TBLR1 is mimicked, 

observations can vary between cell culture and in vivo. To test in vivo whether TBL1 and 

TBLR1 deficiency induces dedifferentiation in adult and mature β-cells, mice with an inducible 

β-cell specific knock out of TBL1 and TBLR1 were generated (iTBL/RβKO). For this, previously 

described TBL1 and TBLR1 double-flox mice were crossed with mice carrying the tamoxifen-

inducible Cre recombinase gene under the control of the rat insulin 2 (Ins2) promoter (Ins2-

cre/ERT). Mice were generated by Dor and colleagues (Dor et al. 2004) and were kindly 

provided by the Ashcroft Lab. This model allows to induce the knock out at a specific age and 

thus to differentiate between the role of TBL1/TBLR1 during pancreas development or islet 

maturation from their role in adult β-cells. Tamoxifen injected floxed TBL1 and TBLR1 litter 

mates genotyped negatively for the Cre recombinase were used as controls.  

 

Mice were born at a mendelian ratio and with normal body weight and size. To investigate 

knock out efficiency and specificity, mice were injected with tamoxifen at the age of 8 weeks. 

4 weeks after tamoxifen injection, TBL1 and TBLR1 gene expression was determined in 

pancreatic islets, but also from tissues in the periphery. TBL1 expression was reduced in 

pancreatic islets by ~60%, while unchanged in liver, eWAT, kidney, spleen, intestine, and brain 

(Figure 54A). TBLR1 gene expression was reduced by ~55% in the islets and unchanged in 

liver, eWAT, kidney, spleen, intestine, and brain (Figure 54B), suggesting that the induction of 

TBL1 and TBLR1 knock out is restricted to islets and probably β-cell specific. 
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Figure 54: TBL1 and TBLR1 gene expression levels are specifically reduced in pancreatic islets. (A) TBL1 
and (B) TBLR1 gene expression levels in islets, liver, eWAT, kidney, spleen, large and small intestine, and brain. 
Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test. ***p < 0.001. 

2.6.1 iTBL/RβKO mice display no overt metabolic phenotype but dedifferentiation-like 

islet gene expression signature  

At the age of 8 weeks, when the mice were injected with tamoxifen no differences in body 

weight or blood glucose levels were observed between controls and iTBL/RβKO (Figure 

55A,B). Although no differences in body weight occurred, iTBL/RβKO unexpectedly developed 

hypoglycemia starting one week after knock out induction, which is similar to the observed 

hypoglycemia in TBL/RβKO mice at the age of 4 days. 

 

 

Figure 55: Mice with an induced β-cell specific TBL1 and TBLR1 knock out develop hypoglycemia. Weekly 
determined (A) body weight and (B) blood glucose levels in control (n=8) and iTBL/RβKO (n=8) mice after knock 
out induction with tamoxifen (Tx) at the age of 8 weeks. Data is presented as mean ± SEM. Statistical analysis was 
performed using a two-way ANOVA with repeated measures and a Šídák's multiple comparison post hoc test. 
*p < 0.05, **p < 0.01. 

To investigate whether underlying hypoglycemia results from increased insulinemia, blood 

glucose and plasma insulin levels were determined at fasted and refed state. Although 

iTBL/RβKO mice had significantly lower blood glucose levels at fasted and refed state in 

comparison to control litter mates, no differences in insulinemia were observed (Figure 56A). 

Therefore, next glucose clearance during an oral glucose challenge was determined. In line 

with glycemia determined at fasted state, baseline blood glucose levels in the oral glucose 

tolerance test (oGTT) were significantly lower in the iTBL/RβKO mice. Accordingly, blood 

glucose levels from the iTBL/RβKO mice were continuously lower during the oGTT (Figure 
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56B), suggesting increased insulin secretion upon induced TBL1 and TBLR1 knock out. 

However, insulin levels determined during the oGTT did not differ between controls and 

iTBL/RβKO (Figure 56C), suggesting that iTBL/RβKO mice might have an improved insulin 

sensitivity. Surprisingly, fasting plasma glucagon levels were significantly increased in 

iTBL/RβKO mice in comparison to controls (Figure 56D). 

 

Figure 56: Plasma insulin levels do not differ between controls and hypoglycemic iTBL/RβKO mice. (A) 
Blood glucose and plasma insulin levels after 16 h of fasting and 2 h of refeeding from control and iTBL/RβKO mice. 
(B) Oral glucose tolerance test (oGTT) in iTBL/RβKO (n=8) mice and control litter mates (n=8). After fasting for 
16 h, baseline glucose levels were determined. Subsequently, mice were administered orally with 2 g/kg D-glucose 
via oral gavage. Blood glucose levels were determined and blood for subsequent plasma insulin determination was 
collected 10, 15, 30, 60, and 120 min after administration. Blood glucose levels are plotted over time course of the 
experiment or are displayed as AUC. (C) Plasma insulin levels from iTBL/RβKO (n=8) and control mice (n=8) 
determined from blood collected during the oGTT from (B). Plasma insulin levels are plotted over time course of the 
experiment. (D) Plasma glucagon levels determined in control and iTBL/RβKO mice after 16h of fasting. Data is 
presented as mean ± SEM. Statistical analysis was performed using a two-way ANOVA with a Šídák's multiple 
comparison post hoc test (A), or an unpaired t-test (B for AUC, D), or a two-way ANOVA with repeated measures 
and a Šídák's multiple comparison post hoc test (B,C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Since no differences in plasma insulin levels were observed between control and iTBL/RβKO 

mice, insulin sensitivity using an ipITT was determined. As previously observed, iTBL/RβKO 

mice had significantly lower baseline blood glucose levels in comparison to control littermates. 

Although iTBL/RβKO mice displayed continuously lower blood glucose levels in comparison to 

controls, only the last timepoint reached statistical significance (Figure 57A). AUC was 

significantly lower for iTBL/RβKO mice (Figure 57B), suggesting an improved insulin sensitivity 

upon induced TBL1 and TBLR1 knock out. However, blood glucose changes relative to 

baseline blood glucose levels, revealed no differences in insulin sensitivity between 

iTBL/RβKO and control mice (Figure 57C). Thus, it is currently unclear why iTBL/RβKO mice 

develop hypoglycemia as neither plasma insulin levels nor insulin sensitivity were altered. 
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Figure 57: No alterations in insulin sensitivity upon induced β-cell specific TBL1 and TBLR1 knock out. (A) 
ipITT in iTBL/RβKO (n=7) mice and control litter mates (n=6). After fasting for 6 h, baseline glucose levels were 
determined. Subsequently, mice were injected with 0.8 U/kg insulin and blood glucose levels were determined 15, 
30, 45, 60, 90, and 120 min after injection. Blood glucose levels are plotted over time course of the experiment or 
are displayed as (B) AUC. (C) Relative blood glucose changes from (A). For this, blood glucose was normalized to 
baseline blood glucose levels. Changes in blood glucose levels are plotted over time course of the experiment. 
Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired t-test (B) or a two-way 
ANOVA with repeated measures and a Šídák's multiple comparison post hoc test (A,C). *p < 0.05. 

12 weeks after induction of the TBL1 and TBLR1 knock out, tissue weight was determined and 

pancreatic islets were isolated for gene expression analysis. In line with undistinguishable body 

weights, no differences in liver, eWAT, kidney, and spleen weight between controls and 

iTBL/RβKO mice were observed (Figure 58A). Determination of knock out efficiency in the 

islets revealed a reduction of TBL1 gene expression by ~60% and of TBLR1 gene expression 

by ~40% (Figure 58B). Thus, it is tempting to speculate that incomplete knock out of TBL1 and 

TBLR1 in β-cells dampened the development of the expected phenotype. Interestingly, 

although no changes in plasma insulin levels were observed, most of the β-cell identity genes 

were significantly downregulated, including both insulin genes (Figure 58C), suggesting an 

underlying loss of β-cell identity. In line with this, β-cell progenitor cell markers and 

dedifferentiation markers were strongly upregulated in islets of iTBL/RβKO mice (Figure 58D).  
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Figure 58: Islets from iTBL/RβKO mice display loss of β-cell identity-like gene expression signature. (A) 
Liver, eWAT, kidney, and spleen weight from control and iTBL/RβKO mice 12 weeks after knock out induction. Islet 
(B) TBL1 and TBLR1, (C) β-cell identity, and (D) disallowed gene expression from control and iTBL/RβKO mice 
was determined by qPCR. Data is presented as mean ± SEM. Statistical analysis was performed using an unpaired 
t-test. *p < 0.05, **p < 0.01, ****p < 0.0001. 

2.6.2 iTBL/RβKO mice on high fat diet develop mild hyperglycemia and 

hypoinsulinemia 

Induction of β-cell specific TBL1 and TBLR1 knock out in adult mice resulted in lowered 

glycemia, although no differences in circulating plasma insulin or in insulin sensitivity were 

observed. Surprisingly, islet gene expression analysis revealed a downregulation of β-cell 

identity genes and an upregulation of disallowed genes, suggesting an underlying loss of β-

cell identity, as previously observed in the conditional TBL/RβKO mice. As knock out efficiency 

was lower than expected, it is tempting to speculate that β-cells with a remaining TBL1 and 

TBLR1 expression were compensating for the dedifferentiation and impaired function in β-cells 

with a successful knock out. Thus, mice with an induced TBL1 and TBLR1 knock out were 

challenged with a HFD. TBL1 and TBLR1 knock out was induced at the age of 8 weeks. HFD 

started immediately after tamoxifen injection.  

 

At the time of knock out induction and the start of HFD feeding, no differences in body weight 

between control and iTBL/RβKO mice were observed. Also, during the course of HFD feeding 

both groups gained weight comparably (Figure 59A). Weekly determined random blood 

glucose levels showed that iTBL/RβKO mice had lower blood glucose levels in comparison to 

control litter mates in the first 5 weeks, although no statistical significance was reached. 

Interestingly, 16 weeks after knock out induction and HFD, iTBL/RβKO mice developed 

hyperglycemia, which increased over time (Figure 59B), suggesting a progressive loss of β-

cell function. 

 

Figure 59: iTBL/RβKO mice develop hyperglycemia after 15 weeks of HFD. Weekly determined (A) body weight 
and (B) blood glucose levels in iTBL/RβKO mice (n=9) and control litter mates (n=9) on HFD. Knock out was induced 
at the age of 8 weeks with tamoxifen (Tx). HFD was started immediately after knock out induction. Data is presented 
as mean ± SEM. Statistical analysis was performed using a Šídák's multiple comparison post hoc test. *p < 0.05, 
**p < 0.01, ***p < 0.001. 

4 weeks after knock out induction, fasting and refeeding glycemia and insulinemia were 

determined to investigate the functionality of TBL1 and TBLR1 deficient β-cells. In line with 

weekly determined blood glucose levels, iTBL/RβKO mice had lower blood glucose levels at 

fasted and refed state in comparison to controls. Although no differences in fasting plasma 

insulin levels were observed, refeeding plasma insulin levels were elevated in iTBL/RβKO mice 

(Figure 60A), suggesting improved β-cell functionality upon TBL1 and TBLR1 knock out. 

However, 24 weeks after knock out induction, iTBL/RβKO mice had significantly higher fasting 
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blood glucose levels in comparison to controls, which is in accordance with the progression of 

hyperglycemia in the knock out mice. No differences in refeeding glycemia or fasting and 

refeeding insulinemia were observed (Figure 60B). In this experiment, refeeding was 

performed using HFD containing 60% calories from fat. Thus, low carbohydrate content in the 

HFD might dampen effects on glycemia. Therefore, an oGTT was performed in order to 

specifically investigate glucose tolerance upon induced TBL1 and TBLR1 knock out. As 

previously observed, iTBL/RβKO mice showed elevated fasting glycemia in comparison to 

controls. Accordingly, after glucose administration iTBL/RβKO mice had continuously higher 

blood glucose levels in comparison to the controls (Figure 60C). Determination of blood 

glucose changes relative to baseline blood glucose revealed that no differences between 

control and iTBL/RβKO mice were observed in the first 15 minutes. However, after 30 minutes 

iTBL/RβKO mice showed elevated blood glucose levels normalized to baseline blood glucose 

(Figure 60D), indicating that iTBL/RβKO mice are unable to effectively clear glucose from the 

blood. In line with impaired glucose clearance in iTBL/RβKO mice, plasma insulin levels 

determined during the oGTT showed that the rise in circulating insulin after glucose 

administration was completely absent in iTBL/RβKO mice (Figure 60E). Thus, when 

challenged with a HFD, adult and mature β-cells with an induced TBL1 and TBLR1 deficiency 

fail to adequately secrete insulin in response to elevations in blood glucose levels, resulting in 

hyperglycemia.  

 

Figure 60: iTBL/RβKO mice on HFD fail to secrete insulin in response to rises in blood glucose levels. Blood 
glucose and plasma insulin after 16 h of fasting and 2 h of refeeding in iTBL/RβKO mice and controls (A) 4 weeks 
after knock out induction and HFD or (B) 24 weeks after knock out induction and HFD. (C) oGTT in iTBL/RβKO 
mice (n=8) and control litter mates (n=9). Mice were starved for 16 h. After baseline blood glucose determination 
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mice were administered with 3 g/kg D-glucose via oral gavage. Blood glucose levels were determined 10, 15, 30, 
60, and 120 min after administration. Blood glucose levels are plotted over time course of the experiment or are 
displayed as AUC. (D) Blood glucose changes relative to baseline blood glucose levels from (C). Blood glucose 
changes are plotted over time course of the experiment or are displayed as AUC. (E) Plasma insulin levels from 
iTBL/RβKO (n=8) and control mice (n=9) determined from blood collected during the oGTT from (C). Plasma insulin 
levels are plotted over time course of the experiment. Data is presented as mean ± SEM. Statistical analysis was 
performed using a two-way ANOVA with a Šídák's multiple comparison post hoc test (A,B), or an unpaired t-test 
(C,D for AUC), or a two-way ANOVA with repeated measures and a Šídák's multiple comparison post hoc test (C-
E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

2.6.3 Loss of β-cell identity in iTBL/RβKO mice progresses over time 

Thus far, it was demonstrated that although β-cells dedifferentiate upon induced TBL1 and 

TBLR1 knock out, β-cells with maintained TBL1 and TBLR1 expression are sufficient to 

compensate. Under challenged conditions such as diet-induced obesity, this compensation 

fails resulting in hyperglycemia and hypoinsulinemia in iTBL/RβKO mice. To next investigate 

whether β-cell failure and dedifferentiation indeed progress over time total pancreatic hormone 

content was determined 4 weeks and 11 weeks after knock out induction. Although no 

differences in pancreas weight between the respective groups were observed (Figure 61A), 

total pancreatic insulin content was strongly reduced in iTBL/RβKO mice in comparison to the 

controls 4 weeks and 11 weeks after knock out induction. In the controls, insulin content did 

not differ between the 4 weeks and 11 weeks group. In the iTBL/RβKO mice however, mice 

from the 11 weeks group had significantly lower insulin content in comparison to mice from the 

4 weeks group (Figure 61B). Thus, the reduction of insulin content with knock out duration 

implies a progressive loss of β-cell function upon induced TBL1 and TBLR1 knock out. Total 

pancreas glucagon (Figure 61C) or somatostatin (Figure 61D) content were unchanged in 

iTBL/RβKO mice in comparison to controls regardless knock out duration. 

 

Figure 61: Reduction of pancreatic insulin content progresses over time in iTBL/RβKO mice. (A) Pancreas 
weight, total pancreas (B) insulin, (C) glucagon, (D) and somatostatin content normalized to protein content in 
controls and iTBL/RβKO mice 4 weeks or 11 weeks after knock out induction. Data is presented as mean ± SEM. 
Statistical analysis was performed using a two-way ANOVA with a Tukey’s multiple comparison post hoc test. 
*Indicates significance between control and iTBL/RβKO, #indicates significance between 4 weeks and 11 weeks. 

To investigate whether changes in islet micro-architecture, comparable to conditional 

TBL/RβKO occur and whether these changes worsen over time and with HFD feeding, 

pancreas was dissected from iTBL/RβKO mice on chow diet and HFD. Indeed, loss of the 

organized islet structure occurred upon induced TBL1 and TBLR1 knock out (Figure 62A) and 

these morphological changes worsened with HFD feeding (Figure 62B). Quantification of 

immunofluorescence images revealed that no differences in β-cell mass were observed in 

contrast to what was expected after total pancreas insulin content determination. One 

explanation might be that immunofluorescence images only detect β-cells without actual 

quantification of the insulin content. Insulin synthesis as previously determined via qPCR was 

downregulated, which is in line with the determined reduction in total pancreas insulin content. 
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Therefore, although β-cell mass determined by immunofluorescence staining was unchanged, 

the capacity to synthesize insulin and thus the insulin content is reduced. Interestingly, α-cell 

mass was increased in iTBL/RβKO mice on chow diet. Accordingly, the α- to β-cell ratio was 

increased upon TBL1 and TBLR1 knock out (Figure 62C). In iTBL/RβKO mice on HFD, β-cell 

mass was reduced by 2-fold in comparison to the controls although no significance was 

reached. No differences in α-cell mass were observed. Accordingly, α- to β-cell mass ratio was 

significantly increased (Figure 62D), which was previously associated with T2DM in humans 

(Fujita et al. 2018).  

 

Figure 62: Induced TBL1 and TBLR1 knock out in β-cells induces disorganization of islet micro-
architecture. Pancreas from chow diet mice was dissected 11 weeks after knock out induction. Pancreas from 
HFD mice was dissected 24 weeks after knock out induction and HFD. Representative images of 
immunofluorescence staining of islets in the pancreas of control or iTBL/RβKO mice on (A) chow diet or (B) HFD. 
β-cells are displayed as insulin+ cells in green. α-cells are displayed as glucagon+ cells in red. Immunofluorescence 
staining was performed and analyzed by the core facility Pathology & Tissue Analytics at the Helmholtz Munich. 
Quantification of insulin+ cell mass (β-cells), glucagon+ cell mass (α-cells), and α-cell mass relative to β-cell mass 
in iTBL/RβKO mice and control litter mates on (C) chow diet (D) HFD. Data is presented as median and 
minimum/maximum. Statistical analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01. 
 

 PAX6 as novel TBL1 and TBLR1 interaction partner 

Thus far, observations from conditional and inducible TBL1 and TBLR1 knock out mouse 

models demonstrated that TBL1 and TBLR1 play a critical role in β-cell function and 

maintenance of β-cell identity. It is however unclear how TBL1 and TBLR1 manage to control 

gene expression in the β-cells. Previous studies have shown that TBL1 and TBLR1 are 

implicated in transcriptional regulation by interaction with transcription factors or nuclear 

receptors (Li and Wang 2008; Jones et al. 2014; Kulozik et al. 2011; Perissi et al. 2004). 

Therefore, in order to understand the mechanism and identify transcription factors or nuclear 

receptors through which TBL1 and TBLR1 control β-cell gene expression, an interactome 

screen was performed.  
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2.7.1 An interactome analysis identifies direct TBL1 and TBLR1 interaction partners 

For the interaction partner screen, endogenous TBL1 and TBLR1 was enriched from MIN6 

cells via immunoprecipitation. Subsequently, interaction partners were identified through mass 

spectrometry and displayed as ratio between the enrichment in the endogenous TBL1 or 

TBLR1 pulldown and enrichment in the control pulldown using a Flag antibody. Interestingly, 

although TBL1 and TBLR1 are primarily localized in the nucleus and in few cell lines also in 

the cytoplasm (Zhang et al. 2006; Daniels et al. 2014), the majority of identified interaction 

partners was localized in the cytoplasm or other cell compartments. Of the 816 identified TBL1 

binding partners only 304 were localized in the nucleus. 440 interaction partners were localized 

in the cytoplasm, and 75 in the mitochondria. Moreover, 117 proteins were found in other cell 

compartments such as the Golgi apparatus or the cell membrane, while no clear localization 

was found for 101 proteins that bound to TBL1 (Figure 63A). Of note, some of the interaction 

partners were not restricted to one localization. Out of the 853 TBLR1 interaction partners, 302 

proteins were identified with a nuclear localization. 455 interaction partners were localized in 

the cytoplasm and 77 in the mitochondria. While 137 interaction partners were localized in 

other cellular compartments, 108 interaction partners had no clear localization (Figure 63B). 

Moreover, from the 816 TBL1 interaction partners and 853 TBLR1 interaction partners, 784 

proteins were interacting with both TBL1 and TBLR1 (Figure 63C).  

 

Figure 63: Non-nuclear proteins represent the majority of identified TBL1 and TBLR1 interaction partners. 
Cellular localisation of (A) TBL1 and (B) TBLR1 interaction partners identified in the interactome screen. (C) Venn 
diagram of shared interaction partners between TBL1 and TBLR1 in MIN6 cells. Interaction partners used for this 
quantification had a peptide count > 1. Mass spectrometry and annotation were performed by the core facility 
Research Unit Proteomics at the Helmholtz Munich. 

Whether TBL1 and TBLR1 are indeed located in other cellular compartments or are able to 

shuttle to other cell compartments or whether interactions with non-nuclear proteins result from 

combining all cellular proteins during cell lysis, remains to be investigated and goes beyond 

the scope of this thesis. Thus, only interaction partners with a nuclear localization were 

included in the following analysis.  

 

Previous studies showed that TBL1 regulates transcriptional events through recruitment of 

regulatory complexes or histone modifiers. Table 2 displays the top 20 nuclear interaction 

partners of TBL1. Endogenous TBL1 bound to all components of the NCOR/SMRT repressor 

complex (NCOR1, NCOR2, HDAC3, GPS2, TBLR1) as demonstrated in previous studies 

(Yoon et al. 2003), underlining the successful execution of the interactome screen. 

Additionally, histone modifiers such as histone acetyl or methyl transferases (HDAC3, KDM1A) 

but also histone compartments (H3C2) were identified in the screen as TBL1 interaction 

partners, suggesting that TBL1 might control β-cell gene expression through recruitment of 
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histone modifiers to histones. Moreover, TBL1 bound to proteins related to ubiquitination 

(USP28, UBE2N), which is in line with its known function as recruiter for the ubiquitin/19S 

proteasome complex (Perissi et al. 2004). Interestingly, the screen for interaction partners 

found PAX6, which is known for its essential role in β-cells (Gosmain et al. 2012; Swisa et al. 

2017) to directly bind to TBL1. 

 

Table 2: Top 20 nuclear interaction partners of TBL1 in MIN6 cells. After enrichment of TBL1 with an 
endogenous immunoprecipitation, direct interaction partners were identified using mass spectrometry. The ratio 
TBL1/Ctr shows the enrichment of the respective protein in the TBL1 pulldown relative to the enrichment in the 
control (Ctr) pulldown using Flag antibody. Mass spectrometry and annotation were performed by the core facility 
Research Unit Proteomics at the Helmholtz Munich. Statistical analysis was performed using an unpaired t-test. 
n=4. 

 

Gene name 
 

Protein description 
Ratio 

TBL1/Ctr 

 

p-value 

Eftud2 116 kDa U5 small nuclear ribonucleoprotein 

component  

27,2 6,6E-06 **** 

Hdac3 Histone deacetylase 3 26,0 0,0002 *** 

Ncor2 Nuclear receptor corepressor 2 21,3 0,00038 *** 

Gps2 G protein pathway suppressor 2 17,9 0,00018 *** 

Ncor1 Nuclear receptor corepressor 1 17,1 0,00101 ** 

Usp28 Ubiquitin carboxyl-terminal hydrolase 28 15,9 9,4E-05 **** 

Uprt Uracil phosphoribosyltransferase homolog 14,3 0,00047 *** 

Pax6 Paired box protein Pax-6 12,4 0,00547 ** 

Qki Protein quaking 6,8 8,4E-06 **** 

Kdm1a Lysine-specific histone demethylase 1A 6,1 0,00147 ** 

Rcor3 REST corepressor 3 5,2 0,00381 ** 

Ube2n Ubiquitin-conjugating enzyme E2 4,6 0,01266 * 

Tbl1xr1 F-box-like/WD repeat-containing protein TBL1XR1 4,6 0,00293 ** 

Mvp Major vault protein 3,9 0,02067 * 

Vapa Vesicle-associated membrane protein-associated 

protein A 

3,9 0,00159 ** 

Prpf8 Pre-mRNA-processing-splicing factor 8  3,4 0,04118 * 

H3c2 Histone H3.2 3,3 0,00239 ** 

Pabpc1 Polyadenylate-binding protein 1 2,8 0,00113 ** 

Tbl1x F-box-like/WD repeat-containing protein TBL1X 2,8 0,07123   

Dld Dihydrolipoyl dehydrogenase 2,8 0,00855 ** 

 

Similar to TBL1, TBLR1 bound to all the components of the NCOR/SMRT repressor complex 

(NCOR1, NCOR2, HDAC3, GPS2). Interestingly, amongst the top 20 nuclear interaction 

partners of TBLR1, SUPT16H - core component of the facilitates chromatin transcription 

(FACT) activator complex (Orphanides et al. 1998) was identified suggesting that TBLR1 might 

not only facilitate repressor complex recruitment but also recruitment of activator complexes. 

Moreover, in line with previously described functions of TBLR1, histone modifiers (HDAC3, 

RBBP4, KDM1A) but also proteins involved in protein degradation (PSMB5) bound to 

endogenous TBLR1 (Perissi et al. 2008). In contrast to TBL1, TBLR1 bound to various 

transcription factors (MEOX2, CUX1) of which however PAX6, with its function as master 

regulator of β-cell identity was the most intriguing (Table 3).  
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Table 3: Top 20 nuclear interaction partners of TBLR1 in MIN6 cells. After enrichment of TBLR1 with an 
endogenous immunoprecipitation, direct interaction partners were identified using mass spectrometry. The ratio 
TBLR1/Ctr shows the enrichment of the respective protein in the TBLR1 pulldown relative to the enrichment in the 
control (Ctr) pulldown using Flag antibody. Mass spectrometry and annotation were performed by the core facility 
Research Unit Proteomics at the Helmholtz Munich. Statistical analysis was performed using a t-test. n=4. 

 

Gene name 
 

Protein description 
Ratio 

TBLR1/Ctr 

 

p-value 

Eif4e Eukaryotic translation initiation factor 4E 28,1 6,6E-06 **** 

Tbl1xr1 F-box-like/WD repeat-containing protein TBL1XR1 11,4 3,7E-05 **** 

Pax6 Paired box protein Pax-6  9,7 0,00876 ** 

Hdac3 Histone deacetylase 3 9,6 0,00035 *** 

Meox2 Homeobox protein MOX-2 6,8 0,00451 ** 

Ncor2 Nuclear receptor corepressor 2 5,2 0,00022 *** 

Ncor1 Nuclear receptor corepressor 1 5,1 0,0016 ** 

Dld Dihydrolipoyl dehydrogenase 4,8 0,00222 ** 

Gps2 G protein pathway suppressor 4,7 0,00376 ** 

Psmb5 Proteasome subunit beta type-5 3,3 0,01049 * 

Cux1 Homeobox protein cut-like 1 3,2 0,00373 ** 

Uaca Uveal autoantigen with coiled-coil domains and 

ankyrin repeats 

3,1 0,00044 *** 

Rmi1 RecQ-mediated genome instability protein 1 2,9 0,01035 * 

Rbbp4 Histone-binding protein RBBP4 2,9 0,00724 ** 

Smc2 Structural maintenance of chromosomes protein 2 2,8 0,11904   

Ndufa13 NADH dehydrogenase 2,7 0,17337   

Tfe3 Transcription factor E3 2,5 0,03615 * 

Kdm1a Lysine-specific histone demethylase 1A 2,4 0,02477 * 

Supt16h FACT complex subunit SPT16 2,4 0,12075   

Prpf8 Pre-mRNA-processing-splicing factor 8 2,3 0,08926   

 

Based on all identified interaction partners, a gene ontology (GO) analysis revealed that genes 

encoding for TBL1 interaction partners significantly enriched for mitochondria metabolism GO 

terms. Moreover, one of the top GO terms was the transcription repressor complex (Figure 

64A). In line with previous studies, associated genes contained all the components of the 

NCOR/SMRT repressor complex but also CTBP1 and CTBP2 which were also previously 

identified as TBL1 interaction partners (Perissi et al. 2008) (Figure 64B). Expectedly, also for 

the TBLR1 interaction partner gene sets enriched for transcription repressor complex (Figure 

64C) due to the interaction with all the components of the NCOR/SMRT complex (Figure 64D). 

Interestingly, only an interaction between CTBP1/CTBP2 and TBL1 was observed but not with 

TBLR1 (Figure 64B,D), which was previously demonstrated by Perissi et al. (Perissi et al. 

2008), further underlining the successful execution of this interactome screen and the 

specificity of identified interaction partners. Moreover, gene sets enriched for the GO term 

endocrine pancreas development (Figure 64C), due to the interaction of TBLR1 with PAX6 

(Figure 64D) further supporting the notion that TBLR1 is an essential regulator of β-cells.  
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Figure 64: Gene ontology (GO) analysis using interaction partners identified in the interactome screen 
reveals that TBL1 and TBLR1 are implicated in transcriptional repression and endocrine pancreas 
development. (A) GO analysis of TBL1 interaction partners identified in the interactome screen. (B) TBL1 
interaction partners that enriched in the respective GO term highlighted in red from (A). (C) GO analysis of TBLR1 
interaction partners identified in the interactome screen. (D) TBLR1 interaction partners that enriched in the 
respective GO term highlighted in red from (C). 

2.7.2 TBL1 and TBLR1 but also components of the regulatory complexes NCOR/SMRT 

and FACT interact with PAX6  

Intriguingly, in the above-described interaction partner screen, PAX6, a key transcription factor 

in β-cells (Gosmain et al. 2012; Swisa et al. 2017) was identified as novel and direct TBL1 and 

TBLR1 interaction partner. To validate this interaction, endogenous TBL1 and TBLR1 was 

immunoprecipitated in murine MIN6 (Figure 65A) and rat INS1E (Figure 65B) cells. Indeed, in 

both β-cell lines immunoprecipitated TBL1 and TBLR1, but not the control pulldown using a 

Flag antibody enriched PAX6 detected via Western Blot. Thus, the interaction between 

TBL1/TBLR1 and PAX6 was validated but most importantly reproduced using two different β-

cell lines from different species, suggesting that the TBL1/TBLR1 and PAX6 interaction is 

conserved across species. Interestingly, it was previously shown that PAX6 maintains β-cell 

identity by inducing the expression of β-cell identity genes while simultaneously repressing the 

expression of disallowed genes (Swisa et al. 2017). How exactly PAX6 mediates this 

bidirectional gene expression is not completely understood. As transcription co-factors, TBL1 

and TBLR1 were demonstrated to facilitate transcriptional events by recruitment of regulatory 

complexes to transcription factors (Li and Wang 2008; Perissi et al. 2004). One of the better 

studied regulatory complexes TBL1 and TBLR1 interact with is the NCOR/SMRT complex 

which predominantly represses gene expression (Guenther et al. 2001; Perissi et al. 2004). 

Components of the NCOR/SMRT complex bound to TBL1 and TBLR1 in the interactome 

screen as expected. In addition, SUPT16H which is a core component of the FACT complex 

and previously described to induce gene expression (Belotserkovskaya et al. 2003; Frost et al. 

2018) was also identified as novel TBL1 and TBLR1 interaction partner. Therefore, it is 

tempting to speculate that TBL1 and TBLR1 might recruit the NCOR/SMRT and the FACT 
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complex to the transcription factor PAX6 to mediate both repression and activation of PAX6 

mediated transcription in a context-specific manner. Indeed, endogenous HDAC3 and 

SUPT16H immunoprecipitation enriched PAX6 in INS1E cells (Figure 65C) and murine islets 

(Figure 65D) in comparison to the immunoglobulin G (IgG) control pulldown. Thus, TBL1 and 

TBLR1 might be indeed implicated in PAX6 mediated gene expression by recruitment of the 

regulatory complexes NCOR/SMRT and FACT. 

 

Figure 65: TBL1 and TBLR1 but also components of the regulatory complexes NCOR/SMRT and FACT bind 
to PAX6. Endogenous TBL1 and TBLR1 was immunoprecipitated (IP) using TBL1 or TBLR1 antibody from (A) 
MIN6 cells or (B) INS1E cells. Total cell lysates before IP (IN), lysate after IP (UN) and immunoprecipitated TBL1 
and TBLR1 (EL) were immunoblotted (WB) using the indicated antibodies. Control IP was performed using a Flag 
antibody. Endogenous TBL1, TBLR1, HDAC3, and SUPT16H were immunoprecipitated (IP) from (C) INS1E cells 
or (D) murine islets. Total cell lysates (Input) and IPs were immunoblotted (WB) using the indicated antibodies. 
Control pulldown was performed using an immunoglobulin G (IgG) antibody. 

To investigate whether TBL1 and TBLR1 are required for the recruitment or binding of the 

NCOR/SMRT or FACT complex to PAX6, endogenous HDAC3 and SUPT16H were 

immunoprecipitated after siRNA mediated knock down of TBL1 and TBLR1 in INS1E cells. 

Transfection of INS1E cells with siRNA targeting TBL1 and TBLR1 resulted in a strong 

downregulation of TBL1 and TBLR1 protein levels in comparison to cells transfected with a 

non-targeting siRNA control (Figure 66A). In comparison to the IgG control pulldown, 

immunoprecipitation of HDAC3 and SUPT16H resulted in an enrichment of PAX6 protein in 

the INS1E lysates. Interestingly, immunoprecipitation of HDAC3 enriched more PAX6 protein 

upon TBL1 and TBLR1 knock down, suggesting a stronger or more frequent interaction 

between HDAC3 and PAX6 in the absence of TBL1 and TBLR1. Intriguingly, less PAX6 was 

detected in the SUPT16H pulldown upon TBL1 and TBLR1 KD, suggesting a reduced 

interaction between SUPT16H and PAX6 upon TBL1 and TBLR1 deficiency (Figure 66B). 

Thus, TBL1 and TBLR1 indeed mediate the binding between components of the NCOR/SMRT 

or FACT complex to PAX6, indicating that TBL1 and TBLR1 are implicated in PAX6 mediated 

gene expression through selective recruitment of regulatory complexes.  

 

Figure 66: HDAC3 and SUPT16H interaction with PAX6 is TBL1 and TBLR1 dependent. (A) Western Blot 
displaying TBL1, TBLR1, and Vinculin levels in protein lysates of INS1E cells transfected either with control siRNA 
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(Control) or siRNA targeting TBL1 and TBLR1 (TBL/R KD). (B) Endogenous HDAC3 and SUPT16H 
immunoprecipitation (IP) in INS1E cells transfected with control siRNA (Ctr) or siRNA targeting TBL1 and TBLR1 
(KD). Total cell lysates (Input) and immunoprecipitated HDAC3 or SUPT16H were immunoblotted (WB) using PAX6 
and Vinculin antibody. Control pulldown was performed using an IgG antibody. 

2.7.3 TBL1 and TBLR1 control promoter regions of PAX6 target genes 

The identification of PAX6 as direct TBL1 and TBLR1 interaction partner and the differential 

binding of regulatory complexes to PAX6 upon TBL1 and TBLR1 deficiency, suggest that TBL1 

and TBLR1 are implicated in PAX6 mediated gene expression in pancreatic β-cells. To 

determine whether TBL1 and TBLR1 bind to the same promoter regions as PAX6 and are 

therefore involved in PAX6 mediated gene expression, a quantitative chromatin 

immunoprecipitation (ChIP-qPCR) and a luciferase reporter assay were performed. For this, 

the PAX6 target genes Ins1 and Ins2 were selected as their expression was strongly 

downregulated in islets from TBL/RβKO mice in comparison to islets from controls determined 

by bulk RNA-Seq (Figure 67A). In comparison to the IgG control, PAX6 immunoprecipitation 

enriched the assayed Ins1 locus in MIN6 cells. Interestingly, also TBL1 and TBLR1 enriched 

the Ins1 locus in comparison to the IgG control suggesting that TBL1 and TBLR1 indeed bind 

to the same promoter region as PAX6 (Figure 67B). Furthermore, knock down of TBL1 but 

also double knock down of TBL1 and TBLR1 in INS1E cells resulted in a reduction in the 

activity of a luciferase reporter bearing the murine Ins2 promoter sequence, suggesting that 

TBL1 is required for Ins2 gene expression in mice. Surprisingly TBLR1 knock down increased 

the luciferase activity (Figure 67C). Similar to that, activity of a luciferase reporter under control 

of the human insulin (INS) promoter was also reduced upon TBL1 and TBL1/TBLR1 knock 

down, while no changes were observed upon TBLR1 knock down (Figure 67D). Thus, TBL1 

and TBLR1 are implicated in the regulation of the two murine PAX6 target genes Ins1 and Ins2 

and the human PAX6 target gene INS. 

 

Figure 67: TBL1 and TBLR1 bind to the murine Ins1 and Ins2 and the human INS promoters. (A) Heat map 
displaying relative gene expression of PAX6 target genes Ins1 and Ins2 in islets from TBL/RβKO mice vs. controls 
determined by bulk RNA sequencing. Each line represents one mouse. Colour represents log2 fold-change. 
Threshold for significance: -log10(p-value) = 1.3 (p < 0.05). (B) ChIP-qPCR assay was performed in MIN6 cells 
using indicated antibodies of which IgG was used as control. Results show fold increase in the qPCR signal of the 
assayed Ins1 promoter locus over IgG. Relative luciferase levels of a reporter construct containing the (C) murine 
Ins2 promoter and (D) human insulin (INS) promoter in INS1E cells upon siRNA mediated TBL1 (TBL KD), TBLR1 
(TBLR KD), or TBL1 and TBLR1 (TBL/R KD) knock down. As control, INS1E cells were transfected with non-
targeting siRNA. Data is presented as mean ± SEM. Statistical analysis was performed using a Dunnett’s multiple 
comparison post hoc test (C,D). *p < 0.05, **p < 0.01. n=4. 

Whether TBL1 and TBLR1 bind to the Ins1, Ins2, and INS promoter regions through PAX6 and 

whether TBL1 and TBLR1 are recruited to other PAX6 promoter targets remains to be 

investigated.  
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3 DISCUSSION 

 TBLR1 compensates for the lack of TBL1 in pancreatic β-cells 

TBL1 and TBLR1 are transcription co-factors regulating oncogenesis, lipid metabolism, and 

transcriptional evens in numerous tissues and cell types. Their importance for metabolic 

functions in the body is underlined by the embryonic lethality upon full body TBL1 and TBLR1 

knock out (Perissi et al. 2010). Although TBL1 and TBLR1 are highly homologous, with a 90% 

similarity in their protein sequence, they do not always possess identical functions. Moreover, 

previous studies have demonstrated that the function of TBL1 and TBLR1 is highly tissue and 

interaction partner specific. For instance, adipose tissue specific TBLR1 knock out impaired 

fasting-induced lipolysis by direct PPARγ/RXRα interaction (Rohm et al. 2013). In contrast, 

Perissi and colleagues demonstrated that both, TBL1 and TBLR1 were required for PPARγ 

signaling in a cancer cell line (Perissi et al. 2004). This highlights that the binding of TBL1 and 

TBLR1 to an interaction partner varies depending on the tissue type. Interestingly, not only in 

the adipose tissue but also in the liver TBL1 and TBLR1 were implicated in lipid metabolism. 

In hepatocytes, TBL1 and TBLR1 were found to physically interact with PPARα and thereby 

control PPARα-mediated fatty acid oxidation (Kulozik et al. 2011). Thus, although TBL1 and 

TBLR1 regulate lipid metabolism in adipose tissue and the liver, the underlying mechanisms, 

the involved interaction partner, and the role of TBL1 and TBLR1 were proven to be tissue 

specific.  

 

This study aimed to identify the β-cell specific function of TBL1 and TBLR1 in β-cells. Here, 

mice with a β-cell specific knock out of either TBL1 or TBLR1 did not display any major 

impairments in glucose metabolism or β-cell function. Also, during aging or diet-induced 

obesity, states at which β-cells are metabolically challenged, the knock out mice appeared 

phenotypically undistinguishable from the control mice. Interestingly, TBLR1 expression was 

strongly upregulated in vitro upon siRNA mediated TBL1 knock down. Also in vivo in pancreatic 

islets from TBLβKO mice, TBLR1 expression was upregulated, while TBL1 expression was 

unchanged upon TBLR1 depletion. Since the upregulation of TBLR1 upon TBL1 knock down 

was observed in vitro using INS1E and MIN6 cells deriving from rats and mice, respectively 

and in vivo using islets from TBLβKO mice, this supports the notion that the upregulation of 

TBLR1 upon TBL1 deficiency represents a highly conserved process. One possible 

explanation for this is that TBLR1 compensates for the loss of TBL1, but not the other way 

around. This implies that TBL1 and TBLR1 might control key mechanisms crucial for β-cell 

function and physiology. Indeed, deletion of both transcription co-factors together had 

detrimental effects on β-cell physiology and function. This points towards an identical or similar 

function of TBL1 and TBLR1 as suggested in previous studies (Yoon et al. 2003; Kulozik et al. 

2011) also in pancreatic β-cells. Indeed, the interactome screen revealed that most of the 

identified interaction partners were interacting with both, TBL1 and TBLR1, supporting the 

notion that TBL1 and TBLR1 fulfil similar roles, at least in β-cells. However, gene expression 

profiling using islets from TBLβKO and TBLRβKO mice suggested that TBL1 and TBLR1 have 

distinct functions, since only 319 genes were shared between the 1464 differentially expressed 

genes upon TBL1 knock out and the 3053 differentially expressed genes upon TBLR1 knock 

out. Moreover, using KEGG pathway analysis only two pathways, the MAPK signaling pathway 

and the staphylococcus aureus infection pathway were commonly dysregulated between islets 

from TBLβKO and TBLRβKO mice. Thus, in the presence of TBL1, TBL1 and TBLR1 might 

have distinct functions in β-cells. Upon TBL1 deficiency however, TBLR1 might compensate 

and take over regulatory functions facilitated by TBL1, which is supported by the large amount 
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of interaction partners shared between TBL1 and TBLR1. This would explain why single knock 

out of TBL1 or TBLR1 did not affect β-cell function and physiology while simultaneous knock 

out had detrimental effects. Another explanation for the upregulation of TBLR1 expression 

upon TBL1 deficiency might be that TBL1 represses TBLR1 expression. It needs to be 

addressed in future studies however, whether TBL1 is able to bind to TBLR1 promoter regions, 

which was not investigated in this study or any previous studies.  

 TBL1 and TBLR1 are essential for the maintenance of β-cell identity 

In vivo TBL1 and TBLR1 ablation in β-cells resulted in dramatic changes in β-cell physiology 

and islet morphology. Alterations in the islet gene expression profile and the impaired insulin 

synthesis suggest that β-cells lacking TBL1 and TBLR1 fail to function properly and lose their 

differentiated and mature state.  

 

β-cell maturity is characterized by reduced proliferative capacity (Swenne 1983; Meier et al. 

2008), insulin secretion at a higher glucose threshold (Otonkoski et al. 1988), and expression 

of maturity markers such as Ucn3 (Blum et al. 2012). β-cells mature during the post-natal 

period between birth and weaning (Blum et al. 2012; Stolovich-Rain et al. 2015). 

Triiodothyronine (T3) was previously identified as possible driver of β-cell maturation as 

treatment of isolated immature rat islets and foetal human islets with T3 promoted MafA gene 

expression and improved glucose stimulated insulin secretion. Additionally, murine T3 receptor 

expression is elevated during the second and third week of life suggesting an implication of T3 

signaling in β-cell maturation (Aguayo-Mazzucato et al. 2013; Aguayo-Mazzucato et al. 2015). 

Interestingly, Perissi and colleagues demonstrated that TBL1 and TBLR1 are required for T3 

receptor mediated gene expression (Perissi et al. 2004). Thus, ablation of TBL1 and TBLR1 in 

the critical period of functional maturation would trap the β-cells in an immature state. Although 

the interactome screen did not show an interaction between the T3 receptor and TBL1 or 

TBLR1 in pancreatic β-cells, islets from TBL/RβKO mice displayed characteristics of immature 

β-cells. For instance, Hk1, Ldha, Cd81, and Slc16a1 which are highly expressed in immature 

β-cells but become repressed during postnatal maturation (Thorrez et al. 2011; Dhawan et al. 

2015; Salinno et al. 2021), were strongly upregulated while maturity markers such as Ucn3 

and Syt4 (Blum et al. 2012; Huang et al. 2018) were downregulated in islets from conditional 

TBL1 and TBLR1 knock out mice as revealed by transcriptomic profiling. Moreover, maturation 

of β-cells is in part induced by the transition from high fat mothers’ milk to high carbohydrate 

chow diet (Stolovich-Rain et al. 2015). Although TBL/RβKO mice developed hyperglycemia 

starting at the age of 6 weeks, changes in the transcriptome preceded the onset of 

hyperglycemia. In addition, islet micro-architecture was undistinguishable between controls 

and TBL/RβKO mice at P4 but at the age of 5 weeks abnormal changes in the cell type 

distribution were observed, suggesting that the onset of the phenotype would start during this 

period coinciding with the period of weaning-triggered maturation. Thus, to investigate whether 

TBL1 and TBLR1 are implicated in weaning-triggered maturation, control and TBL/RβKO mice 

were either prematurely weaned or underwent prolonged suckling. However, islet morphology 

was unchanged in TBL/RβKO mice irrespective of the weaning group, suggesting that TBL1 

and TBLR1 are not required for the weaning induced maturation of β-cells. Moreover, 

proliferative capacity of β-cells which reduces progressively during and after maturation 

(Swenne 1983; Meier et al. 2008) was unchanged in TBL/RβKO mice in comparison to 

controls. In addition, expression of disallowed genes such as ChgA, Ngn3, Ldha, and Hk1 was 

also upregulated when TBL1 and TBLR1 knock out was induced in mature and differentiated 
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β-cells. Ultimately this suggests that, instead of being trapped in an immature state it seems 

that β-cells lacking TBL1 and TBLR1 lose their mature state and identity over time.  

 

In most cases the progressive pathogenesis of T2DM is induced by insulin resistance. At first, 

pancreatic β-cells successfully compensate through hyperplasia and increased insulin 

secretion for the gradually increasing insulin demand to maintain normoglycemia. Eventually, 

β-cells fail to maintain blood glucose levels in a physiologic range leading to overt diabetes (Fu 

et al. 2013). Ultimately, β-cell failure and T2DM result in reduced β-cell number, β-cell 

dysfunction, and dedifferentiation. For a long time, depletion of β-cell number during prolonged 

hyperglycemia was attributed to increased apoptotic events (Butler et al. 2003). Although β-

cell mass was strongly reduced upon β-cell specific TBL1 and TBLR1 knock out, apoptosis did 

not seem to account for the reduction in β-cell number in this study, as bulk RNA-Seq and 

scRNA-Seq revealed that apoptosis-related genes were unchanged between control and 

TBL/RβKO mice, and TUNEL staining did not show any differences in the amount of apoptotic 

β-cells between genotypes (data not shown). Accordingly, using the IPA and KEGG pathway 

analysis tools, differentially expressed genes did not enrich for apoptosis related pathways. 

Thus, apoptosis does not explain the strong reduction in β-cell mass observed in TBL/RβKO 

mice. Talchai and colleagues observed that β-cell specific Foxo1 (Forkhead box O 1) knock 

out in mice reduced β-cell mass upon physiological stress such as aging or multiple 

pregnancies, while the number of apoptotic events was not increased. Instead, 

dedifferentiation was identified as contributor to β-cell failure (Talchai et al. 2012) and was later 

also described as major pathologic mechanism in T2DM (Amo-Shiinoki et al. 2021; Cinti et al. 

2016). β-cell dedifferentiation is the loss of β-cell identity and is characterized by a 

downregulation of β-cell enriched genes, an upregulation of β-cell disallowed genes, and a 

reoccurrence of progenitor cell associated genes (Talchai et al. 2012; Swisa et al. 2017). 

However, not only FOXO1 deficiency is sufficient to drive β-cell dedifferentiation but also 

ablation of the β-cell enriched transcription factors NKX6.1, PDX1, or PAX6 result in β-cell 

dedifferentiation (Taylor et al. 2013; Gao et al. 2014; Swisa et al. 2017). Islets from TBL/RβKO 

mice showed a strong downregulation of β-cell enriched genes while disallowed genes were 

upregulated. Moreover, conditional and induced TBL1 and TBLR1 knock out in β-cells resulted 

in an upregulation of genes characteristic for almost all developmental stages of the β-cell such 

as Ngn3, a marker for endocrine progenitor cells (Jensen et al. 2000; Schwitzgebel et al. 2000) 

or Sox9 (SRY box transcription factor 9), a markers of pre-endocrine cells (Seymour et al. 

2007). Even marker for the early stages of pancreatic endocrine cell development such as 

Sox2 or Sox17, mainly expressed in pluripotent stem cells or definitive endoderm cells 

respectively (Nair and Hebrok 2015), were upregulated in islets from TBL/RβKO mice. This 

implies that in the absence of TBL1 and TBLR1 β-cells cannot maintain their mature and 

differentiated state and are forced towards a pre-β-cell differentiation state. Interestingly, apart 

from the upregulation of β-cell precursor and disallowed genes, islets from TBL/RβKO mice 

showed an upregulation of genes characteristic to other cell types of the endocrine pancreas 

such as Gcg, Sst, and Ppy. Accordingly, plasma glucagon levels, total pancreas glucagon 

content, and α-cell mass were strongly increased in TBL/RβKO mice. Indeed, the rise of other 

endocrine cell populations was shown to be increased upon dedifferentiation (Amo-Shiinoki et 

al. 2021; Talchai et al. 2012; Swisa et al. 2017). Lineage tracing demonstrated that β-cells 

dedifferentiate into progenitor like cells and subsequently convert into other cells types such 

as α-cells or ε-cells (Talchai et al. 2012; Swisa et al. 2017), suggesting a similar mechanism 

may occur in TBL/RβKO islets. 
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Another mechanism in T2DM in which β-cells are lost in favour to other endocrine cell types is 

transdifferentiation, a process in which β-cells convert into other terminally differentiated cells 

without returning to a progenitor like state. For instance, PDX1 or NKX2.2 deficient β-cells 

were shown to transdifferentiate into cells co-expressing insulin and glucagon or insulin and 

somatostatin, respectively (Yang et al. 2011; Gao et al. 2014; Gutiérrez et al. 2017). As Pdx1 

and Nkx2.2 expression is reduced in states of chronic hyperglycemia (Yang et al. 2012; Sussel 

et al. 1998), this would suggest that transdifferentiation contributes to the β-cell depletion 

observed in T2DM. However, unlike dedifferentiation, transdifferentiation was only observed 

in knock out studies and not upon chronic hyperglycemia and T2DM (Wang et al. 2014), 

suggesting that dedifferentiation is the more physiologic process of hyperglycemia induced 

loss of β-cell mass. Here, scRNA-Seq revealed that upon TBL1 and TBLR1 knock out more 

cells were co-expressing two or even three endocrine hormones in comparison to the control. 

This was however not validated using immunofluorescence staining for insulin and glucagon 

for instance and the increased appearance of cells with dual signal in the scRNA-Seq may 

stem from an increased detection of cell duplets in the knock out mice, as suggested by a more 

stringent data analysis (Peter Weber, personal communication). Thus, in the specific case of 

TBL1 and TBLR1 deficiency this suggests that β-cells do not transdifferentiate but rather 

dedifferentiate as they first enter a precursor cell state and only then convert into other cell 

types. 

 

Induction of the EMT, ECM deposition in the islets, and islet fibrosis were previously associated 

with β-cell dedifferentiation (Jesus et al. 2021). Indeed, markers of EMT are upregulated in α- 

and β-cells upon T2DM (Avrahami et al. 2020; Roefs et al. 2017). These fibrotic changes of 

the islet during β-cell dedifferentiation were in part driven by transforming growth factor β 

(TGFβ) signaling (Jesus et al. 2021). Accordingly, pharmacological inhibition of the TGFβ 

receptor restored β-cell identity gene expression and reduced collagen deposition in islets of 

human and murine models of dedifferentiation (Jesus et al. 2021; Blum et al. 2014). Induction 

of the EMT was also identified as central mechanism through which endocrine precursor cells 

cluster and form islets during pancreas development (Cole et al. 2009), indicating that with the 

reactivation of EMT, pancreatic islets move backwards in their differentiation state. In line with 

the dedifferentiation-like phenotype in TBL/RβKO mice, ECM-receptor interaction was the 

most significantly upregulated pathway identified by KEGG pathway analysis. In addition, 

GSEA revealed an overrepresentation of differentially expressed genes that are associated 

with EMT upon TBL1 and TBLR1 knock out. Moreover, using IPA to predict upstream 

regulators that would explain alternatively expressed genes in islets from TBL/RβKO mice, 

TGFβ was identified as most significant hit. Of note, TBL1 was shown to play a central role in 

the EMT in breast cancer cells (Rivero et al. 2019). This further supports the notion that β-cells 

deficient for TBL1 and TBLR1 lose their identity and undergo dedifferentiation. 

 

Taken together, β-cell specific ablation of TBL1 and TBLR1 results in a dedifferentiation of β-

cells. Islets from TBL/RβKO mice display various hallmarks of dedifferentiation such as 

impaired β-cell identity gene expression, reactivation of β-cell progenitor marker, the rise of 

non-β-cell islet cells, as well as induction of the EMT. This establishes TBL1 and TBLR1 as 

central regulators of β-cell identity. 
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 TBL1 and TBLR1 deficiency induced dedifferentiation of β-cells is not 

reproduced in vitro 

In vitro knock down of TBL1 and TBLR1 in INS1E and MIN6 cells did not recapitulate the 

observations from the in vivo studies. For instance, while glycemia or insulinemia were 

unchanged in TBLRβKO mice, siRNA mediated TBLR1 knock down in INS1E cells increased 

insulin secretion at low glucose conditions. Insulin secretion at high glucose levels or KCl-

induced insulin secretion were unchanged. Elevated insulin secretion in particular at low 

glucose levels is characteristic for immature β-cells. As described above, only after functional 

maturation β-cells achieve the ability to secrete insulin at higher glucose thresholds (Blum et 

al. 2012). Another hallmark of β-cell immaturity is the low expression of Ucn3 (Blum et al. 

2012). However, Ucn3 expression but also expression of other β-cell identity genes was 

strongly upregulated upon TBLR1 knock down, suggesting that maturity is still maintained in 

INS1E cells lacking TBLR1. Also, simultaneous knock down of TBL1 and TBLR1 in INS1E 

cells promoted β-cell identity gene expression and insulin secretion although β-cells from 

TBL/RβKO mice were dysfunctional and underwent dedifferentiation. This discrepancy 

between in vivo and in vitro observations suggests that insulinoma cell lines might not be able 

to undergo dedifferentiation and are thereby not a suitable model. However, exposure of the 

murine insulinoma cell line MIN6 to a FOXO1-inhibitor induced dedifferentiation as indicated 

by reduced β-cell identity gene expression and increased progenitor and α-cell marker 

expression (Casteels et al. 2021). Moreover, glucosamine and high glucose exposure induced 

endoplasmic reticulum stress in INS1E cells led to dedifferentiation and thereby to reduced β-

cell identity gene expression and dampened glucose stimulated insulin secretion (Lombardi et 

al. 2012). Thus, although dedifferentiation can be mimicked in vitro in INS1E and MIN6 cells, 

TBL1 and TBLR1 knock down was not sufficient to trigger this process in vitro. The absence 

of dedifferentiation in INS1E and MIN6 cells upon TBL1 and TBLR1 knock down might be 

explained by remaining TBL1 and TBLR1 expression upon siRNA/shRNA mediated knock 

down or by analysis of phenotypic changes too shortly after knock down induction. Moreover, 

since in vitro cell lines represent an isolated and simplified model, essential factors for the 

development of the phenotype might be missing such as cell-cell interactions between β-cells 

and other cell types of the endocrine pancreas or circulating factors such as ligands for nuclear 

receptors. 

 

After siRNA transfection of INS1E cells, TBL1 mRNA levels were reduced by ~90% while 

TBLR1 mRNA levels were reduced by only 60%. Thus, the remaining TBLR1 expression might 

have blunted or inhibited the progression of the dedifferentiation. In line with this, tamoxifen-

induced TBL1 and TBLR1 knock out in mice also resulted in an incomplete depletion and 

phenotypic alterations were not as severe as previously observed in the conditional TBL/RβKO 

mice. In contrast, induced knock out of Pax6, Nkx2.2, or Pdx1 in previous studies was more 

efficient, resulting in a rapid development of β-cell dedifferentiation within one or two weeks 

(Gao et al. 2014; Swisa et al. 2017; Gutiérrez et al. 2017). This suggests that incomplete 

ablation of TBL1 and TBLR1 might cause the absent development of the phenotype in vitro 

but also in vivo in the inducible TBL/RβKO mice on chow diet. 

 

Another reason for the inconsistent observations between in vivo and in vitro models might be 

the duration of phenotype development. TBL/RβKO mice developed severe hyperglycemia 

starting at the age of 6 weeks. Conversely, in iTBL/RβKO mice, blood glucose levels dropped 

significantly after knock out induction while islet gene expression and islet micro-architecture 

displayed characteristics of dedifferentiation. Discrepancies in phenotype severity between 
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conditional and induced knock out were also described in other models of β-cell 

dedifferentiation (Gutiérrez et al. 2017). Only 18 weeks after knock out induction and HFD 

feeding, iTBL/RβKO mice started to show impaired β-cell function. This suggests that the 

development of the dedifferentiation due to TBL1 and TBLR1 deficiency is a time dependent 

process and that β-cell function is progressively lost. This would indicate that the knock down 

in INS1E and MIN6 cells, which displays only acute changes requires more time in order to 

show a similar phenotype as observed in the knock out mice.  

 

Moreover, terminally differentiated β-cells lose their ability to proliferate after maturation 

(Swenne 1983; Meier et al. 2008). In contrast, INS1E and MIN6 cells are cells that originate 

from insulinomas and retain their proliferative ability (Asfari et al. 1992; Ishihara et al. 1993). 

This substantial difference between primary β-cells and β-cell lines affects not only pathways 

associated with proliferation but also with apoptosis and cell cycle (Skelin et al. 2010). Thus, 

the function and action of TBL1 and TBLR1 in β-cells might also be affected by these 

alterations. Additionally, INS1E cells require β-mercaptoethanol in their culture medium for 

continuous proliferation (Asfari et al. 1992), which is toxic, denatures proteins (Skelin et al. 

2010), and thereby might induce β-cell stress and affect TBL1 and TBLR1 expression or 

function. MIN6 cells are cultured in 25 mM glucose medium (Ishihara et al. 1993), which would 

metabolically stress primary β-cells and induce apoptosis due to glucotoxicity (Efanova et al. 

1998). Moreover, high glucose levels reduced TBL1 and TBLR1 mRNA and protein levels in 

INS1E cells and murine islets, suggesting that the high glucose concentration in the media of 

MIN6 cells might also affect TBL1 and TBLR1 expression. Thus, metabolic differences 

between primary β-cells and the insulinoma β-cell lines and conditions for cultivation might 

explain the absence of phenotypic changes in vitro that were observed in vivo. 

 

Nevertheless, although INS1E cells or MIN6 cells lacking TBL1 and TBLR1 did not display the 

same phenotype as observed in the TBL/RβKO mice, some features such as the upregulation 

of TBLR1 upon TBL1 deficiency were reproduced. Moreover, the interactome analysis using 

MIN6 cells identified all components of the NCOR/SMRT repressor complex as direct TBL1 

and TBLR1 interaction partners. As TBL1 and TBLR1 are known components of this 

NCOR/SMRT repressor complex (Guenther et al. 2001; Yoon et al. 2003), this implies that 

main regulatory mechanisms or at least protein-protein interactions are conserved in the 

insulinoma cells used in this study.  

 Bidirectional PAX6 gene expression in β-cells might be facilitated by 

TBL1 and TBLR1 

Inflammation (Nordmann et al. 2017), oxidative stress (Talchai et al. 2012), and endoplasmic 

reticulum stress (Lombardi et al. 2012) were identified as main driver of β-cell dedifferentiation 

ultimately leading to reduced β-cell identity gene expression and induction of disallowed and 

progenitor cell genes. To maintain a differentiated state, a constant repression of disallowed 

genes is required which is in part facilitated by β-cell enriched transcription factors. For 

instance, during metabolic stress FOXO1 is required to promote β-cell identity gene expression 

through repression of endocrine progenitor genes (Talchai et al. 2012). The transcription factor 

NKX2.2 was shown to directly bind to promoter regions of β-cell identity genes and disallowed 

genes thereby functioning as activator and repressor (Gutiérrez et al. 2017). PDX1 was 

demonstrated to maintain β-cell identity (Gao et al. 2014) and to modulate insulin gene 

expression through the recruitment of regulatory complexes and histone modifiers such as 

p300 (Mosley et al. 2004), HDAC1/2 (Mosley and Ozcan 2004), or the switch/sucrose non-
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fermentable (SWI/SNF) complex (McKenna et al. 2015), depending on glucose availability in 

the β-cell. PAX6 was shown to maintain β-cell identity through induction of β-cell identity genes 

and repression of disallowed genes (Swisa et al. 2017). Accordingly, β-cell specific Pax6 knock 

out resulted in hyperglycemia, hypoinsulinemia, downregulation of β-cell identity genes, 

upregulation of disallowed genes, and abnormal islet micro-architecture (Gosmain et al. 2012; 

Swisa et al. 2017; Mitchell et al. 2017) – a phenocopy of β-cell TBL1 and TBLR1 ablation. As 

TBL1 and TBLR1 directly bind to PAX6, this indicates that TBL1 and TBLR1 might be involved 

in PAX6 mediated gene regulation. One of the most prominent PAX6 targets genes is the 

insulin gene (Sander et al. 1997). Indeed, TBL1 and TBLR1 were found to directly or indirectly 

bind to the same Ins1 promoter region as PAX6 in MIN6 cells. Moreover, promoter activity of 

the murine Ins2 gene and the human INS gene was reduced by TBL1 and double TBL1 and 

TBLR1 knock down in INS1E cells. It is however unclear whether TBL1 and TBLR1 directly 

bind to the PAX6 target gene promoter regions or whether they instead bind to PAX6 itself and 

thereby control PAX6-mediated gene expression. Indeed, previous studies demonstrated that 

TBL1 and TBLR1 are able to directly bind to DNA (Li and Wang 2008) but also to bind to 

nuclear receptors (Perissi et al. 2004) or histones (Guenther et al. 2000; Yoon et al. 2003) in 

order to regulate transcriptional events.  

 

In hepatocytes, TBL1 and TBLR1 were shown to physically interact with PPARα, a key 

regulator of fatty acid oxidation in the liver (Kulozik et al. 2011). TBL1 and TBLR1 deficiency 

resulted in hepatic steatosis in part through an increased NCOR1 and HDAC3 recruitment to 

the promoters of PPARα target genes. Accordingly, less of the PPARα co-activators bound to 

these promoter regions leading to an overall repression of the PPARα-mediated fatty acid 

oxidation (Kulozik et al. 2011). This supports the notion that TBL1 and TBLR1 recruit regulatory 

complexes signal dependently and thereby function as exchange factors for these complexes 

(Perissi et al. 2004; Ogawa et al. 2004). Here, not only TBL1 and TBLR1 were found to bind 

to PAX6 but also HDAC3, part of the NCOR/SMRT repressor complex, and SUPT16H, a 

subunit of the FACT activator complex. Indeed, PAX6 has previously been shown to interact 

with regulatory complexes and histone modifiers to facilitate transcriptional events. For 

instance, the BAF chromatin remodelling complex interacts with PAX6 during neurogenesis 

(Ninkovic et al. 2013) while HDAC1, which belongs to the same HDAC-family as HDAC3, has 

been shown to bind to PAX6 to regulate retinal development (Kim et al. 2017). This suggests 

that PAX6 mediated gene expression in part requires regulatory complexes including histone 

deacetylases – prototypic TBL1 and TBLR1 interaction partners. Thus far, β-cell specific PAX6 

interaction partners were not identified. Since PAX6 was shown to induce the expression of β-

cell identity genes while simultaneously repressing the expression of disallowed genes (Swisa 

et al. 2017), it is likely that regulatory complexes such as the NCOR/SMRT repressor complex 

and the FACT activator complex are recruited to PAX6 to control this bidirectional gene 

expression. In this context, TBL1 and TBLR1 might function as exchange factors. It was 

previously demonstrated that in order to exchange regulatory complexes, TBL1 and TBLR1 

recruit the ubiquitin/19S proteasome complex to induce the ubiquitination and subsequent 

proteasomal degradation of the respective regulatory complexes (Perissi et al. 2004). In this 

study, the interactome screen revealed that TBL1 and TBLR1 interact with ubiquitination and 

proteasomal degradation associated proteins such as USP28, UBE2N, or PSMB5, indicating 

that also in the pancreatic β-cells TBL1 and TBLR1 might facilitate ubiquitination and 

degradation of regulatory complexes. Interestingly, binding intensity of the respective 

regulatory complex component to PAX6 was TBL1 and TBLR1 dependent. In the absence of 

TBL1 and TBLR1, more HDAC3 and less SUPT16H bound to PAX6 suggesting that in the 

absence to TBL1 and TBLR1 the NCOR/SMRT repressor complex is not dismissed resulting 



 

 

76  DISCUSSION 

in sustained repression of gene expression. This fits with the general downregulation of β-cell 

identity gene expression observed in islets from TBL/RβKO mice, but not with the upregulation 

of disallowed genes and progenitor cell markers. In future studies, it therefore needs to be 

investigated whether TBL1 and TBLR1 indeed recruit the ubiquitin/19S proteasome complex 

in order to induce the proposed regulatory complex switch. Moreover, the promoter regions to 

which TBL1 and TBLR1 but also the respective complex components bind need to be identified 

to understand the underlying mechanism.  

 

Of note, the only known TBL1 and TBLR1 interaction partners identified in the interactome 

analysis, apart from the NCOR/SMRT complex, were β-catenin (Li and Wang 2008) and 

CTBP1 (Perissi et al. 2008). However, the enrichment over the control pulldown was either not 

significant or the enrichment fold-change was below the threshold (fold change < 2.1). Thus, 

the roles of TBL1/TBLR1 in the context of β-catenin and CTBP1 in β-cells were not investigated 

in this study.  

 

Here, the NCOR/SMRT repressor complex component HDAC3 and the FACT activator 

complex subunit SUPT16H were directly interacting not only with TBL1 and TBLR1, but also 

with PAX6, the master regulator of pancreatic endocrine cells. Apart from HDAC3, none of the 

NCOR/SMRT or FACT complex components were addressed in the context of pancreatic β-

cell function and physiology. Induced β-cell specific HDAC3 knock out improved glucose 

tolerance and insulin secretion (Remsberg et al. 2017). This is in line with previous studies 

where pharmacological HDAC3 inhibition improved β-cell function (Lundh et al. 2015; Lundh 

et al. 2012). One of the major roles of HDAC3 is the deacetylation of histone tails resulting in 

condensed chromatin and thereby repression of gene expression. In turn, ablation or inhibition 

of HDAC3 would result in hyperacetylated histone tails, open chromatin, and thus induction of 

gene expression (Yoon et al. 2005). Upregulation of insulin secretion and synthesis due to 

HDAC3 inhibition or deletion suggests that HDAC3 binds and modulates promoter regions of 

β-cell identity genes. This supports observations from this present study as upon TBL1 and 

TBLR1 deficiency more HDAC3 bound to PAX6, probably resulting in an overall 

downregulation of β-cell identity genes. In contrast, conditional HDAC3 knock out enhanced 

susceptibility to streptozotocin induced β-cell death and induced glucose intolerance in part 

through downregulation of insulin gene expression (Chen et al. 2016). The conflicting 

observations between induced and conditional HDAC3 deficiency might be explained by a 

possible role of HDAC3 in β-cell development or differentiation. Moreover, this also indicates 

that HDAC3 might have a TBL1/TBLR1 independent function.  

 

Although the role of the FACT complex was not investigated in β-cells thus far, interactome 

screens from previous studies showed that the FACT subunits SUPT16H and SSRP1 were 

interacting with pluripotency marker homeobox protein NANOG and SOX2 (Nitzsche et al. 

2011; Samudyata et al. 2019), indicating a role in β-cell development and differentiation. 

During embryogenesis, spatiotemporal repression and activation of genes is facilitated by 

histone modifications such as methylation in order to drive β-cell development (van 

Arensbergen et al. 2010). Also in adult β-cells, methylation is central for the maintenance of a 

mature and differentiated state as β-cell disallowed genes such as Hk1, Ldha, or Slc16a1 are 

repressed by methylation of the respective promoter region (van Arensbergen et al. 2010; 

Thorrez et al. 2011). Interestingly, the TBL1 and TBLR1 interaction partner KDM1A – a histone 

demethylase, was previously identified as SUPT16H and SSRP1 interaction partner (Latos et 

al. 2015). Accordingly, the FACT complex was shown to regulate transcriptional events 

through demethylation (Frost et al. 2018). Thus, a dysregulation of FACT complex recruitment 
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to promoter regions, possibly due to TBL1 and TBLR1 deficiency, would induce the 

demethylation of promoter regions of β-cell disallowed genes resulting in their expression. 

Indeed, alterations in the epigenome and in histone modifications were associated with β-cell 

dedifferentiation and T2DM (Lu et al. 2018). It however needs to be addressed whether the 

FACT complex is capable of binding to promoter regions of β-cell disallowed genes and 

whether TBL1 and TBLR1 are indeed required for selective FACT complex recruitment or 

dismissal. 

 TBL1 and TBLR1 as targets for T2DM prevention 

Impaired β-cell function is a major contributor to diabetes. Attempts to cure insulin-dependent 

diabetes comprise of pancreas transplantation (Nath et al. 2005), pancreatic islet 

transplantation (Shapiro et al. 2006), or transplantation of β-cells or pancreatic islets derived 

from human stem cells (Shapiro et al. 2021). One of the main limitations in the β-cell 

transplantation field is the organ donor availability, emphasizing the need for in depth 

understanding of mechanisms involved in β-cell differentiation from stem cells. In the past 

decade, great progress was achieved in the field of β-cell differentiation from human pluripotent 

stem cells (hPSC). However, differentiation efficiency is not reproducible across hPSC lines 

(Merkle et al. 2022) and glucose stimulated insulin secretion is impaired due to immature 

mitochondrial glucose coupling (Balboa et al. 2022). Interestingly, TBL1 and TBLR1 are 

differentially expressed between grafted stem cell-islets or stage 6 stem cell-islets and primary 

human cadaveric islets (Augsornworawat et al. 2020). Given that TBL1 and TBLR1 were 

identified here as central regulators of β-cell identity, this suggests that modulation of TBL1 

and TBLR1 expression during β-cell differentiation from hPSC might have beneficial effects on 

the differentiation process and maturation. 

 

The loss β-cell identity due to dedifferentiation is recognized as main mechanism through 

which β-cells are lost in T2DM (Amo-Shiinoki et al. 2021; Cinti et al. 2016). Maintaining the 

differentiated state or reversing β-cell dedifferentiation would therefore represent a novel 

approach to prevent the development or progression of T2DM. Indeed, reversal of β-cell 

dedifferentiation was previously achieved using TGFβ inhibitors (Blum et al. 2014) or through 

inhibition of NFκB signaling (Chen et al. 2018). Moreover, infusion of umbilical cord-derived 

mesenchymal stem cells was sufficient to normalize blood glucose levels in T2DM patients 

(Hu et al. 2016), mainly due to reversal of β-cell dedifferentiation as observed in db/db mice 

(Li et al. 2021). This suggests that the dedifferentiation of β-cells due to hyperglycemia and 

dyslipidemia is a reversible process. As islet TBL1 and TBLR1 levels were reduced in aged 

and diabetic mice, β-cell specific upregulation of TBL1 or TBLR1 expression, or the 

improvement of TBL1 and TBLR1 action would represent a promising approach to counteract 

β-cell dedifferentiation.  

 

Targeting TBL1, TBLR1, or their interaction partners such as components of the FACT or 

NCOR/SMRT complex systemically was shown to be difficult due to the variety of processes 

regulated by these factors. For instance, full body knock out of TBL1, TBLR1, or components 

of the NCOR/SMRT repressor complex such as NCOR1 and HDAC3 are embryonically lethal 

(Perissi et al. 2010; Montgomery et al. 2008; Jepsen et al. 2000), suggesting that they control 

central mechanisms in the whole body. Moreover, alterations in the function and expression of 

TBL1 and TBLR1 (Li and Wang 2008; Rivero et al. 2019; Xu et al. 2022), but also of the 

components of the FACT complex (Hudson et al. 2007; Garcia et al. 2011) were associated 

with cancer progression and aggressiveness, making it dangerous to alter their expression or 
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activity systemically. It is therefore important to target TBL1 and TBLR1 tissue specifically but 

also to target specifically the interaction between TBL1, TBLR1 and their interaction partners. 

Curaxin (CBL0137) for instance directly targets the FACT complex and thereby inhibits FACT-

mediated proliferation of cancer cells and promotes their apoptosis (Maluchenko et al. 2016; 

Gasparian et al. 2011). Thus far it remains to be investigated whether Curaxin would also affect 

the interaction between FACT and TBL1 or TBLR1, or how Curaxin would affect pancreatic β-

cell identity. Interestingly, Tegavivint (BC2059) was identified to specifically disrupt the 

interaction between TBL1 and β-catenin in cancer cells (Fiskus et al. 2015). Although both, β-

catenin and the NCOR/SMRT complex were shown to bind to the N-terminal domain of TBL1 

(Oberoi et al. 2011; Li and Wang 2008), Tegavivint specifically disrupted the TBL1/β-catenin 

interaction (Soldi et al. 2021). How Tegavivint achieves this specificity is not completely 

understood. However, this indicates that pharmacological manipulation of TBL1 and TBLR1 

activity is possible through disruption of interaction partner binding. Of note, PAX6 which was 

identified as direct TBL1 and TBLR1 interaction partner in this study is a central regulator for 

β-cell differentiation but also for the development of endocrine cells of the pancreas, retinal 

cells, and the central nervous system (St-Onge et al. 1997; Nishina et al. 1999; Walther and 

Gruss 1991). It therefore needs to be assessed which functions of PAX6 are under the 

regulation of TBL1 and TBLR1. Thus, understanding the interplay between TBL1, TBLR1 and 

the respective interaction partners in pancreatic β-cells is central to decipher mechanisms 

underlying dedifferentiation and to develop novel approaches to prevent T2DM. 

 Summary and outlook 

In this study, TBL1 and TBLR1 were identified as central regulators of β-cell identity in mice. 

Through their interaction with PAX6 but also components of the NCOR/SMRT and the FACT 

complexes, TBL1 and TBLR1 seem to recruit regulatory complexes to promoter regions of β-

cell identity genes and disallowed genes to modulate β-cell gene expression and maintain β-

cell identity. Accordingly, disruption of TBL1 and TBLR1 function was shown to have 

detrimental systemic consequences as β-cells underwent dedifferentiation. Moreover, it is 

likely that after entering a progenitor cell-like state, β-cells differentiated into other cell types of 

the endocrine pancreas. The exact mechanisms however need further investigations.  

 

As TBL1 and TBLR1 were shown to physically interact with PAX6, one central aspect would 

be to identify further TBL1 and TBLR1 target genes in β-cells apart from the insulin genes and 

to find out whether those coincide with PAX6 targets. To this end, a successful quantitative 

ChIP protocol was established and optimized for MIN6 cells. The next step would be to perform 

ChIP sequencing to identify promoter regions targeted by TBL1, TBLR1, and PAX6 in an 

unbiased-manner. Based on observations from this study and on the known roles of TBL1 and 

TBLR1 in other cell types, it was hypothesized that TBL1 and TBLR1 would recruit regulatory 

complexes to PAX6 in order to facilitate bidirectional PAX6-mediated gene expression. Indeed, 

components of the NCOR/SMRT repressor complex and the FACT activator complex were 

found to not only bind to TBL1 and TBLR1 but also to PAX6. Thus, binding sites of these 

regulatory complexes using ChIP sequencing but also the underlying mechanism of the 

hypothesized regulatory complex recruitment or dismissal would be essential to further 

understand how TBL1 and TBLR1 maintain β-cell identity. Additionally, the determination of 

the acetylome and the methylome of the chromatin using ChIP sequencing would be of great 

interest to investigate whether gene expression regulated by TBL1 and TBLR1 is indeed 

mediated by acetylation and methylation facilitated by the NCOR/SMRT and FACT complex. 



 

 

79  DISCUSSION 

Lastly, it would also be of great interest to identify stimuli which control this proposed regulatory 

complex switch facilitated by TBL1 and TBLR1.  

 

It was observed that TBL1 and TBLR1 expression was downregulated upon aging and 

diabetes in mice. Underlying causes might be chronic hyperglycemia and dyslipidemia. Thus 

far, attempts to observe changes in TBL1 or TBLR1 expression in islets upon aging or T2DM 

in humans remained inconclusive, probably due to human variability and incomplete donor 

information. Therefore, to investigate whether the findings from this present study are 

translatable to humans, using islets from donors bearing more information on current treatment 

or blood lipids would be central. Moreover, increasing sample size would also be beneficial to 

identify possible changes on TBL1 and TBLR1 expression. Of note, although the insulinoma 

β-cell lines INS1E and MIN6 did not display phenotypic alterations upon TBL1 and TBLR1 

deficiency, they were proven to be suitable for mechanistic investigations. Thus, to investigate 

whether protein-protein interactions and complex recruitment are also conserved in humans, 

the human β-cell line EndoC-βH1, which was previously used as β-cell dedifferentiation and 

drug testing model (Tsonkova et al. 2018; Diedisheim et al. 2018), will be established. 

 

The loss of β-cell identity is generally acknowledged as main contributor to β-cell failure and 

loss of β-cell mass observed in T2DM. In this study, a link between TBL1/TBLR1 and β-cell 

identity was established (Figure 68), which highlights TBL1 and TBLR1 as promising novel 

therapeutical target for β-cell identity and β-cell mass maintenance. Importantly, a recently 

identified compound was able to specifically disrupt the binding between TBL1 and its 

interaction partner β-catenin. In the light of TBL1/TBLR1 and their implication in maintenance 

of β-cell identity, manipulation of protein-protein interactions between TBL1, TBLR1 and 

specifically negative regulators of β-cell identity such as HDAC3 would therefore represent a 

promising approach to maintain β-cell identity and thereby prevent or even reverse T2DM. 

 

Ultimately, this present work showed the importance of TBL1 and TBLR1 action in pancreatic 

β-cells. Further efforts to elucidate the underlying mechanisms on how TBL1 and TBLR1 

control β-cell identity are essential to understand the processes upon β-cell dedifferentiation 

but also to develop novel treatment or prevention approaches in T2DM.  
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Figure 68: Proposed mechanism through which TBL1 and TBLR1 control β-cell identity in pancreatic β-
cells. (Normoglycemia) TBL1 and TBLR1 dynamically, promoter specifically, and signal dependently facilitate 
recruitment or dismissal of the FACT activator and the NCOR/SMRT repressor complex. Thus, PAX6-mediated 
expression of β-cell identity genes is induced while disallowed genes are repressed. (Chronic 
hyperglycemia/dyslipidemia) Chronic hyperglycemia and dyslipidemia result in reduced TBL1 and TBLR1 levels. 
Controlled recruitment of the FACT or NCOR/SMRT complex is not possible anymore resulting in dysregulation of 
gene expression and loss of β-cell identity. Created with Biorender.com. 
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4 METHODS 

 Animal experiments 

Mouse studies were performed using C57BL/6J or C57BL/6N mice. Animals were housed at 

standard conditions with a 12 h dark-light cycle at 22°C and ad libitum access to regular rodent 

chow diet and water if not stated otherwise. Animal handling and experimentation was 

performed in accordance with the institutional animal welfare officer and approved by local 

authorities (Government of Upper Bavaria; ROB-55.2-2532.Vet_02-16-117, ROB-55.2-

2532.Vet_02-21-133 and ROB-55.2-2532.Vet_02-18-93).  

Tamoxifen treatment 

Tamoxifen was prepared in corn oil at 20 mg/ml. A single dose of 200 µg/kg body weight 

tamoxifen was administered subcutaneously to the mice at the age of 8 weeks. 

Body composition 

Body composition was determined using echo magnetic resonance imaging (EchoMRI, Echo 

Medical Systems, Houston). 

Bromodeoxyuridine (BrdU) treatment 

BrdU is a synthetic nucleoside that incorporates into the DNA of proliferating cells. To 

investigate the proliferative rate of β-cells in vivo, mice were injected intraperitoneally with 

100 mg/kg body weight BrdU in 1xPBS. Mice were injected on 3 consecutive days and 

sacrificed on day 4. 

Fasting and refeeding 

To determine fasting and refeeding blood glucose and circulating insulin and glucagon levels, 

mice were fasted for 16 h and refed for 2 h. For fasting, mice were transferred to fresh cages 

without food but with ad libitum access to fresh water. Blood glucose determination and 

withdrawal was performed by nicking the tail with a razor blade. Blood glucose levels were 

measured using a glucometer. For the determination of circulating insulin and glucagon levels, 

blood was collected in Microvette® CB 300 K2E tubes. 

Blood plasma 

Blood collected in Microvette® CB 300 K2E tubes was incubated at room temperature (RT) for 

5 min. After centrifugation at 2000 g, 4°C for 10 min, plasma was collected in fresh tubes, snap 

frozen in liquid nitrogen, and stored at -80°C. 

Intraperitoneal glucose tolerance test (ipGTT) 

An ipGTT was performed to determine the clearance of intraperitoneally injected glucose from 

the blood. Functional insulin secretion from the β-cells and insulin signaling in peripheral 

tissues results in quick normalization of blood glucose levels. For this, mice were fasted for 6-

16 h. After determination of body weight and basal blood glucose levels, mice were i. p. injected 

with 2 g/kg D-glucose in 0.9% sodium chloride (NaCl). Blood glucose levels were determined 

15, 30, 60, and 120 min after injection by nicking the tail with a razor blade.  

Oral glucose tolerance test (oGTT) 

To determine glucose clearance and insulin secretion in a more physiologic approach, an 

oGTT was performed. In addition to blood glucose determination, blood was collected at all 

stated time points to determine circulating insulin levels. Mice were fasted for 16 h. After 
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determination of body weight and basal blood glucose levels, mice were orally administered 

with 2-3 g/kg D-glucose in 0.9% NaCl via oral gavage. Blood glucose level determination and 

withdrawal was performed 10, 15, 30, 60, and 120 min after glucose administration.  

Intraperitoneal insulin tolerance test (ipITT) 

To exclude possible effects of insulin sensitivity on blood glucose clearance, an ipITT was 

performed. For this, mice were fasted for 6 h prior to the experiment. After determination of 

body weight and baseline blood glucose levels, mice were injected i. p. with 0.6-1 U/kg insulin 

in 0.9% NaCl. Blood glucose levels were determined 15, 30, 45, 60, 90, and 120 min after 

injection.  

Mouse preparation 

After cervical dislocation mice were decapitated. Blood glucose levels were determined using 

a glucometer and the remaining blood was collected in Serum Gel Z/1.1 microtubes. Organs 

including liver, kidney, spleen, fat pads, and gastrocnemius muscle were collected, weighed, 

and snap-frozen in liquid nitrogen. Brain and intestines were snap frozen without weighing. 

Until further usage, organs were stored at -80°C. Pancreas, collected for histological analysis 

was weighed, placed into histological cassettes, and immediately submerged in 4% formalin. 

Subsequent immunofluorescence staining and analysis was performed by the core facility 

Pathology & Tissue Analytics at the Helmholtz Munich. 

Blood serum 

Serum was obtained by incubation of the collected blood at RT for 5 min and subsequent 

centrifugation at 10000 g, 4°C for 10 min. Serum was then transferred to a fresh tube, snap 

frozen in liquid nitrogen, and stored at -80°C until further processing. Albumin, ALT, AST, 

cholesterol, HDL, ketone body, LDH, LDL, NEFA, and triglyceride serum levels were 

determined using the Beckman Coulter AU480 Chemistry Analyzer. 

Total pancreas hormone content 

For determination of total pancreas hormone content, pancreata were dissected and 

immediately placed in 5 ml ice-cold 0.2 M HCl in 70% ethanol. Pancreata were then 

homogenized and incubated for 2 days at -20°C by adding 5 ml of 0.2 M acid ethanol daily. 

Tissue residues were then pelleted by centrifugation for 10 min at 4000 g, 4°C. Supernatant 

was stored at -80°C until determination of hormone concentration using ELISAs. Total 

pancreas hormone content was normalized to protein levels.  

Pancreatic islet isolation 

Mice were sacrificed by cervical dislocation. Then, the hepato-pancreatic duct was closed at 

the Ampulla of Vater using a thread which was clamped and pulled gently in order to expose 

and stretch the pancreatic duct. 3 ml of ice-cold Collagenase P solution, prepared by dissolving 

6 U Collagenase P in 3 ml HBSS containing 1% BSA, were injected into the pancreatic duct. 

Inflated pancreas was then dissected and placed in a 15 ml tube containing Collagenase P on 

ice. Pancreatic tissue was digested at 37°C for 14 min. The reaction was stopped by adding 

8 ml ice-cold HBSS containing 1% BSA. Islets were washed 3 times with 8 ml HBSS containing 

1% BSA and were then hand-picked 4 times prior to cultivation in murine islet medium.  

 Cell biology 

All cell cultural procedures were performed under sterile conditions. Cells were cultured at 

37°C, 5% CO2 and 95% air atmosphere. Prior to use, all media and additives were warmed to 



 

 

83  METHODS 

37°C. Chapter 5.1 Cell culture medium summarizes a list of media used for cell cultural 

experiments. 

Thawing cells 

Eukaryotic cells in freezing medium were stored in liquid nitrogen. After thawing the cells in a 

water bath at 37°C, cells were seeded in 15 cm tissue culture dishes containing 20 ml culture 

medium. 24 h after seeding, media was changed to remove the remaining DMSO. 

Cultivation of INS1E and MIN6 β-cell lines 

Eukaryotic cell lines were cultivated on 15 cm dishes containing 20 ml culture medium. 

Passaging of the cells was performed twice per week. For this, medium was aspirated and the 

cells were washed once with 1xPBS. Then, cells were trypsinized for 3-5 min at 37°C. 

Trypsinization was stopped by addition of 8 ml culture medium. After collecting cells in a fresh 

15 ml tube, cells were pelleted by centrifugation for 2 min at 1000 g, RT. Supernatant was 

aspirated and the cell pellet was subsequently resuspended in 6 ml culture medium. Cell 

number was determined using the CellCountess and 3x106 INS1E or 6x106 MIN6 cells were 

plated onto a fresh 15 cm tissue culture dish containing 20 ml fresh culture medium. 

Cryopreservation of cell lines 

Long-term preservation of cell lines was achieved by storage in liquid nitrogen. For this, cells 

were washed once with 1xPBS, and trypsinized for 3-5 min at 37°C. After centrifugation for 

2 min at 1000 g, RT, 3x106 INS1E cells and 6x106 MIN6 cells were resuspended in 1 ml 

freezing medium. The cells were frozen at -80°C with a cooling rate of -1°C/min by placing the 

cell aliquots into a Mr. Frosty™ Freezing Container. Cells were then transferred to liquid 

nitrogen tanks for long-term storage. 

Small interfering RNA (siRNA) transfection 

INS1E cells were seeded on 24-well plates with a density of 1x105 cells. After attachment, cells 

were transfected with 6-25 nM siRNA using 1.5 µl Lipofectamine RNAiMAX Transfection 

Reagent. For this, siRNA and RNAiMAX Transfection Reagent were diluted separately in 50 µl 

OptiMEM – Reduced Serum Medium, respectively. Subsequently, dilutions were mixed and 

incubated at RT for 15 min. 100 µl of the transfection mix were then added dropwise per well 

to the cells. Cells were harvested 5 days after transfection. 

 

Short hairpin RNA (shRNA) transduction 

MIN6 cells were seeded on 24-well plates with a density of 2x105 cells. On the next day, 

medium was changed to media containing 1 µl crude lysate of the adenovirus carrying the 

respective shRNA per well. Cells were harvested 48 h after transduction. 

Plasmid DNA transfection 

INS1E cells were seeded on 24-well plates with a density of 2x105 cells. On the next day, cells 

were transfected for 48 h with 0.5-2 µg plasmid DNA using 2 µl Lipofectamine 2000 

Transfection Reagent. Transfection mix was prepared as described for the siRNA transfection. 

Luciferase Assay 

The construct containing the luciferase reporter gene under the human insulin gene 

(pGL410_INS421) and the murine insulin 2 gene (pGL410_Ins2500) were a gift from Kevin 

Ferreri and were purchased from Addgene (human insulin gene: RRID:Addgene_49057; 

murine insulin 2 gene: RRID:Addgene_49058) (Kuroda et al. 2009). 

 



 

 

84  METHODS 

2.5x104 INS1E cells were seeded into 96-well culture plates. 48 h after siRNA transfection, 

INS1E cells were transfected with vectors for the Luciferase assay as described for plasmid 

DNA transfection for 48 h. 

 

The Luciferase assay was performed using the Promega Dual-Luciferase Reporter Assay 

System. For this, cells were lysed using 25 µl of the 1xPassive Lysis Buffer for 15 min on a 

plate shaker at 800 rpm, RT. Then, 20 µl cell lysate were transferred to a white 96-well assay 

plate. LARII and Stop&Glo solutions were prepared as described in the manufacturer’s 

manual.  

 

The Varioscan LUX Multimode Microplate Reader was primed using the respective solutions. 

The assay program comprised of addition of 100 µl LARII reagent, followed by shaking at 

240 rpm for 5 s, and a Firefly Luciferase activity measurement for 8 s. Then, 100 µl Stop&Glo 

solution was added followed by shaking at 240 rpm for 5 s and Renilla Luciferase activity 

measurement for 8 s. For analysis, Firefly Luciferase activity values were normalized to Renilla 

Luciferase activity. 

Insulin secretion assay 

INS1E cells were grown on 24-well plates to a 90% confluency. Tanaka-Robertson Krebs 

Ringer Buffer (KRB) was supplemented with 0.1% BSA and prewarmed to 37°C. Cells were 

washed twice with the KRB then glucose-starved with 500 µl KRB at 37°C for 1 h. The buffer 

was aspired and insulin secretion was stimulated at 37°C for 1 h using 500 µl of glucose or 

glucose in combination with potassium chloride (KCl) to stimulate the maximal insulin 

secretion. 200 µl of the supernatant were collected and centrifuged at 1000 g, 4°C, for 5 min. 

Then 100 µl were transferred to fresh tubes and the samples were stored at -80°C. The 

remaining supernatant on the cells was aspired and the cells were lysed in 200 µl acid ethanol 

(1.5% HCl in 70% ethanol). Lysis was supported by freezing at -80°C for 1 h. Cells were 

collected in fresh tubes by scraping and pipetting up and down. To pellet the cell debris, 

samples were centrifuged at 5000 g, 4°C for 5 min. 100 µl were transferred to fresh tubes and 

the samples were stored at -80°C until further usage. 

 Molecular biology 

RNA isolation 

A) From INS1E and MIN6 cells 

Cells were harvested in 500 µl Trizol and transferred to fresh RNase free tubes. Then, 150 µl 

chloroform was added to the lysates. The mixtures were shaken vigorously for 2 min and 

incubated for 2 min at RT prior to centrifugation for 20 min at 12000 g, 4°C. The upper aqueous 

phase containing the RNA was transferred to fresh RNase free tubes. For RNA precipitation, 

250 µl isopropanol was added. The mixture was inverted, incubated at RT for 10 min, and 

centrifuged for 20 min at 12000 g, 4°C. The supernatant was discarded and the pellet was 

washed three times using 1 ml ice cold 75% ethanol and centrifugation at 7500 g, 4°C for 

5 min. After the last wash, the supernatant was aspired and the pellet was vacuum-dried for 

10 min. The pellet was then air dried for 30 min at RT and dissolved in 20 µl RNase free water 

followed by incubation for 10 min at 55°C. Samples were stored at -80°C. 

 

B) From pancreatic islets 

Isolated pancreatic islets were transferred to fresh RNase free tubes and subsequently lysed 

in 500 µl Trizol. Lysis was supported by thorough vortexing for 10 sec and freezing at -80°C 
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for a least 1 h. After the samples thawed, 150 µl chloroform was added. The mixtures were 

shaken vigorously for 30 sec and incubated on ice for 5 min. Samples were then centrifuged 

for 20 min at 12000 g. RNA was further isolated and purified using the RNeasy Plus Kit from 

Qiagen following the manufacturer’s instructions. 

 

C) From tissue 

Tissue samples were transferred to pre-cooled fresh 2 ml RNase free tubes containing a 

stainless steel bead. Then 1 ml Trizol was added and the samples were lysed using the 

TissueLyzer for 2 min at 30 Hz. Lysates were then transferred to fresh RNAse free tubes before 

adding 200 µl chloroform. Further isolation and purification steps were performed as described 

for RNA isolation from INS1E and MIN6 cells.  

Determination of RNA concentration 

RNA concentration was determined at 260 nm using the NanoDrop 2000 spectrophotometer. 

Quality and purity of the RNA was assessed based on the ratio of the absorbance at 260 nm 

and 230 nm. Samples with a 260/230 ratio of 2.0-2.2 were regarded as “pure”. 

Complementary DNA (cDNA) synthesis 

For the generation of cDNA, 100-1000 ng RNA were used. cDNA synthesis was carried out 

using the High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems following 

the manufacturer’s instructions. Briefly, respective amount of RNA was brought to a final 

volume of 14.2 µl using RNase free water. Then, 5.8 µl of the prepared master mix containing 

2 µl RT Buffer, 2 µl Random Primers, 0.8 µl dNTPs, and 1 µl Reverse Transcriptase was added 

per sample. Water was used as negative control and samples containing no reverse 

transcriptase were used as control for genomic DNA contamination. cDNA samples were 

diluted to a final concentration of 5 ng/µl with RNase free water and stored at -20°C until further 

usage. 

Real-time quantitative polymerase chain reaction (qPCR) 

The real-time qPCR was performed in MicroAmp® 384-well reaction plates. For gene 

expression analysis, reaction mix was added per well comprising of 5-15 ng of cDNA obtained 

from reverse transcription, 3.5 µl Takyon™ Low Rox Probe MasterMix dTTP blue, 0.2 µl 

TaqMan probe, and RNase free water depending on the cDNA volume, resulting in a final 

volume of 7 µl. Samples were assayed in technical duplicates. After loading, the plate was 

sealed with a MicroAmp® Optical Adhesive Film. The plate was spun and the quantitative PCR 

was performed using the Applied Biosystems QuantStudio™ 6 or 7 Flex Real-Time PCR 

System. RNA data was quantified according to the ΔCt method and normalized to levels of a 

housekeeper. 

RNA sequencing 

To investigate the RNA expression across the transcriptome RNA sequencing was performed. 

For this, pancreatic islets were isolated, lysed in 500 µl Trizol, and stored at -80°C until further 

usage. RNA isolation was performed as described above. Sample processing and sequencing 

procedures were performed by Novogene (UK) Company Limited. First, RNA was quantified 

and underwent a quality control: RNA degradation and contamination was monitored on a 1% 

agarose gel. RNA purity was assessed using a NanoPhotometer® spectrophotometer. RNA 

integrity and quantitation was determined using the RNA Nano 6000 Assay Kit of the 

Bioanalyzer system from Agilent. Then the RNA library was prepared. For this, 1 µg RNA per 

sample was used. The sequencing library was generated using NEBNext® Ultra™ RNA 
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Library Prep Kit for Illumina® following the manufacturer’s recommendations. Briefly, mRNA 

was purified with poly-T oligo-attached magnetic beads and subsequently fragmented. Then, 

cDNA was synthesized using random hexamer primers. Afterwards, second strand cDNA 

synthesis was performed using DNA Polymerase I and RNase H followed by end repair, poly-

A-tailing, adaptor addition, size selection, and PCR enrichment. Sequencing was performed 

using the NovaSeq6000 (Illumina). Shared functions among differentially expressed genes 

were identified using Gene Ontology (GO) for biological processes and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) for pathways. Additionally, data was analyzed using the 

Ingenuity Pathway Analysis software (IPA) from Qiagen or Gene Set Enrichment Analysis 

(GSEA). 

Single cell RNA sequencing (scRNA-Seq) 

With the scRNA-Seq transcriptomic sequencing of single cells is achieved, which allows to 

distinguish between the different cell populations within a pancreatic islet. For this, pancreatic 

islets were isolated and cultured overnight in islet culture medium. Cell dissociation and library 

preparation was performed by the core facility Single Cell Genomics at the Helmholtz Munich. 

After dissociation of the islets into single cells, viability was determined. Library preparation 

was performed using the Chromium Next GEM Single Cell 3’ Reagent Kit from 10x Genomics. 

First, a Gel Bead-in-emulsion (GEM) was generated comprising of a single cell and a 10x 

Barcoded gel bead. The 10x gel beads contain barcoded primers which allow to generate 

uniquely barcoded cDNA to associate reads back to the individual GEM. After GEM generation, 

the gel bead is dissolved, resulting in release of the barcoded primers and lysis of the co-

partitioned cell. Full length cDNA is subsequently synthesized inside the GEM which contains 

the cell lysate, a Master Mix containing reverse transcriptase reagents, and the released 

primers. Barcoded cDNA is then amplified via PCR and enzymatically fragmented. Sequencing 

was performed by the core facility Genomics at the Helmholtz Munich using the NovaSeq 6000 

(Illumina). Bioinformatic analysis was performed by Peter Weber. Data analysis was performed 

using IPA and Enrichr. 

Genotyping 

Genotyping of mouse lines by PCR was performed using DNA isolated from ear clips. DNA 

was isolated by boiling tissue samples in 50 µl 50 mM NaOH at 95°C, 550 rpm for 20 min. 

Lysates were then neutralized with 400 µl 12.5 mM Tris-HCl and stored at -20°C until further 

usage. Specific primers for DNA amplification were diluted 1:40 in RNase free water. DNA was 

amplified by PCR using 1.5 µl DNA, 10 µl DreamTaq PCR Master Mix (2x), 6.5 µl RNase free 

water, and 2 µl primer mix. Primer sequences and the respective amplification programs are 

listed in 5.7 Oligonucleotides. Genotyping of the floxed locus was performed by separation of 

the DNA fragments on a 2% agarose gel in TAE buffer containing 1:10000 SYBR Safe. For 

this, amplified DNA samples were mixed with 6x purple loading dye and separated for 30 min 

at 80 V. DNA bands was visualized using the Bio-Rad Gel Doc XR Imaging System. 

 

Genotyping of the Cre locus was performed using the QIAxcel Advanced System (Qiagen) 

according to the manufacturer’s recommendations. 

Transformation of E. coli 

25 µl of an E. coli cell suspension was thawed on ice and mixed with 10 ng plasmid DNA. After 

an incubation on ice for 20 min, the cells were heat shocked at 42°C for 30 sec. Cells were 

then immediately placed on ice for 2 min followed by addition of 200 µl SOC medium and an 
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incubation at 37°C, 300 rpm for 2 h. Subsequently, cells were plated onto a LB agar plate 

containing the specific antibiotic for selection.  

Bacterial liquid cultures 

LB medium was supplemented with the appropriate antibiotic. Then 6 ml of the LB medium 

were inoculated with a single colony and incubated under vigorous shaking at 37°C for 6 h. 

The complete volume was then transferred to 250 ml LB medium and incubated at 37°C 

overnight under vigorous shaking. 

Isolation of plasmid DNA from E. coli 

Plasmid DNA was isolated using the Qiagen Plasmid Maxi Kit according to the manufacturer’s 

instructions. Plasmid concentration was determined using the NanoDrop 2000 

spectrophotometer. Isolated plasmid DNA was aliquoted and stored at -20°C. 

 Biochemistry 

Protein isolation 

A) From INS1E and MIN6 cells 

INS1E and MIN6 cells were grown on 12-well plates. Cells were washed once with 1xPBS, 

harvested in 200 µl radioimmunoprecipitation assay (RIPA) buffer containing a protease 

inhibitor, and transferred to 1.5 ml tubes. Samples were then vortexed thoroughly and 

incubated for 15 min on ice. Cell debris was pelleted for 10 min at 13000 g, 4°C and 150 µl 

supernatant was then transferred to fresh 1.5 ml tubes. Samples were diluted in 6x SDS 

sample buffer prior to boiling for 10 min at 95°C. Samples were stored at -20°C. 

 

B) From pancreatic islets 

Isolated pancreatic islets were transferred to 1.5 ml tubes. 75 islets were lysed in 25 µl RIPA 

buffer containing a protease and phosphatase inhibitor by sonication in an ice-cold water bath 

for 5 min. Cell debris was pelleted for 10 min at 13000 g, 4°C and the supernatant was 

transferred to fresh 1.5 ml tubes. Samples were diluted in 6x SDS sample buffer prior to boiling 

for 10 min at 95°C. Samples were stored at -20°C. 

Determination of protein concentration 

A) Determination of protein concentration in cell lysates 

The protein concentration in cell lysates was determined using the Pierce™ BCA Protein Assay 

Kit according to the manufacturer’s instructions. In brief, 20 µl of the albumin standards (0-

2000 µg/µl) along with 20 µl of the protein lysate dilutions were pipetted on a 96-well assay 

plate in triplicates. The reaction mix was prepared by diluting BCA Reagent B 1:50 in BCA 

Reagent A. Then, 200 µl of the reaction mix was added to the samples. After 30 min incubation 

at 37°C, absorption was measured at 562 nm using the Varioscan LUX Microplate Reader.  

 

B) Determination of protein concentration in pancreas lysates 

Protein concentration in total pancreas lysates was determined using the Bradford assay. The 

Bradford assay reagent was prepared by dissolving 10 mg Coomassie Brilliant Blue G-250 dye 

in 5 ml 95% ethanol absolute. Subsequently, 10 ml of 85% phosphoric acid was added. The 

solution was diluted using 85 ml pure and sterile water and subsequently sterile filtered. Protein 

concentration was determined by loading 10 µl of the albumin standards (0-2000 µg/µl) along 

with 10 µl of the sample dilutions onto a 96-well assay plate in triplicates. Then 200 µl of the 

Bradford reagent was added. The plate was mixed for 10 seconds using a microplate shaker, 

then incubated for 10 min at RT. Absorption was measured at 595 nm. 
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SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting 

20-40 µg protein were loaded onto Novex™ Tris-Glycine Mini Gels and separated at 90 V for 

90 min. Proteins were then blotted onto nitrocellulose membranes using the Trans Blot Turbo® 

system using the following settings: 12 V, 2.5 A, for 16 min. The membrane was then blocked 

in 5% skimmed milk or 5% BSA in TBS-T at RT on a vertical plate shaker for 1 h. Subsequently, 

the membrane was incubated in the primary antibody diluted in milk or BSA at 4°C on a vertical 

plate shaker overnight. On the next day, the primary antibody was discarded and the 

membrane was washed with TBS-T. Then, the membrane was incubated with the secondary 

antibody conjugated with horse radish peroxidase (HRP) diluted in milk or BSA for 1 h at RT. 

After washing the membrane in TBS-T, bands were detected using the enhanced 

chemiluminescence system (ECL) Western Blotting Detection Reagent. Signal generation, 

enhancement, and detection was performed using the ChemiDoc Imaging System from Bio-

Rad.  

Endogenous immunoprecipitation (IP) 

Cells were washed once with ice-cold 1xPBS and subsequently lysed in IP-buffer containing a 

protease and phosphatase inhibitor. After thorough vortexing and incubation on ice for 15 min, 

cell debris was pelleted by centrifugation at 13000 g, 4°C for 10 min. In the meantime, 40 µl 

Protein G Magnetic Beads per IP were washed three times with PBS-T (PBS+0.1% Tween 20) 

and resuspended in RNase free water. The protein lysates were then precleared for 30 min at 

4°C using Protein G Magnetic Beads. The precleared protein lysate was then distributed into 

fresh tubes and incubated with 4 µl of the respective antibody on a rotating wheel at 4°C, 

overnight. The next day, 40 µl of the washed Protein G Magnetic Beads were added per IP 

and incubated for 2h at 4°C on a rotating wheel. Beads were then washed four times with IP-

buffer and twice with IP-buffer without NP-40. Proteins were eluted by adding 25 µl 2x SDS 

sample buffer prior to boiling at 95°C for 10 min. 

Chromatin-IP (ChIP) qPCR 

A) Fixation 

MIN6 cells were grown to 80% confluence on 15 cm dishes. The cells were washed once with 

1xPBS and subsequently fixed with 1% methanol-free formaldehyde in 1xPBS for 10 min at 

RT on a vertical plate shaker. Then, 1.5 ml 1 M glycine was added to quench the formaldehyde 

for 5 min at RT on a vertical plate shaker.  

 

B) Cell lysis and chromatin shearing 

The fixation solution was aspired, the cells were rinsed once with 1xPBS, and collected in 1 ml 

1xPBS using a cell scraper. Cell suspension was then transferred into a 2 ml tube and the cells 

were pelleted by centrifugation at 12000 rpm, 4°C for 1 min. After removal of the supernatant, 

cells were lysed in 1 ml Fast IP Buffer containing a protease inhibitor, by pipetting up and down. 

After running the samples through a 24G syringe the samples were incubated on ice for 10 min. 

The lysates were centrifuged at 12000 rpm, 4°C for 1 min and the procedure was repeated. 

After the second lysis, the supernatant was removed and 1 ml Shearing Buffer containing a 

protease inhibitor was added to the nuclei pellet by pipetting up and down. The nuclei 

suspensions were then transferred to 1.5 ml TPX Biotuptor Plus microtubes. Shearing was 

performed in a BioRuptor (Diagenode) using 22 cycles, 30 s on/30 s off, high mode.  

 

C) Reverse-crosslinking 

50 µl of the sheared chromatin were taken aside for reverse-crosslinking overnight to assess 

fragment size, while the remaining chromatin was left at 4°C on ice overnight. For the reverse-
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crosslinking, 2 µl of 5 M NaCl were added to the 50 µl chromatin. The mix was incubated at 

65°C, 300 rpm overnight. The next day, 2 µl RNAse A (10 µg/µl) was added and the mixture 

was incubated at 37°C for 30 min. Then, the Proteinase K solution was added comprising of 

2 µl Proteinase K (10 µg/µl), 8 µl 1 M Tris (pH 7.5), and 4 µl 0.5 M EDTA (pH 8). After incubation 

at 56°C for 1 h, the DNA was purified using the MinElute PCR Purification Kit from Qiagen 

according to the manufacturer’s recommendations. DNA was eluted in 12 µl Elution Buffer 

provided from the kit. 10 µl of the purified DNA were the loaded on a 1.7% agarose gel in TAE 

buffer containing 1:10000 SYBR Safe to visualize the fragmentation. Shearing cycles were 

added as needed. 

 

D) Immunoprecipitation and preparation of the beads 

The sheared chromatin was cleared by centrifugation at 12000 rpm, 4°C for 10 min. 60 µl of 

the cleared chromatin were set aside and frozen at -20°C (= Input DNA). 100 µl of the 

chromatin were distributed to 1.5 ml DNA LoBind tubes containing 900 µl Dilution Buffer. For 

each IP, 3 µg antibody were added prior to placing the tubes on a rotating wheel at 4°C 

overnight.  

 

20 µl Protein A/G Sepharose beads were used per pulldown. For this, the beads were washed 

twice with 1 ml 1xPBS and once with 1 ml 0.5% BSA in 1xPBS by centrifugation at 1000 rpm, 

4°C for 1 min. Then, the beads were blocked using 1 ml 0.5% BSA in 1xPBS overnight at 4°C 

on a rotating wheel. 

 

The next day, the IPs were cleared by centrifugation at 12000 rpm, 4°C for 10 min, while the 

beads were washed once with 1 ml Dilution Buffer. Then, 20 µl of beads were distributed to 

fresh DNA LoBind tubes and 900 µl of the precleared IPs were added. IPs and beads were 

incubated for 2 h at 4°C on a rotating wheel. 

 

E) Washes and elution 

The beads were spun down by centrifugation at 1000 rpm and 4°C for 1min. The supernatant 

was aspirated and the beads were washed five times with 1 ml Fast IP Buffer. The beads were 

then washed once with 1xTris-EDTA buffer. Supernatant was removed and the beads were 

eluted in 50 µl Bead Elution Buffer by vortexing and subsequent incubation on a thermocycler 

at RT, 1000 rpm for 15 min. After centrifugation at RT, 3000 rpm for 1 min, the supernatant 

was collected. Then the elution step was repeated and the supernatants were combined 

yielding in 100 µl eluate.  

 

F) Reverse cross-linking and DNA purification 

The input was thawed and 40 µl 1xTris-EDTA buffer were added. 4 µl 5 M NaCl were added 

to the input and the eluates which were then incubated at 65°C and 300 rpm, overnight. The 

next day, 1 µl RNAse A (10µg/µl) was added and the samples were incubated at 37°C for 

30 min. Then, 7 µl Proteinase K solution consisting of 1 µl Proteinase K (10 µg/µl), 4 µl 1 M 

Tris-HCl (pH 7.5), and 2 µl 0.5 M EDTA (pH 8) were added. The mixture was incubated at 45°C 

for 2 h. The DNA was purified using the MinElute PCR Purification Kit from Qiagen according 

to the manufacturer’s recommendations. DNA was eluted in 25 µl Elution Buffer provided from 

the kit.  

 

G) qPCR 

Purified input and ChIP’ed DNA were diluted 1:8 in RNase free water. qPCR was performed 

in MicroAmp® 384-well reaction plates. Per reaction, 5 µl sample, 4.8 µl Takyon™ Low ROX 
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SYBR® MasterMix dTTP Blue, and 0.2 µl primer mix were used. Primers are listed in 

5.7 Oligonucleotides. Samples were assays in technical triplicates. After loading, the plate was 

sealed with a MicroAmp® Optical Adhesive Film. The plate was spun and the quantitative PCR 

was performed using the Applied Biosystems QuantStudio™ 6 or 7 Flex Real-Time PCR 

System. Data was normalized to the IgG pulldown and a negative locus. 

Insulin enzyme-linked immunosorbent assays (ELISA) 

A) Mouse plasma 

To determine circulating insulin levels in the plasma, the Ultra Sensitive Mouse Insulin ELISA 

Kit from Crystal Chem was used according to the manufacturer’s instructions. 5 µl of the 

standards as duplicates and 5 µl undiluted plasma were assayed. 

 

B) Insulin secretion assay and total pancreas insulin content 

Insulin levels were determined using the Mouse Insulin ELISA kit from ALPCO according to 

the manufacturer’s instructions. For this, 10 µl of the standards as duplicates and 10 µl of the 

sample were pipetted per well. Dilutions were prepared in Robertson-Tanaka KRB 

supplemented with 0.1% BSA.  

Glucagon ELISA 

Circulating plasma glucagon levels and total pancreas glucagon levels were determined using 

the Glucagon ELISA Kit from Mercodia according to the manufacturer’s instructions. 10 µl of 

the standards in duplicates and 10 µl sample were added per well. Plasma samples were used 

undiluted while total pancreas lysates were diluted using the assay diluent provided in the kit.  

Somatostatin ELISA 

Total pancreas somatostatin content was determined using the Elabscience Somatostatin 

ELISA kit. Samples were diluted 1:7 with the diluent provided in the kit. 50 µl of the standards 

as duplicates and 50 µl of the diluted sample were assayed according to the manufacturer’s 

instructions. 

 Human studies 

Human pancreatic islets were obtained from The Alberta Diabetes Institute IsletCore, 

Edmonton, Canada (https://www.isletcore.ca), either as fresh islets immediately after isolation 

or as cryopreserved samples. Cryopreserved islets were thawed as described in Lyon et al. 

(Lyon et al. 2018). In short, islets were thawed in a water bath at 37°C followed by 

centrifugation at 1000 rpm, 4°C for 1 min. Supernatant was aspired and DMSO was removed 

with a sucrose gradient. Finally, islets were centrifuged, supernatant was aspired, and islets 

were resuspended in human islet culture medium.  

 Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). All statistical analyses 

were performed using GraphPad Prism 9.4. Two conditions were compared using the unpaired 

t-test. Multiple comparisons were performed using two-way analysis of variances (ANOVA) 

with a Šídák, Tukey, or a Dunnett multiple comparisons test, respectively. Multiple 

measurements were compared using a two-way ANOVA with repeated measures and a 

Šídák's multiple comparison post hoc test. Correlation was determined using Pearson 

correlation coefficient. p < 0.05 was considered as statistically significant. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.  
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5 MATERIAL 

 Cell culture medium 

Medium  Component Concentration  

Freezing medium RPMI + GlutaMAX 

Foetal bovine serum (FBS) 

Penicillin/streptomycin 

Sodium pyruvate 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

β-mercaptoethanol 

DMSO (Dimethyl sulfoxide) 

 

30% 

1% 

1 mM 

10 mM 

 

50 µM 

10% 

Human islet culture 

medium 

RPMI + GlutaMAX 

Fetal bovine serum 

Penicillin/streptomycin 

 

10% 

1% 

INS1E medium RPMI + GlutaMAX 

FBS 

Penicillin/streptomycin 

Sodium pyruvate 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

β-mercaptoethanol 

 

10% 

1% 

1 mM 

10 mM 

 

50 µM 

MIN6 medium DMEM + 4.5 g/l D-Glucose + L-Glutamine 

FBS 

Penicillin/streptomycin 

Sodium pyruvate 

β-mercaptoethanol 

 

20% 

1% 

1 mM 

50 µM 

Murine islet culture 

medium 

RPMI + GlutaMAX 

FBS 

Penicillin/streptomycin 

 

10% 

1% 

 

 Buffers 

All buffers were prepared in MilliQ water. Dilution, Fast IP, Robertson Tanaka Krebs Ringer, 

and Shearing Buffer were sterile filtered after preparation. Dilution, Fast IP, and RIPA Buffer 

were stored at 4°C. IP-Buffer and the Bead Elution Buffer were always prepared freshly. 

 

Buffer Components Concentration  

Dilution Buffer SDS (Sodium dodecyl sulfate) 

Triton X 100 

EDTA (Ethylenediaminetetraacetic acid) (pH 8) 

Tris-HCl (pH 8) 

NaCl 

0.01% 

2.2% 

1.2 mM 

16.7 mM 

167 mM 

Bead Elution Buffer NaHCO3 

SDS 

100 mM 

1% 

Fast IP Buffer NaCl 

EDTA (Ethylenediaminetetraacetic acid) (pH 7.5) 

Tris-HCl (pH 7.5) 

NP-40 

Triton X 100 

167.5 mM 

5 mM 

50 mM 

0.5% 

1% 
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IP-Buffer Tris HCl (pH 6.8) 

NP-40 

NaCl 

EDTA (Ethylenediaminetetraacetic acid) (pH 8) 

Na3VO4 

NaF 

DTT (Dithiothreitol) 

50 mM 

1% 

150 mM 

1 mM 

2 mM 

1 mM 

1 mM 

RIPA Buffer Tris HCl 

NaCl 

Triton X 100 

SDS (Sodium dodecyl sulfate) 

Sodiumdeoxycholate 

50 mM 

150 mM 

1% 

0.1% 

0.5% 

Robertson Tanaka 

Krebs Ringer Buffer 

(KRB) 

NaCl 

NaHCO3 

HEPES(4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

KCl 

CaCl2 

KH2PO4 

MgSO4 

118.5 mM 

25 mM 

10 mM 

 

4.74 mM 

2.54 mM 

1.19 mM 

1.19 mM 

SDS running buffer 

(10x) 

Tris 

Glycine 

SDS 

0.25 M 

1.92 M 

1% 

Shearing Buffer SDS 

EDTA (pH 8) 

Tris HCl (pH 8) 

 

TAE (50x) (pH 8.5) EDTA  

Tris 

Acetic acid 

50 mM 

2 M 

1 M 

TBS (10x) (pH 7.6) NaCl 

Tris Base 

1.5 M 

0.25 M 

TBS-T TBS buffer (1X) 

Tween-20 

 

0.1% 

 

 Antibodies  

Primary Antibody Final dilution Isotype Distributor, # 

Flag 1:1000 rabbit Cell signaling, #2368 

PAX6 1:1000 rabbit Cell signaling, #60433 

TBL1 1:1000 rabbit Abcam, #ab24548 

TBLR1 1:1000 mouse Santa Cruz, sc-517365 

Vinculin 1:10000  rabbit Abcam, #ab129002 

 

 

Secondary Antibody Final dilution Isotype Distributor, # 

Anti-mouse IgG-HRP 1:5000 goat Bio Rad, #1721011 

Anti-rabbit IgG-HRP 1:5000 goat Bio Rad, #1706515 

Peroxidase-conjugated IgG Fraction 

Monoclonal Mouse Anti-Rabbit IgG, 

Light Chain 

1:10000 mouse Rockland, #211-032-171 
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Antibody for IP Isotype Distributor, # 

Flag rabbit Cell signaling, #2368 

Histone H3 (acetyl K27) rabbit Abcam, #4729 

HDAC3 rabbit Abcam, #ab32369 

Normal rabbit IgG rabbit Cell signaling, #2729 

PAX6 rabbit Merck, #AB2237 

Rabbit mAb IgG Isotype control rabbit Cell signaling, #5415 

SUPT16H rabbit Proteintech, #20551-1-AP 

TBL1 rabbit Abcam, #ab24548 

TBLR1 rabbit Novus Biologicals, #NB600-270 

 

 TaqMan probes 

Probes were purchased from Applied Biosystems. 

Taqman Probe Assay ID  TaqMan probe Assay ID 

Arx Mm00545903_m1  Pck1 Mm01247058_m1 

β-Actin Rn00667869_m1  Pdk4 Mm01166879_m1 

ChgA Mm00514341_m1  Pdx1 Mm00435565_m1 

Cre recombinase Mm00635245_cn  Pgc1a Mm01208835_m1 

Fasn Mm00662319_m1  TBP Hs00427620_m1 

Hk1 Mm00439344_m1  Tbp Mm01277042_m1 

Ins1 Mm01259683_g1  TBL1 Hs00959540_m1 

Ins2 Mm00731595_gH  Tbl1 Mm1222202_m1 

Ldha Mm01612132_g1  Tbl1 Rn01222199_m1 

Lep Mm00434759_m1  TBLR1 Hs00226564_m1 

MafA Mm00845206_s1  Tblr1 Mm01283877_m1 

MafB Mm00627481_s1  Tblr1 Rn01283875_m1 

NeuroD1 Mm01946604_s1  Ucn3 Mm00453206_s1 

Ngn3 Mm00437606_s1  Scd1 Mm00772290_m1 

Nkx6.1 Mm00454961_m1  Slc2a2 Mm00446229_m1 

Pax6 Mm00443081_m1  Slc2a4 Mm00446229_m1 

 

 siRNA 

siRNAs were purchased from Dharmacon™. Upon arrival, siRNAs were resuspended to a 

concentration of 20-100 µM in RNAse free water and incubated for 30 min on a rotator at RT. 

Afterwards, siRNA was aliquoted and stored at -20°C. 
 

siRNA Catalog ID 

Non-targeting Control Pool D-001810-10-05 

Tbl1 J-096212-09-0005 

Tblr1 J-088126-11-0010 

 

 shRNA 

Adenoviruses carrying shRNA against TBL1, TBLR1, or a scrambled control sequence were 

kindly provided by Dr. Maria Rohm (Rohm et al. 2013). Crude lysates were prepared by 



 

 

94  MATERIAL 

infecting HEK-293A cells with the respective adenovirus. Cells were subsequently harvested 

in 1xPBS. Lysate was generated by three cycles of freezing and thawing. 
 

shRNA 5’ → 3’ 

Scrambled control sequence GATCTGATCGACACTGTAATG 

Tbl1 GCGAGGATATGGAACCTTAAT 

Tblr1 GGATGTCACGTCTCTAGATT 

 

 Oligonucleotides 

All oligonucleotides were purchased from Sigma-Aldrich. For genotyping, primers were diluted 

1:40 in RNase free water. Amplification for Cre was performed using the following protocol: 

5 min at 95°C, 35 cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C, followed by 10 min 

at 72°C. For TBL1 and TBLR1 amplification, samples were heated for 1 min at 94°C, 30 cycles 

of 1 min at 94°C, 1 min at 55°C, and 2 min at 68°C, followed by 10 min at 72°C. 
 

Oligonucleotide  5’ → 3’ 

Cre_fw ATGTTTAGCTGGCCCAAATGT 

Cre_rv ACGAGTGATGAGGTTCGCA 

Tbl1_fw GAACCTGATGGACATGTTCAGG 

Tbl1_rv AGTGCGTTCGAACGCTAGAGCCTGT 

Tblr1_fw TTACGTCCATCGTGGACAGC 

Tblr1_rv TGGGCTGGGTGTTAGCCTTA 

 

 

ChIP primers were diluted 1:10 in RNase free water. 
 

Oligonucleotide  Species 5’ → 3’ 

Foxl2_fw mouse GCTGGCAGAATAGCATCCG 

Foxl2_rv mouse TGATGAAGCACTCGTTGAGGC 

Ins1_fw mouse CTGGGGAATGATGTGGAAAAT 

Ins1_rv mouse GACCAGATGGCCTGATGAAC 

 

 Kits 

Kit System Distributor 

Dual-Luciferase Reporter Assay System Promega, Wisconsin 

Glucagon ELISA, 10 µl Mercodia, Uppsala 

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems, Darmstadt 

Maxi Prep Kit Qiagen, Hilden 

MinElute PCR Purification Kit Qiagen, Hilden 

Mouse Insulin ELISA ALPCO, Salem, USA 

Pierce™ BCA Protein Assay Kit Thermo Scientific, Rockfort, USA 

RNeasy Plus Mini Kit Qiagen, Hilden 

Somatostatin ELISA Elabscience, Texas 

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem, Zaandam 
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 Software 

Software Distributor 

BioRender BioRender, Toronto 

Citavi QSR International, Doncaster, Australia 

Gene set enrichment analysis (GSEA) UC San Diego and Broad Institute, USA 

GraphPad Prism GraphPad Software Inc., La Jolla, USA 

ImageJ University of Wisconcin, USA 

Image Lab Software Bio-Rad, Munich 

Ingenuity Pathway Analysis Qiagen, Hilden 

Microsoft Office Microsoft, Unterschleißheim 

QuantStudio Real-Time PCR Software Applied Biosystems, Darmstadt 

 Chemicals and reagents 

All unlisted chemicals and reagents were purchased from Roth, Karlsruhe 

Chemical Distributor 

Agarose Sigma, Munich 

Ampicillin sodium salt Sigma, Munich 

Bovine Serum Albumin Sigma, Munich 

β-mercaptoethanol Sigma, Munich 

Bromodeoxyuridine Sigma, Munich 

Chloroform VWR Prolabo, Darmstadt 

Collagenase P Sigma, Munich 

cOmplete™ protease inhibitor cocktail Roche, Mannheim 

Coomassie brilliant blue 250-G dye Thermo Scientific, Ulm 

Corn oil Sigma, Munich 

D-Glucose Sigma, Munich 

Dimethyl sulfoxide Sigma, Munich 

DTT Sigma, Munich 

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher, Waltham 

Dublecco’s Phosphate Buffered Saline (DPBS) Thermo Fisher, Waltham 

Ethanol absolute VWR Prolabo, Darmstadt 

Fetal bovine serum Invitrogen, Karlsruhe 

Formaldehyde, methanol-free (16%) Thermo Scientific, Ulm 

Glycine Sigma, Munich 

Hanks’ Balanced Salt Solution (HBSS) Sigma, Munich 

HEPES (1M) Life Technologies, Darmstadt 

Human insulin Sigma-Aldrich, St. Louis 

Hyperfilm ECL Western Blotting Detection Reagent Amersham, Freiburg 

Isopropanol Sigma, Munich 

Laemmli SDS sample buffer, reducing (6x) Thermo Fisher, Waltham 

LB broth Sigma, Munich 

L-Glutamine Thermo Fisher, Waltham 

Lipofectamine RNAiMAX Transfection Reagent Invitrogen, Karlsruhe 

NP-40 Sigma, Munich 

OptiMEM – Reduced Serum Medium Life Technologies, Darmstadt 

PageRuler™ Prestained Protein Ladder Thermo Scientific, Ulm 

Penicillin/Streptomycin Invitrogen, Karlsruhe 



 

 

96  MATERIAL 

PhosphoSTOP EASYpack Roche, Mannheim 

Ponceau S Sigma, Munich 

Potassium bicarbonate Sigma, Munich 

Proteinase K Sigma, Munich 

Protein A/G Sepharose beads Rockland, Philadelphia, USA 

Purple loading dye (6x) New England Biolabs, Frankfurt a.M. 

RNse A AppliChem, Darmstadt 

RNase free water Invitrogen, Karlsruhe 

Roswell Park Memorial Institute (RPMI) medium + 

GlutaMAX 

Invitrogen, Karlsruhe 

SDS  Sigma, Munich 

Skim milk powder Sigma, Munich 

SOC Medium Invitrogen, Karlsruhe 

Sodium chloride (0.9%) for injections VWR International, Randor 

Sodium hydroxide Sigma, Munich 

Sodium pyruvate (100 mM) Invitrogen, Karlsruhe 

SureBeads™ Protein G Magnetic Beads Bio-Rad, Munich 

SYBR Safe APExBIO, Housten 

Takyon™ Low ROX Probe MasterMix dTTP Blue Eurogentec, Seraing, Belgium 

Takyon™ Low ROX SYBR® MasterMix dTTP Blue Eurogentec, Seraing, Belgium 

Tamoxifen Sigma, Munich 

Transblot Turbo Buffer (5x) Bio-Rad, Munich 

Tris Base Sigma, Munich 

Tris-EDTA (100x) Sigma, Munich 

Tris HCl Sigma, Munich 

Trizol™ Reagent Invitrogen, Karlsruhe 

Trypan blue solution, 0.4% Life Technologies, Darmstadt 

Trypsin 0.05% EDTA Invitrogen, Karlsruhe 

Tween-20 Sigma, Munich 

 Consumables 

Consumable Distributor 

96-well assay plate Sigma, Munich 

96-well assay plate - white Thermo Fisher, Waltham  

Cell culture plate (6-, 12-, 24-, 96-well) Falcon, Gräeling-Lochham 

Cell culture plate (10, 15 cm) Falcon, Gräeling-Lochham 

Cell scraper Sarstedt, Nümbrecht 

CombiTips Advanced (0.1, 0.5, 2.5, 5, 10 ml) Eppendorf, Hamburg 

Conical Centrifugal Tubes (15, 50 ml) Falcon, Gräeling-Lochham 

Countess® Cell counting chamber slide  Life Technologies, Darmstadt 

Entsorgungsbeutel, klar Carl Roth, Karlsruhe 

Embedding cassette Carl Roth, Karlsruhe 

Falcon conical centrifugal tubes (15, 30 ml) Falkon, Gräfelfing-Lochham 

Gel Loading Tips, round Invitrogen, Karlsruhe 

Gloves (Safe Skin Purple Nitrile) Kimberly Clark, BE 

Glucometer Test strips Accu Check Inform II Roche, Basel 

Insulin syringes BD Microfine, 0.3/0.5 ml, 8 mm BD, Franklin Lakes 

MicroAmp® Optical 384-well Reaction Plate Applied Biosystems, Darmstadt 
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MicroAmp® Optical Adhesive Film Applied Biosystems, Darmstadt 

Microvette® CB 300 K2E tubes Sarstedt, Nümbrecht 

Nitrocellulose Membrane Amersham, Freiburg 

Novex™ Tris-Glycine Mini Gel Invitrogen, Karlsruhe 

Parafilm Pechinery Inc., Wisconsin 

Pasteurpipettes, PE, sterile Th. Greiner, Hamburg 

PCR SingleCap 8-er Softstrips, farblos (0.1, 0.2 ml) Biozym, Oldendorf 

Petri dish (6, 10 cm) Greiner Bio-One, Kremsmünster 

Pipet tips (12.5 µl) INTEGRA Biosciences AG, Bibertal 

Safe-Lock Tubes (0.5, 1.5, 2.0, 5.0 ml) Eppendorf, Hamburg 

Serum Gel Z/1.1 microtubes Sarstedt, Nümbrecht 

Stainless Steel Beads, 5 mm Qiagen, Hilden 

Sterican® Standardkanülen (23, 24, 30G) B. Braun, Melsungen 

Serological pipettes (5, 10, 25, 50 ml) Grainer Bio-One, Kremsmünster 

Sterile filter (0.22 µM) Satorius, Göttingen 

Surebeads Protein G Magnetic Beads Bio-Rad, Munich 

TipOne Filter Tips (10, 20, 100, 200, 1000 µl) StarLab, Hamburg 

TPX Bioruptor Microtubes (1.5 ml) Diagenode, Liege, Belgium 

U-100 Insulin syringe BD Micro-Fine, Allschwil, Switzerland 

Wypall X60 Kimberly-Clark, Texas 

 

 Instruments 

Instrument Distributor 

Analytical scales Sartorius, Göttingen 

Bacterial shaker Axon Labortechnik, Kaiserslautern 

Beckman Coulter Brea, CA, USA 

Bioruptor Sonication device Diagenode, Liege, Belgium 

ChemiDoc Imaging System Bio Rad, Munich 

Countess Automated Cell Counter Life Technologies, Darmstadt 

EchoMRI Body Composition Analyzer Zinsser Analytic GmbH, Eschborn 

Electrophoresis chamber Invitrogen, Karlsruhe 

Electrophoresis power supply Invitrogen, Karlsruhe 

Eppendorf Concentrator Plus (Vacuum dryer) Eppendorf, Hamburg 

Freezer, -20°C Liebherr, Biberach 

Freezer, -80°C Thermo Fisher, Waltham 

Fridge, 4°C Liebherr, Biberach 

GelDoc XR+ Imaging System Bio Rad, Munich 

Glucometer Accu-Check Performa Roche, Basel 

Heat Block (Thermostat Plus), ThermoMixer Eppendorf, Hamburg 

Horizontal shaker, WS10 Edmund Bühler GmbH, Bodelshausen 

Incubator CO2 Thermo Fisher, Waltham 

Intelli Mixer RM-2M LTF Labortechnik, Wasserburg 

Microplate Shaker VWR International, Radnor 

Microscope Zeiss, Göttingen 

Mr. Frosty, Freezing Container Thermo Fisher, Waltham 

Multichannel pipette Eppendorf, Hamburg 

Multichannel Stepper Voyager INTEGRA Biosciences AG, Bibertal 
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Multipipette E3 Eppendorf, Hamburg 

NanoDrop 2000 spectrophotometer Thermo Scientific, Dreieich 

pH-meter VWR International, Radnor 

Pipettes (2.5, 10, 20, 100, 200, 1000 µl) Eppendorf, Hamburg 

QIAxcel Advances system Qiagen, Hilden 

QuantStudio 6/7 Flex-Real-Time PCR System Applied Biosystems, Darmstadt 

Table Centrifuge Thermo Fisher, Waltham 

Table Centrifuge 5702 R Eppendorf, Hamburg 

Thermocycler PCR Applied Biosystems, Darmstadt 

TissueLyser II Qiagen, Hilden 

Trans-Blot cell Bio-Rad, Munich 

Trans-Blot Turbo Blotting System Bio Rad, Munich 

Vacuum pump Neolab, Heidelberg 

Varioskan LUX multimode microplate reader Thermo Fisher, Waltham 

Vortex Genie-2 Scientific Industries Inc., New York, USA 

Water bath Neolab, Heidelberg 
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 Abbreviations 

AKT   Protein kinase B 

ALT   Alanine transaminase 

ANOVA   Analysis of variances 

AP1   Adaptor protein 1 

Arx   Aristaless-related homeobox 

AST   Aspartate aminotransferase 

ATP   Adenosine triphosphate 

AUC   Area under the curve 

BrdU   Bromodeoxyuridine 

BMI   Body mass index 

BSA   Bovine serum albumin 

ChgA   Chromogranin A 

ChIP   Chromatin immunoprecipitation 

CTBP1/2  C-terminal binding protein 

E   Embryonic day 

ECM   Extra cellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

EMT   Epithelial mesenchymal transition 

ELISA   Enzyme-linked immunosorbent assay 

eWAT   Epidydimal white adipose tissue 

FACT   Facilitates chromatin transcription 

Fasn   Fatty acid synthase 

FoxO1   Forkhead box O1 

GC   Glucocorticoid 

Gcg   Glucagon 

Gck   Glucokinase 

GC muscle  Gastrocnemius muscle 

GEM   Gel Bead-in-emulsion 

Gipr   Glucose-dependent insulinotropic polypeptide receptor 

GO   Gene ontology 

GPS2   G protein pathway suppressor 2 

GR   Glucocorticoid receptor 

GSEA   Gene set enrichment analysis 

HbA1c   Hemoglobin A1c 

HDAC1/2/3  Histone deacetylase 1/2/3 

HDL   High density lipoprotein 

HFD   High fat diet 

Hk1   Hexokinase 1 

IgG   Immunoglobulin G 

Ins1   Insulin 1 

Ins2   Insulin 2 

IP   Immunoprecipitation 

ipGTT   Intraperitoneal glucose tolerance test 

ipITT   Intraperitoneal insulin tolerance test 

iTBL/RβKO  Induced β-cell specific TBL1 and TBLR1 knock out 

IPA   Ingenuity pathway analysis 

KEGG   Kyoto Encyclopedia of Genes and Genomes 

KRB   Krebs Ringer Buffer 

Ldha   Lactate dehydrogenase A 

LDH   Lactate dehydrogenase 
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LDL   Low density lipoprotein 

MafA   MAF BZIB transcription factor A 

MafB   MAF BZIB transcription factor B 

MRI   Magnetic resonance imaging 

NCOR   Nuclear receptor co-repressor 1 

NEFA   Non-esterified fatty acids 

NFκB   nuclear factor k-light-chain-enhancer of activated B cells 

NeuroD1  Neuronal differentiation 1 

Ngn3   Neurogenin 3 

Nkx2.2   NK2 homeobox 2 

Nkx6.1   NK6 homeobox 1 

oGTT   Oral glucose tolerance test 

Pax4/6   Paired box gene 4 

Pck1   Phosphoenolpyruvate carboxykinase 1 

Pcsk1/2  Prohormone convertase 1/2 

Pdx1   Pancreatic and duodenal homeobox 1 

Pgc1α   Peroxisome proliferator-activated receptor gamma coactivator 1α 

PI3K   Phosphoinositide 3-kinase 

PPARα/γ  Peroxisome proliferator-activated receptor α/γ 

Ppy   Pancreatic polypeptide Y 

Prlr   Prolactin receptor 

qPCR   Quantitative polymerase chain reaction 

RAR Retinoic acid receptor 

RIPA   Radio immunoprecipitation assay 

RNA-Seq  RNA sequencing 

RXR   Retinoid X receptor 

Scd1   Stearoyl-CoA desaturase 1 

scRNA-Seq  Single cell RNA sequencing 

SEM   Standard error of the mean 

shRNA   Short hairpin RNA 

siRNA   Small interfering RNA   

Slc2a2   Solute carrier family 2 member 2 

Slc2a4   Solute carrier family 2 member 4 

Slc16a1  Solute carrier family 16 member 1 

Slc30a8  Solute carrier family 30 member 8 

SMRT   Silencing mediator of retinoid and thyroid hormone receptors 

Sox2/9/17  SRY box 2/9/17 

Sst   Somatostatin 

SUPT16H  SPT16 homolog 

SWI/SNF  Switch/sucrose non-fermentable 

T2DM   Type 2 Diabetes mellitus 

TBL1   Transducin beta like 1 x-linked 

TBLβKO  β-cell specific TBL1 knock out 

TBLR1   Transducin beta like 1 x-linked related 1 

TBLRβKO  β-cell specific TBLR1 knock out 

TBL/RβKO  β-cell specific TBL1 and TBLR1 knock out 

TCA   Tricarboxylic acid  

TGFβ   Transforming growth factor β 

Ucn3   Urocortin 3 

UMAP   Uniform manifold approximation and projection 
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