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1. Abstract 

The pathogenesis of Type 2 Diabetes (T2D) manifests itself with elevated blood glucose and insulin levels. 

At the molecular level, dysregulations in the insulin signaling pathway cause disruptive cellular processes 

modulated by distinct regulators. Akt plays a key role in the insulin signaling cascade regulating glucose and 

lipid metabolism, cell survival and proliferation. In my Ph.D. project, I identified Transforming Growth Factor 

β1 (TGFβ1) Stimulated Clone 22 D4 (TSC22D4) as a novel Akt-interacting protein. TSC22D4 interacts specifically 

with Akt1 via its D2 domain, which is located in the intrinsically disordered region of TSC22D4. Starvation or 

energy deprivation promotes TSC22D4-Akt1 interaction, while refeeding mice or stimulating cells with glucose 

and insulin impairs the interaction. Having identified the interaction site of TSC22D4 with Akt1, we produced 

the D2+TSC allele which constitutively interacts with Akt1, independent of nutrient availability. The strong 

interaction of TSC22D4 and Akt1 (via D2+TSC allele) improves glucose handling, insulin sensitivity and lipid 

accumulation in AAV-transduced TSC22D4hep-/- mice. Altogether, TSC22D4 plays a role in regulating insulin 

signaling via interacting Akt and contributes to its function on glucose and lipid metabolism. 
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2. Zusammenfassung 

Die Pathogenese des Typ-2-Diabetes (T2D) äußert sich in erhöhten Blutzucker- und Insulinspiegeln. Auf 

molekularer Ebene führen Dysregulationen im Insulin-Signalweg zu störenden zellulären Prozessen, die von 

verschiedenen Regulatoren moduliert werden. Akt spielt eine Schlüsselrolle in der Insulin-Signalkaskade, die 

den Glukose- und Fettstoffwechsel, das Überleben und die Proliferation von Zellen reguliert. In meinem 

Promotionsprojekt habe ich den durch den Transforming Growth Factor β1 (TGFβ1) stimulierten Klon 22 D4 

(TSC22D4) als neuartiges Akt-interagierendes Protein identifiziert. TSC22D4 interagiert über seine D2- 

Domäne, welche sich in der intrinsisch ungeordneten Region von TSC22D4 befindet, spezifisch mit Akt1. 

Hungern oder Energieentzug fördern die Interaktion zwischen TSC22D4 und Akt1, während die erneute 

Fütterung von Mäusen oder die Stimulierung von Zellen mit Glukose und Insulin die Interaktion beeinträchtigt. 

Nachdem wir die Interaktionsstelle von TSC22D4 mit Akt1 identifiziert hatten, erzeugten wir das D2+TSC-Allel, 

das unabhängig von der Verfügbarkeit von Nährstoffen konstitutiv mit Akt1 interagiert. Die starke Interaktion 

von TSC22D4 und Akt1 (über das D2+TSC-Allel) verbessert die Glukoseverarbeitung, die Insulinsensitivität und 

die Lipidakkumulation in AAV-transduzierten TSC22D4hep-/- Mäusen. Zusammen genommen spielt TSC22D4 

eine Rolle bei der Regulierung der Insulinsignalübertragung über die Interaktion mit Akt und trägt zu dessen 

Funktion im Glukose- und Fettstoffwechsel bei. 
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3. Introduction 

3.1. Diabetes Mellitus as a life-threatening disease 
 

Diabetes is a metabolic disease characterized by increased blood glucose levels (hyperglycemia), which 

results in serious damage to the organs, including the heart, kidneys, liver and nerves. According to the World 

Health Organization (WHO), around 422 million people had diabetes worldwide in 2014, and the majority of 

those people belong to low- and middle-income countries. In 2019, diabetes was one of the fatal diseases and 

around 2 million people lost their lives due to diabetes and its complications [1]. 

There are two main types of diabetes: Type 1 Diabetes (T1D) and Type 2 Diabetes (T2D). T1D is an 

autoimmune disorder where the immune system fails to recognize the insulin-producing β-cells of the 

pancreas and destroys them [2]. T2D, on the other hand, is a metabolic disorder resulting in hyperglycemia due 

to insulin resistance in metabolic organs such as the liver and adipose tissue [3]. 

In a healthy state, carbohydrates are broken down to glucose in the postprandial state, leading blood 

glucose levels to rise and stimulating the pancreatic β-cells to release insulin into the bloodstream. Glucose- 

induced insulin secretion helps glucose uptake into metabolic organs such as skeletal muscle and adipose 

tissue as the energy source. After a meal, the liver stores excess glucose as glycogen or fat for a later time to 

metabolize it. The liver produces and/or stores glucose depending on the glucose needs of the body. Insulin- 

mediated glucose uptake by metabolic organs is balanced by pancreatic hormones insulin and glucagon in the 

liver. Non-insulin mediated glucose uptake is regulated by another pancreatic hormone somatostatin which 

inhibits insulin and glucagon secretion [4], [5]. 

As circulating glucose is taken up by metabolic organs, blood glucose levels decrease, and the pancreas 

stops releasing insulin. In case of insulin resistance, a primary feature in T2D, the metabolic organs cannot 

respond normally to the insulin hormone. The insulin-secreting pancreatic β-cells temporarily increase their 

number and secrete more insulin (hyperinsulinemia) to compensate for the elevated glucose levels in the 

circulation. Due to increased insulin levels, constitutive activation of insulin signaling pathways at target 

tissues initiates several negative feedback loops towards insulin signaling, contributing to insulin resistance. 

In insulin resistance, cells of the metabolic tissues fail to respond to circulating insulin levels and activate the 

PI3K/Akt signaling pathway. A constant hyperglycemic state causes an extra burden on β-cells which results in 

β-cell malfunctioning and failure; a.k.a β-cell exhaustion. In T2D, β-cell mass in the pancreatic islets is 

decreased by around 60% and glucose-stimulated insulin secretion (GSIS) capacity is impaired [6]. 

T2D is a complex and heterogenic disease with several risk factors causing insulin resistance. Genetic 

factors, being overweight and having a sedentary lifestyle are some of the primary causes of T2D. T2D can be 

subclassed into different groups: mild obesity-induced diabetes, severe insulin-resistant diabetes, severe 
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insulin-deficient diabetes, mild age-related diabetes, and severe autoimmune diabetes [6, 7]. Since T2D results 

from dysregulations in different metabolic organs and tissue-specific signaling pathways, patients with 

diabetes can also experience various complications affecting organs such as the retina, liver, kidney, and vital 

body systems such as the cardiovascular and nervous systems. 

Insulin resistance is one of the dominant features of metabolic syndrome. The metabolic syndrome 

manifests itself with hyperglycemia, high blood pressure and abnormal lipid levels such as decreased high-

density lipoprotein (HDL) cholesterol, elevated triglyceride levels, and low-density lipoprotein (LDL) 

cholesterol. Elevated triglyceride levels can cause increased liver fat content, leading to non-alcoholic fatty 

liver disease (NAFLD). Due to lipotoxicity induced-inflammation in the liver, NAFLD may develop further into 

non-alcoholic steatohepatitis (NASH), liver cirrhosis and liver cancer (hepatocellular carcinoma). 

Although T1D cannot be currently prevented, onsets of T2D can be delayed or even avoided by applying 

some practices. Performing regular exercise and healthy eating habits help maintain good health and to 

control blood glucose and lipid levels. It is important to diagnose diabetes in its early stages via periodic 

assessments of blood glucose and insulin levels. Since the longer a person lives with diabetes without a 

diagnosis, the worse their complications and health outcomes might become. Regular screening of kidneys, 

feet, cardiovascular system and eyes reduces the risk of serious complications caused by diabetes. 

Even though early detection of the symptoms would help avoid the worse outcomes, there is still no cure 

for diabetes. Drugs and dose-dependent insulin injections are used only in the later stages of the disease. 

There are still unknown molecular mechanisms that help maintain blood glucose and lipid levels to prevent 

T2D beforehand. In my Ph.D. project, I aim to identify the underlying molecular mechanisms and contribute 

to the field for the development of novel therapies. 

3.2. Role of β-cells in insulin secretion 
 

β-cells, located in the Langerhans islet of the pancreas, are connected to each other and surrounded by 

other hormone-secreting cells: α (alpha) cells and δ (delta) cells (Fig. 1a). With the islets' vascularized structure, 

the pancreas regulates the trafficking of growth factors. Having an appropriate number of functional insulin- 

secreting β-cells (known as β-cell mass) is one of the requirements of insulin secretion. Insulin is secreted via 

granules and insulin secretion is tightly mediated by regulatory signals such as free fatty acids, amino acids, 

hormones and, most importantly, circulating glucose concentration [6]. 

Glucose transporter-2 (Glut2) is a transmembrane protein that is abundantly located on the β-cells surface 

and senses the circulating blood glucose levels. In the cells, Glut2-dependent glucose uptake results in the 

closure of ATP-sensitive potassium channels on the membrane (KATP channels), leading to voltage-gated 
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Figure 1: Role of beta (β) cells in insulin secretion. 

A. Illustration of pancreatic cell types (α, β, δ cells) located in the islets of Langerhans. B. Functional β cells maintain islet 

function by regulating insulin release upon glucose stimulation. C. Exhausted β cells in type 2 diabetes increase their size 

and secrete more insulin. The fate of the exhausted β cells can be either dedifferentiation or apoptosis. (Figure adapted 

from Demir et al, [6]). 
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calcium channels to open. Eventually, β-cells secrete insulin into the bloodstream to target metabolic organs 
(Fig. 1b). 

In T2D, exhausted β-cells, which produced extreme amounts of insulin to compensate for high glucose, 

can either dedifferentiate or undergo apoptosis (Fig. 1c) [6], [8]. Interestingly, under stress conditions, healthy 

and functional β-cells can also lose their differentiated form and dedifferentiate to a precursor state. 

Unfortunately, this event also results in a decrease in the β-cell mass and malfunctioning β-cells give rise to 

cytotoxic events aggravating symptoms of T2D. 

3.3. Role of liver in metabolic syndrome 
 

The liver acts as a critical hub for metabolic homeostasis and it is one of the key organs that contribute to 

the regulation of glucose metabolism. The liver regulates the synthesis and storage of glucose in the fasting 

and fed states, respectively (Fig. 2) [9], [10]. 

There are four main cell types in the liver: hepatocytes, hepatic stellate cells (HSCs), Kupffer cells and liver 

sinusoidal endothelial cells. Hepatocytes constitute ~80% of the total liver population. Glucose enters 

hepatocytes via Glut2 which is a dominant glucose sensor found also in hepatocytes. With glycolysis, glucose 

is metabolized into pyruvate in the cytoplasm to eventually generate ATP with the tricarboxylic acid (TCA) 

cycle and oxidative phosphorylation in the mitochondria [6]. 

The liver not only metabolizes glucose with glycolysis but also converts glucose into fatty acids when 

carbohydrates are abundant. In the postprandial state, products of glycolysis are used for fatty acid synthesis 

through lipogenesis. Additionally, fatty acids released from adipose tissue can also be taken by the liver from 

the bloodstream. Produced and/or received fatty acid chains are further used as building blocks of 

triacylglycerol and cholesterol in hepatocytes and stored in lipid droplets or secreted into the bloodstream as 

very-low-density protein (VLDL). On the other hand, in the fasting state, glycogen breaks down to glucose 

through glycogenolysis, and the liver secretes glucose into the bloodstream. Overall, hepatic glucose 

production is the primary source of energy for cells to maintain their functions. 

The relationship between blood glucose levels and the liver is governed by a hepatic homeostatic 

mechanism that responds to the level of glycemia in the fasting or postprandial state. Metabolic activity in the 

liver is regulated via various factors, particularly hormonal stimulations of the pancreas. While insulin induces 

glycolysis, glycogen production and lipogenesis, it suppresses gluconeogenesis, allowing liver cells to 

metabolize and/or store glucose and lower glycemia. On the other hand, as opposed to insulin, glucagon 

induces gluconeogenesis. In T2D, malfunctioning insulin action results in constantly active (sustained) 

gluconeogenesis and overly promoted lipogenesis. This phenomenon is also known as selective insulin 

resistance. 
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Figure 2: Role of liver in glucose metabolism. 

Liver plays a key role maintaining blood glucose levels together with pancreas. In the postprandial state, blood glucose 

levels increase and the pancreas secretes insulin. While glycogenesis rate increases in the liver, gluconeogenesis rate 

decreases to reach normal blood glucose levels. Upon starvation, blood glucose levels decrease and the pancreas secretes 

glucagon to induce glycogenolysis and gluconeogenesis in the liver. 
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At the molecular level, various transcription factors regulate liver energy metabolism by controlling rate- 

limiting steps of metabolic pathways in the liver. In the healthy state, upon insulin binding, Akt, as a key 

serine/threonine kinase in the insulin signaling pathway, suppresses gluconeogenesis by inhibiting Forkhead 

box O1 (FoxO1) transcription factor. On the other hand, upon starvation, glucagon signaling induces the 

expression of FoxO1 and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) to 

regulate gluconeogenesis and lipogenesis. 

3.4. Canonical insulin signaling pathway 
 

The insulin signaling pathway plays a central role in regulating metabolic actions of growth factors by 

controlling a wide range of cellular processes. 

The insulin binding to the insulin receptor (IR), a tyrosine kinase receptor, initiates a cascade of 

phosphorylation events (Fig. 3). Insulin-bound IR homodimerizes and phosphorylates insulin receptor 

substrates 1 and 2 (IRS1/2), which phosphorylates the lipid kinase phosphoinositide 3-kinase (PI3K). Activated 

PI3K then phosphorylates phosphatidylinositol (3,4)-bisphosphate (PIP2) and converts it to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). The phosphorylation cascade leads PIP3 to recruit 3- 

phosphoinositide-dependent protein kinase 1 (PDK1) and protein kinase B (PKB)/Akt to the cell membrane. 

Akt is phosphorylated on distinct residues on Akt1 (S473, T308), Akt2 (S474, T309) and Akt3 (S472, T305) by 

mammalian target of rapamycin complex 2 (mTORC2) and PDK1, respectively. Although in the absence of 

phosphorylation at S473, T308-phosphorylated Akt can still phosphorylate some of its effectors [11], 

phosphorylation of both S473 and T308 residues is required for Akt to be fully and catalytically active. Once 

activated, Akt isoforms translocate to different subcellular compartments such as mitochondria, endoplasmic 

reticulum, Golgi and nucleus to contribute to its function. Akt modulates numerous cellular events through 

distinct effectors, regulating glucose metabolism, glycogen and lipid synthesis, cell cycle, proliferation and 

survival [12], which will be detailed in sections 3.6 and 3.7. 

3.5. Akt isoforms: Akt1, Akt2 and Akt3 
 

Protein kinases are generally expressed in different isoforms with a high degree of similarities. Although 

they share sequence similarities and protein structures, each of those isoforms might serve a distinct function 

in a tissue-specific manner. The sequence differences might lead to conformational changes in the protein, 

resulting in alteration of binding partners, effectors or targets for each of the isoforms. 

Akt belongs to AGC kinase family, and it consists of three highly conserved isoforms: Akt1, Akt2 and Akt3. 

The Akt isoforms share a high degree of sequence homology in their catalytic domain. With the divergence in 

the N-terminal Pleckstrin (PH) domain and C-terminal regulatory domain, the interacting partners of Akt 
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Figure 3: Canonical insulin signaling pathway. 

Upon insulin binding to the insulin receptor (IR), a phosphorylation cascade becomes activated. Activated IRS 

phosphorylates PI3K, which recruits PDK1 to the cell membrane. Akt is phosphorylated by PDK1 and mTORC2 at T308 and 

S273 residues, respectively. Activated Akt regulates main metabolic events via its downstream targets such as TSC1/TSC2, 

GSK3β and FoxO1. (Figure adapted from Demir et al, [6]). 
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isoforms may differ. As a protein kinase located at the intersection of numerous effectors, all three isoforms 

of Akt are activated in response to growth factors and hormones via PI3K signaling. 

In the liver, different cell types including hepatocytes, HSCs and Kupffer cells, contribute to the progression 

of alcoholic liver disease, liver fibrosis, and ultimately cirrhosis. For the fatty liver diseases, the activities of Akt 

isoforms are unique in regulating downstream effectors in a tissue-dependent manner. For example, Akt1 and 

Akt2 are both involved in HSC proliferation, while only Akt2 plays a role in migration in ethanol and LPS- 

induced liver fibrosis. On the other hand, while only Akt1 or Akt2 absence does not affect liver regeneration, 

hepatic-specific Akt1 and Akt2 deficient mice impaired liver regeneration and increased mortality [13]. 

Furthermore, in colon cancer cell lines, knocking out of either Akt1, Akt2, or both Akt1/2 reduced lactate and 

alanine levels, eventually resulting in malfunctioning carbohydrate metabolism. Genes playing a role in glucose 

metabolism diminished and fatty acid metabolism was impaired in Akt1 KO and Akt2 KO cells [14]. 

Whole-body knockout mouse studies have shown that Akt1 plays more role in cell survival and 

proliferation, Akt2 is essential in regulating glucose metabolism, and Akt3 has more role in brain development 

[14], [15]. On the other hand, double Akt isoform knockout mice showed both specific and overlapping roles of 

the Akt family isoforms. To understand the extensive functions of each Akt isoform, in vivo conditional and 

tissue-specific knockout studies and in vitro studies in different cell types are required [16]. 

3.6. Role of Akt in glucose metabolism 
 

In the liver, Akt activation upon insulin stimulation is essential for suppressing hepatic glucose production 

and inducing lipid synthesis. Akt suppresses glucose production via its phosphorylation-mediated inhibition of 

its downstream target FoxO1 transcription factor (Fig. 3), which induces key gluconeogenic enzymes 

Phosphoenolpyruvate carboxykinase (PEPCK) and Glucose 6-phosphate (G6P) during fasting. Insulin-Akt 

signaling also regulates de novo lipid synthesis through the Sterol regulatory element-binding protein 1 

(SREBP1) transcription factor [17]. Other Akt effectors playing role in glucose metabolism include glycogen 

synthase kinase 3β (GSK3β), AS160 and PFKFB2. GSK3β inhibits insulin-dependent glycogen synthesis, and 

increased GSK3β expression is positively correlated in diabetic and obese animals [18]. Further, Akt modulates 

protein synthesis by inhibiting Tuberous sclerosis complex 2 (TSC2) and indirectly promoting mTORC1/p70 

S6K/S6 axis [17], [19]. 

PI3K becomes active within seconds to minutes of growth factor stimulation and reaches the maximum 

function mostly in an hour. Then, it is downregulated with timing dependent on cell type and stimulus. This 

transient signaling event is balanced with Phosphatase and tensin homolog deleted chromosome 10 (PTEN) 

action in combination with the temporary inactivation of PI3K [17]. PTEN is a negative regulator of the PI3K-Akt 

signaling, and it inhibits PIP3 activation by dephosphorylating PIP3 at the D3 position [20]. Protein phosphatase 
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2A (PP2A) and the PH domain leucine-rich repeat protein phosphatases (PHLPP1 and PHLPP2) also inactivate 

Akt function by dephosphorylating Akt on T308 and S473, respectively [17]. 

3.7. Akt binding partners 
 

Protein-protein interaction can cause conformational changes in the binding proteins by stabilizing or 

destabilizing them. Alternatively, some proteins can act as anchors, creating large molecule complexes to 

modulate signaling events [21]. 

Akt is a key effector signaling molecule in the insulin signaling pathway. It regulates a wide range of 

downstream proteins essential for metabolism, energy homeostasis, cell growth, and survival. Akt directly 

phosphorylates numerous targets that are transcription factors, protein and lipid kinases, cell cycle regulators 

and enzymes. Those targets, which Akt phosphorylates on S and T residues, share a consensus motif: R-X-R-X-

X-S/T [17]. 

Akt consists of three domains as PH domain, kinase domain and regulatory C-tail. Each interaction partner 

prefers a different binding domain of Akt depending on the conformation and affinity to the interaction site. 

It has been reported that the PH domain is critical for Akt to interact with phosphoinositides and other protein 

partners. PIP3, for example, interacts with the PH domain of Akt to stimulate its translocation to the plasma 

membrane, whereas PDK1 interacts with Akt via the C-tail of Akt. 

Another protein that interacts specifically with the PH domain of Akt is JNK interacting protein 1 (JIP1). 

JIP1 involves in a complex regulating JNK signaling and Akt-JIP1 interaction modulates apoptosis. Growth 

factor receptor-binding protein 10 (Grb10) also interacts with the PH domain of Akt. Interestingly, via its SH2 

domain, Grb10 can bind to tyrosine kinase receptors, including insulin receptor (IR) which enhances Akt 

activation [22]. Additionally, Akt has a conserved proline-rich sequence (PXXP) at the C-terminus, enabling Akt 

to bind to SH3 domain-containing proteins such as tyrosine kinase Src and Arg-binding protein 2 (ArgBP2γ). 

ArgBP2γ binds to the PXXP region of Akt and p21-activated protein kinase (PAK21) to generate the Akt-ArgBPg- 

PAK1 complex to regulate cell survival [23]. 

Upon insulin stimulation and other growth factors, Tribbles homolog 3 (Trb3) interacts with the kinase 

domain of Akt to inhibit its activation by interfering with phosphorylation sites at T308 and S473 [24]. Trb3 

expression is enhanced in the normal liver upon fasting, and Trb3 expression levels are significantly higher in 

the liver of db/db mice [24] , [21]. Endosomal adaptor protein containing PH domain, PTB domain and leucine 

zipper motif (APPL1) interacts with the kinase domain of Akt to block Akt-Trb3 interaction through direct 

competition. Therefore, APPL1 promotes Akt translocation to the plasma membrane to enhance its activation. 

Interestingly, hepatic APPL1 overexpression in db/db mice promotes hyperglycemia and insulin resistance [25], 

and the APPL1-Akt complex dissociates upon insulin stimulation [26]. 
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3.8. Intrinsically disordered proteins (IDPs) 
 

Intrinsically disordered proteins (IDPs) consist of highly flexible and dynamic polypeptide chains which do 

not have stable and defined tertiary structures (Fig. 4a). The unstructured polypeptide regions in IDPs tend to 

have secondary structures such as alpha helices or beta sheets that enable them to change their 

conformational state for binding with other proteins, nucleic acids and a wide range of small molecules. The 

function of the known IDPs typically involves modulating signal transduction events and transcriptional 

regulation [27], [28]. IDPs are prone to have numerous posttranslational modifications (PTMs) such as acetylation, 

glycosylation, and ubiquitination, yet phosphorylation appears to be particularly important. The 

phosphorylation sites located in the disordered regions can have a stabilizing effect on transient tertiary 

structures. Based on the studies on IDPs, a short stabilization motif was identified: S/T-P-(3)-R/K in which S/T 

represents a phosphorylation site [29]. Proteins that were identified containing the stabilization motif have 

diverse functions and structures. However, most of them emerged to be kinases or kinase-interacting proteins 

such as mitogen-activated protein kinase kinases (MAPKK), the calcium/calmodulin dependent kinases 

(CaMKs) or the protein kinase C (PKC) binding proteins. TSC22 family proteins also contain intrinsically 

disordered regions and, notably, TSC22D4, contains the stabilization motif in its disordered region (Fig. 4b) [29]. 

The transition from a disordered to an ordered state is regulated through phosphorylation for IDPs to bind to 

the interacting proteins. Once a helical structure is stabilized via phosphorylation, it accelerates other proteins' 

binding efficacy to contribute to the IDPs function [29], [30]. Therefore, phosphorylation in the intrinsically 

disordered regions acts as a signal to stimulate molecular interactions. 

Moreover, some of the IDPs lack stable secondary structures which allow them to act more dynamic and 

reversible compared to IDPs having defined secondary structures. Having more flexibility in the protein makes 

them extremely sensitive environmental sensors. In addition to ligands and binding partners, they can also 

sense chemical signals, mechanical stress, and light or pH changes [31]. In IDPs, structural heterogeneity is 

determined by amino acid proportion, and the majority of IDPs are enriched in polar and charged amino acids 

such as Pro, Gly, Gln, Ser, Glu, Lys, and Ala rather than bulky hydrophobic amino acids. Notably, the amino 

acid composition of TSC22D4 mostly consists of Pro, Gly and Ser residues (Fig. 4c). 

3.9. TSC22 family proteins and their functions 
 

Transforming growth factor-beta 1 (TGFβ1)-Stimulated Clone (TSC) 22 family consists of 4 proteins 

(TSC22D1, TSC22D2, TSC22D3 and TSC22D4) each with alternatively spliced isoforms. All TS22 family members 

share a highly conserved TSC Box, but also belong to the IDP category with unstructured peptide sequences 

flanking the TSC box. Therefore, these proteins might contribute to various signaling events with distinct 

protein-protein interactions due to their conformational flexibility. 
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Figure 4: TSC22D4 as an intrinsically disordered protein (IDP). 

A. Illustration of an IDP, its binding partners and possible interactions due to the flexible conformational changes of the 

IDP. B. Structural analysis of TSC22D4 (Figure adapted from [32]) C. Amino acid composition of TSC22D4 (Figure adapted 

from [32]). 
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TSC22 (which was later re-named as TSC22D1) was first isolated as a TGFβ1 inducible gene in mouse 

osteoblastic cells by a differential screening, a common method to identify differentially expressed genes in 

distinct physiological conditions [33]. TSC22 is expressed ubiquitously in mice and humans, and its expression 

varies in different cell lines upon stimulants such as TGFβ1, serum or dexamethasone [34], [35], [36]. All TSC22 

family members have a leucine zipper (ZIP) motif in the conserved TSC Box. Interestingly, the ZIP domain in 

TSC22 proteins does not have the consensus sequence, N-(2)-A-A-(2)-(C/S)-R, and it lacks the basic region 

found in most basic region/leucine zipper (bZIP) proteins. In the bZIP-containing transcription factors, the 

upstream basic region acts as a DNA binding domain, while the leucine zipper motif enables protein 

dimerization. Due to the lack of a basic region in their ZIP domain, the potential DNA binding capacity of TSC22 

family proteins remain elusive [37]. Nevertheless, like in bZIP proteins, ZIP also facilitates forming of 

homodimers and heterodimers to contribute to transcriptional regulation. Indeed, TSC22 family proteins 

appeared as transcriptional regulators which play role in both gene activation and repression [33], [38], [36]. 

Furthermore, TSC22 family proteins can homodimerize and heterodimerize with other TSC22 family proteins 

via the ZIP motif located in TSC Box. TSC22D4 heterodimers with TSC22D3 to enhance binding of NRBP1 

complex assembly [39]. In addition, TSC22D1 isoforms dimerize with TDC22D4 to regulate antagonist events for 

cell fate. While TSC22D1.1 dimerizes with TSC22D4 to promote cell proliferation/survival, TSC22D1.2-TSC22D4 

complex promotes senescence which is a state of irreversible growth arrest against DNA damage and oxidative 

stress [40]. A study on TSC22D4 was shown that TSC22D4 KO esophageal tumor cells delayed cellular 

senescence with decreased cyclin-dependent kinase (CDK) inhibitor P21 levels [41]. Further, in human 

medulloblastoma cells (DAOY cells), silencing TSC22D4 expression reduced cell-cycle progression from G1 to S 

phase, indicating increased cell-cycle arrest [36]. 

As in TSC22D1, posttranslational modifications give TSC22D4 isoforms heterogeneity and functional 

complexity. To illustrate, TSC22D4 isoforms were found in distinct subcellular localizations in mouse cerebellar 

granule neurons (CGNs) upon cell differentiation and postnatal cerebellum development [40]. In developing 

mouse brains, TSC22D4 plays role in proliferation, migration and differentiation by being expressed in specific 

brain areas responsible for mature and immature brain cells. In early embryonic brain development, TSC22D4 

was found upregulated in areas specified for granule cell precursors. Thus, it plays role in differentiation of 

immature brain cells. In the adult stages, TSC22D4 was found activated in different brain areas for controlling 

cell proliferation and growth [36], [42]. Further, TSC22D4 was shown to play role in mitochondrial redox 

metabolism by dimerizing apoptosis-inducing factor (AIF) [40]. 

 
Overall, TSC22 family proteins act as tumor suppressors and regulate cell proliferation, differentiation and 

apoptosis [40], [43], [36], [44], [35]. In different studies, many binding partners of TSC22 family proteins have been 

identified. Namely, TSC22D1 interacts with Smad and Tgfβ receptor to regulate Tgfβ induced cell death [36]. 
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TSC22D2 interacts with pyruvate kinase isoform M2 (PKM2) [45] and WD repeat protein WDR77 [46] to modulate 

cell proliferation. TSC22D3 interacts with NFKB, Raf, Ras and p53 which in turn inhibits the action of the 

downstream targets [47], [48], [49], [50],[51]. 

3.10. Role of TSC22D4 in glucose and lipid metabolism in the liver 
 

TSC22D4 was identified due to its consensus sequence similarity with the other TSC22 family members, 

TSC22D1 and TSC22D3. Indeed, as with the other members of the family, studies performed on TSC22D4 

showed that TSC22D4 suppresses transcriptional activity when fused to DNA binding domains [33]. The 

biological and tissue-specific function of TSC22D4 has been widely studied by the research group in that I 

conducted my Ph.D. project. 

In a previous publication published by my supervisor, TSC22D4 was identified as a novel regulator of the 

insulin signaling pathway [52]. It promotes insulin resistance, glucose intolerance and diabetic hyperglycemia in 

obese and type 2 diabetic murine models. Also, patients with type 2 diabetes have elevated levels of TSC22D4 

in their livers, leading to insulin resistance. 

Hepatic TSC22D4 expression was elevated in mice with fatty liver disease and fibrosis both in mice and 

human livers [52], [53]. In a recent publication in our lab, hepatocyte-specific deletion of TSC22D4 (TSC22D4hep-/-), 

resulted in reduced lipid accumulation, decreased apoptosis and amelioration in inflammation in mice liver 

with Methionine/Choline deficient (MCD) diet [54]. MCD diet is commonly used to model the buildup of fat and 

progressed fatty liver disease, non-alcoholic steatohepatitis (NASH). Briefly, the deficiency of 

Methionine/Choline leads to abnormal mitochondrial β-oxidation and very low-density lipoprotein (VLDL) 

synthesis [55]. In this study, analysis in single-cell RNA sequencing of TSC22D4hep-/- mice demonstrated an 

enriched gene network plays role in mitochondrial processes such as TCA cycle and triglyceride metabolism, 

supporting the improvements in liver damage in mice with the tissue-specific loss of TSC22D4. 

Different liver cell types, including hepatic stellate cells (HSCs), hepatocytes and hepatic macrophages, 

present intra-hepatic crosstalk in progressive liver diseases (i.e. NASH and fibrosis) [56]. Upon chronic liver 

damage and inflammation, TGFβ1-induced HSCs become active and secrete collagen, a marker of the cirrhotic 

liver, into the extracellular matrix [57], [58]. In one of our latest studies, TSC22D4 was shown as a downstream 

effector of TGFβ1 to contribute to HSCs function with elevated HSC activation markers, α-smooth muscle actin 

(αSMA), Smad3, and collagen type I α1 (Col1a1) [58]. In a human hepatic cell line (LX2 cells), TSC22D4 induced 

cell proliferation and migration, which are the main characteristics of activated HSCs. Additionally, RNA-

sequencing performed in TSC22D4 knockdown LX2 cells revealed regulators of HSCs (i.e. CCL7 and IL1β) as 

downstream targets of TSC22D4. 
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Altogether, TSC22D4 emerges as a key regulator of glucose and lipid metabolism contributing to fatty liver 

diseases via hepatocytes. In addition, it promotes cell proliferation and migration in HSCs, contributing to cell 

survival. 
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4. Project-related previous results 

Our lab has identified TSC22D4 as a novel regulator of hepatic lipid metabolism in mice with cancer 

cachexia, a wasting disorder causing an extreme loss in body and muscle weight [53]. In the livers of the 

cachectic mice, TSC22D4 levels were elevated and hepatocyte-specific acute TSC22D4 knockdown resulted in 

the induction of lipogenic genes. Since TSC22D4 levels were positively correlated with the body wasting degree 

of the cachectic mice, TSC22D4 appeared as one of the candidates that might also regulate systemic energy 

homeostasis. To determine the target gene network of TSC22D4, Dr. Bilgen Ekim Üstünel performed a high 

throughput analysis using primary hepatocytes of mice expressing adenovirus either with non-specific control 

or TSC22D4-specific shRNA. As a result of the KEGG pathway analysis, TSC22D4 emerged as a potent regulator 

of the insulin/Akt signaling pathway [52]. The subsequent functional assays showed that TSSC22D4 regulates 

hyperglycemia and insulin resistance in diabetic mouse models by impairing Akt phosphorylation and 

downstream signaling [52]. Liver-specific TSC22D4 knockdown upregulated phospho-Akt (pAkt) levels as well as 

phosphorylation of Akt downstream targets such as FoxO1 and GSK3β compared to control mice [52]. However, 

the phosphorylation of upstream regulators of Akt (e.g. mTOR and IR) remained unchanged. 

To follow up the PI3K/Akt axis in the context of TSC22D4 regulatory metabolism in liver tissues, Dr. 

Ekim-Üstünel transiently transfected Hepa1-6 cells (murine hepatoma cell line) with Flag-TSC22D4 and HA-

Akt1 tagged plasmids and performed co-immunoprecipitation (co-IP) with α-Flag antibody, to test if TSC22D4 

exerts its inhibitory effects on Akt function via physical interaction. As a result, HA-Akt1 successfully co-IPed 

with Flag-TSC22D4, indicating TSC22D4-Akt1 interaction (Demir et al [59]; Manuscript accepted; in press 

@Science Advances). Further, glucose and insulin stimulation impaired the interaction and increased pAkt 

levels. Dr. Ekim Üstünel performed also Flag-TSC22D4 IP from the liver lysates of WT mice overexpressing 

vector control or Flag-TSC22D4, and observed an enriched interaction of endogenous Akt1 in the Flag IPs. In 

agreement with her previous findings in starved and glucose/insulin stimulated cells, refeeding mice after 

overnight starvation impaired the hepatic TSC22D4-Akt1 interaction [59]. Moreover, to test if TSC22D4-Akt1 

interaction is regulated by intracellular energy levels, she treated Flag-TSC22D4 and HA-Akt1 overexpressing 

Hepa1-6 cells with mitochondrial inhibitors rotenone and antimycin and performed co-IP. Consequently, 

rotenone and antimycin treatment promoted TSC22D4-Akt1 interaction and reduced pAkt levels [59]. 

Thus, the goal of my study is to elucidate the role of TSC22D4-Akt1 interaction in controlling Akt function 

and glucose metabolism. 
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5. Aim of the study 

1) Verifying TSC22D4-Akt1 interaction in vivo 

2) Comparing the levels of endogenous TSC22D4-Akt1 interaction in different diabetic mouse models with 

different diets 

3) Identifying the required and sufficient TSC22D4 domains for establishing the Akt1 interaction 

4) Identifying TSC22D4 peptides with therapeutic potential to modulate Akt function 

5) Identifying the role of TSC22D4-Akt1 interaction in cultured Hepa1-6 cells and primary hepatocytes 

6) Identifying the role of hepatic TSC22D4-Akt1 interaction in glucose and lipid metabolism in vivo 
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6. Results 

6.1. TSC22D4 interacts with Akt1 in vivo 
 

Based on the preliminary data on TSC22D4-Akt1 interaction in Hepa1-6 cells, we aimed to determine if 

TSC22D4 interacts with Akt1 in mouse livers in vivo and if so; whether the interaction levels are being affected 

upon fasting/feeding regimen. 

First, I examined endogenous TSC22D4-Akt1 interaction levels in WT mice fed with control diet (CD) or 

high-fat diet (HFD) to mimic insulin resistance via hyperglycemia and hyperinsulinemia. Therefore, to test 

TSC22D4-Akt1 interaction in vivo and to compare the interaction levels in CD and HFD conditions, I prepared 

liver lysates and performed endogenous TSC22D4 IP by incubating the liver lysates with homemade α-TSC22D4 

antibody overnight. Then, I conjugated antibody-antigen complex with protein A/G coupled beads via further 

incubation (Fig. 5a). To confirm TSC22D4 presence in the IPs and to test Akt1 interaction, I performed Western 

Blotting for α-TSC22D4 and α-Akt1 antibodies, respectively. As a result, TSC22D4 IPs were successful and 

TSC22D4 interacted with Akt1 in the livers of WT mice with a control diet and HFD (Fig. 5b). The interaction 

levels were similar in the CD and HFD. Furthermore, TSC22D4 interacted specifically with Akt1, since Akt2 

levels in the TSC22D4 IPs did not show further enrichment compared to IgG controls. 

Alternatively, a high fat/high sucrose diet (HF/HSD) is a widely used approach to induce rapid onset of 

metabolic syndrome including differential changes in genes responsible for insulin signaling, lipogenesis and 

inflammation [60]. After analyzing TSC22D4-Akt1 interaction in HFD mice, we examined if TSC22D4-Akt1 

interaction was affected in mice fed with HF/HSD. To this end, from the liver lysates of WT mice in the CD and 

HF/HSD, I performed endogenous TSC22D4 IP and analyzed the Akt1 interaction levels by Western Blotting. 

Interestingly, TSC22D4-Akt1 interaction decreased in HF/HSD mice compared to CD fed mice (Fig. 5c). The 

results indicated that TSC22D4-Akt1 interaction was impaired in WT mice in the presence of hyperglycemia 

and hyperinsulinemia. 

To further analyze TSC22D4-Akt1 interaction in vivo, we used db/db mice as a model for type 2 diabetes. 

Db/db mice lack leptin receptors and the absence of the receptors results in high body weight, reduced glucose 

tolerance, chronic hyperglycemia, hyperinsulinemia, and elevated levels of serum lipids. In order to test if 

there are any changes in TSC22D4-Akt1 interaction between WT mice fed with a chow diet and db/db mice 

fed with a control diet in starved conditions, I analyzed the Akt1 protein levels for endogenous TSC22D4 IP in 

the liver lysates. As a result, TSC22D4-Akt1 interaction levels were similar between the WT and db/db mice in 

the respective diet conditions (Fig. 5d). 

Lastly, I examined livers from db/db mice in starved and 1-hour refed conditions to test if TSC22D4-Akt1 

interaction levels change in the absence or presence of nutrients. Endogenous TSC22D4 IP and Akt1 Western 
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Figure 5: TSC22D4 interacts with Akt1. 

A. Isolated liver tissues from WT or db/db mice were lysed in CHAPS buffer by using a Dounce homogenizer. The lysates 

were incubated with homemade TSC22D4 antibody on a rotating rack at 4oC degrees overnight. Then, the 

antibody/antigen complex was pulled out using A/G-coupled agarose beads by incubating the mixture on a rotating rack 



26  

at 4oC degrees for 2 hours. After incubation, the immunoprecipitates were washed 3 times with CHAPS buffer with 

centrifugation steps. The immunoprecipitates were added 4x sample loading buffer and boiled at 95oC degrees to be 

analyzed by Western Blotting. B. TSC22D4 was IPed from the WT mice liver lysates fed with a control diet (CD) or high fat 

diet (HFD). C. TSC22D4 was immunoprecipitated (IP: TSC22D4) from WT mice liver lysates fed with a CD or high fat/high 

sucrose diet (HF/HSD). D. TSC22D4 was immunoprecipitated (IP: TSC22D4) from WT and db/db mice liver lysates fed with 

a CD or chow diet, respectively. E. TSC22D4 was immunoprecipitated (IP: TSC22D4) from db/db mice liver lysates fed with 

a chow diet in starved or refed conditions. B-E. The immunoprecipitates and the input liver lysates were immunoblotted 

(IB) with indicated antibodies. Right panels: Quantification of Akt1 enrichment in TSC22D4 co-IPs normalized to Akt1 

levels in the input. 
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blots showed decreased TSC22D4-Akt1 interaction levels when the mice were refed in db/db mice (Fig. 5e). 

Therefore, the absence of nutrients promoted the interaction between TSC22D4 and Akt1, while the nutrient 

availability impaired the interaction, confirming our current publication [59]. 

Overall, these results indicated that TSC22D4 and Akt1 interact in vivo. Furthermore, in different diabetic 

mouse models which show hyperglycemia and hyperinsulinemia (e.g. WT mice fed with HF/HSD), TSC22D4- 

Akt1 interaction status changes. In WT mice, the interaction is stronger in the mice fed with CD compared to 

HF/HSD. For the db/db mice, the interaction is also stronger when the mice were starved. Therefore, TSC22D4 

and Akt1 seem to interact more in case of energy depletion in WT and db/db mice [59]. 

6.2. D2 domain and TSC box are required for Akt1 interaction 
 

TSC22D4 (387 aa, Fig.6a) contains evolutionarily conserved domains in the N-terminus and a TSC box in 

the C-terminus that contains a leucine zipper motif, which enables TSC22D4 to homodimerize or 

heterodimerize with the other members of the TSC family [33]. In addition, TSC22D4 has an intrinsically 

disordered region (IDR) that contains several post-translational modification (PTM) sites, including 

phosphorylation [61]. IDRs are functional and unique protein regions that play fundamental roles in protein- 

protein interactions due to their distinct conformational flexibility [62]. 

To identify the interaction site of TSC22D4-Akt1, we mapped TSC22D4 by creating different deletion 

mutants to analyze them in co-IP experiments. Several deletion mutants were already created and tested by 

my supervisor prior to my PhD program. Interestingly, deletion of the conserved regions at the N terminus 

(ΔRegion-1 (ΔR1, Δ1-20 aa), ΔRegion-2 (ΔR2, Δ70-100 aa) or ΔN-terminus (ΔN, Δ1-100 aa) did not show any 

less interaction with Akt1 compared to full-length TSC22D4. Therefore, the conserved regions at the N 

terminus of TSC22D4 might not have a significant role in TSC22D4-Akt1 interaction. Additionally, in the 

preliminary experiments, the N-terminus deletion of the IDR (ΔDomain 1, ΔD1, Δ105-205 aa) showed similar 

levels of Akt1 interaction in the co-IP experiments. 

To further analyze the interaction site of TSC22D4 to Akt1, I created new mutants by deleting different 

parts of TSC22D4 (Fig. 6b) via PCR-based site-directed mutagenesis. To test its role in Akt1 interaction, we 

deleted the C-terminus of the IDR and created ΔDomain 2 (ΔD2, Δ206-318 aa) mutant. Additionally, to test if 

the TSC box, which contains the leucine zipper motif, plays a role in Akt interaction, we created ΔTSC (Δ319- 

378 aa) mutant (Fig. 6b). I co-transfected Hepa1-6 cells with HA-Akt1 with either Flag-WT-TSC22D4, ΔD2 

mutant or ΔTSC mutant. I pulled down HA-Akt1 with anti-HA conjugated agarose beads and analyzed Flag 

levels in the IPs with Flag antibody by Western Blotting (Fig. 6c). For further validation, I performed a parallel 

set of experiments and did a reciprocal co-IP assay where I pulled down Flag antibody and analyzed the HA- 

Akt1 levels in the IPs for ΔD2 mutant (Fig. 6d). As a result, ΔD2 and ΔTSC mutants significantly blunted Akt1 

interaction compared to WT-TSC22D4 overexpressing cells. Therefore, we identified the D2 domain and 
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Figure 6: D2 and TSC domains are required for Akt1 interaction. 

A. Illustration of TSC22D4 protein with evolutionarily conserved domains. B.. Illustration of full-length TSC22D4, ΔD2 and 

ΔTSC mutants. C. Hepa1-6 cells were transiently co-transfected with Flag-TSC22D4-WT (2,5 μg), -ΔD2 (2,5 μg) or -ΔTSC 

(2,5 μg) deletion mutants and HA-Akt1 (2,5 μg). 48 hours post-transfection, HA-Akt1 was immunoprecipitated with anti- 

HA antibody (IP: HA) and the IPs and WCLs were immunoblotted (IB) with indicated antibodies. D. Hepa1-6 cells were 

transiently co-transfected with Flag-TSC22D4-WT (2,5 μg) or -ΔD2 (2,5 μg) and HA-Akt1 (2,5 μg) in the absence or 

presence of glucose [20 μM] and insulin [100 nM] upon overnight starvation. The immunoprecipitates (IP: Flag) and WCLs 

were immunoblotted (IB) with indicated antibodies. 
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TSC Box as the domains required for Akt1 interaction. 
 

6.3. TSC22D1 and TSC22D3 interact with Akt1 
 

All TSC22 family proteins (TSC22D1, TSC22D2, TSC22D3 and TSC22D4) share a conserved TSC box 

containing a leucine zipper motif [33], [37] (Fig. 7a). Since deletion of TSC Box in TSC22D4 caused impaired Akt1 

interaction, we tested if other TSC22 family members could also interact with Akt1. I transiently co-transfected 

Hepa1-6 cells with HA-Akt1 with either Flag-TSC22D4, Flag-TSC22D1 or Flag-TSC22D3 (Fig. 7b). Flag IP results 

indicated that not only TSC22D4 (lanes 4-6) but also TSC22D1 (lanes 7-9) and TSC22D3 (lanes 10-12) interact 

with Akt1, even stronger than TSC22D4. In parallel, pAkt levels significantly decreased in TSC22D1 and 

TSC22D3 expressing cells compared to TSC22D4 in the cell lysates (Fig. 7b, lower right panel). 

6.4. TSC22D4 homodimerizes with TSC22D1 and TSC22D3 
 

Furthermore, we explored if TSC22D4 heterodimerizes with other TSC22 family members TSC22D1 and 

TSC22D3 in Hepa1-6 cells, since the dimerization of TSC22D4 might modulate Akt interaction and function. I 

co-transfected Hepa1-6 cells with Myc-TSC22D4 with either Flag-TSC22D1, Flag-TSC22D3 or Flag-TSC22D4 to 

compare homodimerization or heterodimerization levels of TSC22D4 with other TSC22 family members (Fig. 

7c). Myc levels in the IPs showed that TSC22D4 homodimerizes with itself (lanes 6-8) and heterodimerizes with 

TSC22D1 (lanes 9-11) and TSC22D3 (lanes 12-14). Notably, heterodimerization of TSC22D4 with TSC22D1 was 

significantly stronger than with TSC22D3 as well as its homodimerization with itself (Fig. 7c, lower panel). 

6.5. TSC Box but not the D2 domain is required for TSC22D4 

homodimerization 

Since the TSC box is required for both homodimerization and heterodimerization for TSC22 family proteins in 

previous studies, we tested if the D2 domain, which is required for Akt1 interaction, is also necessary for 

TSC22D4 homodimerization. I transiently co-transfected Hepa1-6 cells with Myc-tagged WT-TSC22D4 together 

with either Flag-WT-TSC22D4, Flag-ΔD2 or Flag-ΔTSC mutants to compare homodimerization levels of the 

mutants. I performed Flag IP and analyzed WT-TSC22D4 levels using the Myc antibody (Fig. 7d). While WT- 

TSC22D4 homodimerizes with Myc-WT-TSC22D4 (lanes 6-8), ΔD2 mutant (lanes 9-11) showed less 

homodimerization levels compared to WT-TSC22D4. On the other hand, ΔTSC mutant failed to homodimerize 

with WT-TSC22D4 completely (lanes 12-14). Therefore, we concluded that TSC Box is required for 

homodimerization of TSC22D4, whereas the D2 domain is not. 
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Figure 7: Analyses of TSC22 family members. 

A. Illustration of TSC22 family members. B. Hepa1-6 cells were transiently co-transfected with Flag-TSC22D4 (2,5 μg), - 

TSC22D1 (4 μg) or -TSC22D3 (4 μg) and HA-Akt1 (2,5 μg). Lower panel: Quantification of HA-Akt1 enrichment in 

immunoprecipitates (IP: Flag) and quantification of pAkt levels in whole cell lysates (WCLs) normalized to the tAkt levels. 

C. Hepa1-6 cells were transiently co-transfected with Flag-TSC22D4 (2,5 μg), -TSC22D1 (4 μg) or -TSC22D3 (4 μg) and Myc- 
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WT-TSC22D4 (2,5 μg). Lower panel: Quantification of Myc-WT-TSC22D4 enrichment in Flag co-IPs normalized to the Flag 

levels. D. Hepa1-6 cells were transiently co-transfected with Flag-TSC22D4 (2,5 μg), ΔD2 (2,5 μg) or -ΔTSC (2,5 μg) deletion 

mutants and Myc-WT-TSC22D4 (2,5 μg). B-D. 48 hours post-transfection, Flag was immunoprecipitated (IP: Flag) with 

anti-Flag affinity gel and the IPs and whole cell lysates (WCLs) were immunoblotted (IB) with indicated antibodies. 
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6.6. D2+TSC interacts with Akt1 as strong as WT-TSC22D4 
 

To understand whether the D2 domain and TSC box are sufficient to interact with Akt1, I designed primers 

to generate the cDNA that contains D2 domain together with the TSC box (D2+TSC, 206-378 aa) (Fig. 8a). I 

performed a co-transfection assay on Hepa1-6 cells using HA-Akt1 with either Flag-WT-TSC22D4, Flag-ΔD2-

TSC22D4 or Flag-D2+TSC. After performing Flag IP with the cell lysates, I analyzed HA-Akt1 levels by Western 

Blotting (Fig. 8b-c). Interestingly, the D2+TSC construct showed strong interaction with HA-Akt1 indicating D2 

domain, together with the TSC box, is sufficient for Akt1 interaction. Additionally, I analyzed D2+TSC construct 

in starved (Fig. 8b, lanes 11-14, Fig. 8c, lanes 7-8) and glucose/insulin stimulated conditions (Fig. 8c, lanes 9-

10). As observed before, WT-TSC22D4-Akt1 interaction was impaired in nutrient availability compared to 

starved conditions (Fig. 8c, lanes 5-6). On the other hand, D2+TSC-Akt1 interaction remained the same in basal 

and glucose/insulin stimulated conditions (Fig. 8c, lanes 7-10). Therefore, D2+TSC seems to interact with Akt1 

constitutively and independent of metabolic stimulations. ΔD2 mutant, on the other hand, again failed to 

interact with Akt1 (Fig. 8b, lanes 7-10). 

6.7. D2 domain is sufficient for Akt interaction, whereas TSC Box is not 
 

Having shown that ΔD2 mutant and ΔTSC mutant fail to interact with Akt1, TSC Box is required for protein 

dimerization, and D2+TSC constitutively interacts with Akt1, we tested if D2 domain alone or TSC box alone 

would be sufficient for Akt interaction. Thus, we decided to shorten D2+TSC by designing primers to create 

the D2 domain alone (201-318 aa) and TSC box alone (318-380 aa) to determine which part of D2+TSC is 

sufficient for Akt interaction (Fig. 9a). I co-transfected Hepa1-6 cells with Flag-D2 or Flag-TSC Box together 

with HA-Akt1 (Fig. 9b). In the Flag IPs, the presence of only D2 domain was sufficient to interact with Akt1 

(lanes 6-9), whereas only TSC Box failed to interact with Akt1 (lanes 10-13). Therefore, I was able to map our 

protein TSC22D4 successfully and narrowed down the peptide fragments to understand their roles in detail. 

While the D2 domain is required and sufficient for Akt1 interaction, TSC Box is not sufficient for Akt1 

interaction. Instead, TSC Box is needed for protein dimerization. Furthermore, I analyzed pAkt levels and 

phosphorylation status of downstream targets of Akt in FBS starved and insulin-stimulated conditions in cells 

that were expressing Flag-D2 or Flag-TSC. (Fig. 9b, right panel). Notably, basal pAkt levels decreased in both 

D2 and TSC expressing cells compared to vector control. In addition, pAkt levels significantly increased in the 

D2 domain and TSC box expressing cells upon insulin stimulation compared to basal conditions. As one of the 

downstream targets, pS6K1 levels were significantly increased in insulin-stimulated TSC Box expressing cells 

compared to vector control and only D2 domain. pGSK3β, pFoxo1 and pS6 levels remained the same. 
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Figure 8: D2+TSC is sufficient for Akt1 interaction. 

A. Illustration of full-length TSC22D4, ΔD2 and D2+TSC mutants. B. Hepa1-6 cells were transiently co-transfected with 

Flag-TSC22D4-WT (2,5 μg), -ΔD2 (2,5 μg) or D2+TSC (2,5 μg) and HA-Akt1(2,5 μg). C. Hepa1-6 cells were transiently co- 

transfected with Flag-TSC22D4-WT (2,5 μg) or D2+TSC (2,5 μg) and HA-Akt1 (2,5 μg) in the absence or presence of glucose 

[20 μM] and insulin [100 nM] upon overnight starvation. B-C. Flag was immunoprecipitated with anti-Flag affinity gel (IP: 

Flag) and the IPs and whole cell lysates (WCLs) were immunoblotted (IB) with indicated antibodies. 
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6.8. D2-ΔC is sufficient to interact with Akt1 
 

Next, we aimed to shorten the interaction site, D2, as much as possible to test the small peptide in vivo 

for future translational studies [63]. TSC22D4 has 15 novel phosphorylation sites, identified by tandem mass 

spectrometry [61], of which 6 of them are found in the D2 domain of TSC22D4. Since the presence of these 

phosphorylation sites causes flexibility to the IDPs for establishing unique conformational structures, we 

hypothesized that the D2 domain might serve translational potential as a small peptide drug interfering with 

the TSC22D4-Akt1 interaction and inhibiting insulin resistance. 

Although the D2 domain is a part of the intrinsically disordered region of TSC22D4 and does not have a 

defined 3D structure, we identified 6 aa length (TPPLSR, 223-228 aa) stabilizing motif followed by a 12 aa 

length alpha helix (RDGAVRLRMELV, 230 241 aa) at the N terminus of D2 peptide [29]. Additionally, via in silico 

analysis, we identified another peptide sequence prone to forming alpha-helix structure 

(GAAAAQSLSLARSMLAIS) at the C terminus of the D2 peptide (Fig. 9c). To begin with, we decided to divide D2 

sequence into two parts and designed custom primers to create Flag-tagged D2-ΔN (266-318 aa) and D2-ΔC 

(201-265 aa) peptides (Fig. 9d). Therefore, we tested if the stabilizing motif or alpha helix structures regulate 

Akt function by performing co-IP assays. D2-ΔN peptide, which does not contain the stabilization motif but 

contains the alpha-helix structure, was not expressed in Hepa1-6 cells, and excluded from the candidate. On 

the other hand, when I analyzed D2-ΔC peptide expressing cells for pAkt levels in the whole cell lysates (WCLs), 

I observed that basal pAkt levels decreased compared to vector control (Fig. 9e). Also, pAkt levels increased in 

D2-ΔC expressing cells in insulin-stimulated conditions (lanes 13-14). Furthermore, D2-ΔC peptide showed the 

same interaction levels of Akt1 with the D2 peptide itself in the IPs (Fig. 9e, right panel). Since the D2-ΔC 

peptide contains a stabilization motif followed by a small alpha-helix structure, those secondary structures 

might be the specific regions required for Akt interaction. 

To evaluate further and specify the required TSC22D4-Akt1 interaction site, I created smaller D2-ΔC peptides: 

D2-ΔC-ΔN1 (223-265 aa), D2-ΔC-ΔN2 (229-265 aa) and D2-ΔC-ΔC (201-241 aa) (Fig. 9d). We aimed to shorten 

the D2-ΔC peptide more from the N terminus (D2-ΔC-ΔN1 and -ΔN2) and C terminus (D2-ΔC-ΔC) to identify 

the smallest region sufficient for Akt1 interaction. D2-ΔC-ΔN1 contains the stabilization motif (TPPLSR, 223- 

228 aa) followed by a helix, whereas D2-ΔC-ΔN2 lacks the stabilization motif and contains only the helical 

structure. Therefore, by creating 2 different -ΔN mutants, we investigated if the stabilization motif plays a role 

in Akt1 interaction. Also, by using the D2-ΔC-ΔC peptide in the co-IP assays, we aimed to validate the required 

peptide region in the D2 domain. I performed co-IP assays by co-transfecting Flag-tagged small peptides and 

HA-Akt1 in Hepa1-6 cells. Flag-tagged mutants had expression problems at the protein level, possibly due to a 

lack of stabilization caused by their size. Thus, I could not assess their interaction levels with Akt1. 
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Figure 9: TSC22D4-D2 domain is sufficient for Akt1 interaction. 

A. Illustration of D2+TSC, only D2 and only TSC Box deletion mutants. B. Hepa1-6 cells were transiently co-transfected 

with Flag-D2 (2,5 μg), -TSC (2,5 μg) and HA-Akt1(2,5 μg) in the absence or presence of glucose [20 μM] and insulin [100 

nM] upon overnight starvation. C. Peptide sequence of D2 and D2-ΔC mutants. Green: stabilization motif, red and purple: 
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alpha helices. D. Illustration of D2 and D2 truncated deletion mutants. E. Hepa1-6 cells were transiently co-transfected 

with Flag-D2 (2,5 μg), -D2-ΔC (2,5 μg) and HA-Akt1(2,5 μg) in the absence or presence of glucose [20 μM] and insulin [100 

nM] upon overnight starvation. B, E. Flag was immunoprecipitated with anti-Flag affinity gel (IP: Flag) and the IPs and 

whole cell lysates (WCLs) were immunoblotted (IB) with indicated antibodies. 
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6.9. TSC22D4 localizes in the cytoplasm in Hepa1-6 cells 
 

Since TSC22D4 localizes both in the nucleus and cytoplasm in different cell types [43, 44], we explored the 

subcellular localization of TSC22D4 in Hepa1-6 cells and mouse liver sections by immunofluorescence (IF). In 

order to optimize commercial and our homemade α-TSC22D4 antibodies, I first started the analysis with 

Hepa1-6 cells. 

Initially, I performed a co-staining of Hepa1-6 cells with a commercial TSC22D4 antibody and GAPDH as a 

housekeeping protein (Fig. 10a). While TSC22D4 localization was both in the cytoplasm and nucleus, GAPDH 

staining was only localized in the cytoplasm. 

To test the specificity of our homemade TSC22D4 antibody, I transiently knocked down TSC22D4 in Hepa1-

6 cells by using siRNA targeting TSC22D4. I stained the cells with our homemade α-TSC22D4 antibody (Fig. 

10b). In the control cells transfected with scrambled control siRNA (siNC), I detected TSC22D4 signals in the 

nucleus and cytoplasm. In the TSC22D4 knockdown cells, the cytoplasmic signal was mostly lost and the 

nuclear signal remained the same. Also, the nucleus in the TSC22D4 knockdown cells seemed to be bigger 

compared to siNC cells. I quantified TSC22D4 signal intensity by choosing the area of each cell for both siNC 

and siTSC22D4 (Fig. 10c). As a result, the TSC22D4 signal was decreased by around 50% in siTSC22D4 compared 

to siNC cells. Additionally, I conducted quantitative PCR (qPCR) analysis of the parallel set of cells from the 

same experiment to analyze the relative mRNA expression. As shown in Fig. 10d, siTSC22D4 cells expressed 

~50% less TSC22D4 than siNC. In summary, qPCR data supported the IF quantification results and our 

homemade TSC22D4 antibody is specific to cytoplasmic TSC22D4. Interestingly, the staining in the nucleus did 

not disappear after siRNA transfection. This might be due to relatively low knockdown efficiency or nonspecific 

binding of the antibody to a nuclear protein. 

To test if we could observe the TSC22D4-Akt1 co-localization by IF, I overexpressed Flag-TSC22D4 and HA-

Akt1 in Hepa1-6 cells and stained them with commercial α-Flag and α-HA immunofluorescent antibodies (Fig. 

11a). While some cells were efficiently transfected both with Flag-TSC22D4 and HA-Akt1, others were 

transfected either with Flag-TSC22D4 or HA-Akt1. Consequently, TSC22D4 expression was visible in the 

cytoplasm, whereas we could detect Akt1 expression both in the nucleus and cytoplasm. 

Overexpression of WT-TSC22D4 or D2+TSC does not change Akt1 localization 
 

As shown in Fig. 8c, while WT-TSC22D4 strongly interacts with Akt1 upon starvation as opposed to the 

glucose/insulin stimulation, D2+TSC constitutively interacts with Akt1 independent of nutrient availability. 

Therefore, we tested if Akt1 localization differs when we overexpress WT-TSC22D4 vs. D2+TSC allele. To this 

end, I overexpressed Flag-WT-TSC22D4 or Flag-D2+TSC in Hepa1-6 cells and stained the cells with α-Flag and 

α-Akt1 immunofluorescent antibodies. We specifically focused on staining endogenous Akt1 to avoid 
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Figure 10: TSC22D4 localizes in the cytoplasm. 

A. Untransfected Hepa1-6 cells were grown on chamber slides. The cells were fixed, permeabilized, blocked and stained 

with anti-TSC22D4 and anti-GAPDH antibodies. Alexa Fluor 488 (anti-GAPDH, green) or Alexa Fluor 568 (anti-TSC22D4, 

red) were used as secondary antibodies. A mounting medium with DAPI was used to detect the nucleus (blue). Zeiss 

fluorescence microscope with ZEN software was used to capture the images (40x, scale bar: 20 μM). Fiji, Image J was 

used for analyzing the images. B. Hepa1-6 cells, grown on chamber slides, were transfected with either scrambled siRNA 
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(siNC) or siTSC22D4 by using a Lipofectamine reagent. 48 hours post-transfection, the cells were stained with homemade 

α-TSC22D4 antibody and Alexa Fluor 568 antibody. C. TSC22D4 signal intensity was calculated in siNC or siTSC22D4 

transfected Hepa1-6 cells by using Fiji, Image J. Cytoplasmic area was chosen in each cell and average signal intensities 

were compared. D. TSC22D4 mRNA levels of siNC or siTSC22D4 transfected cells were measured by quantitative real- 

time PCR (qRT-PCR) analysis. 
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inconsistent transfection efficiency of HA-Akt1 overexpression in the cells. As a result, endogenous Akt1 

expression was detected both in the cytoplasm and nucleus when the cells were overexpressed either with 

WT-TSC22D4 or D2+TSC allele (Fig. 11b), indicating the subcellular localization of Akt1 does not change upon 

WT-TSC22D4 or D2+TSC overexpression. 

TSC22D4 or Akt1 localization does not change upon anabolic stimuli 
 

TSC22D4-Akt1 interaction is impaired in the presence of nutrients (Fig. 6e, Fig. 8c) and it strengthens upon 

mitochondrial inhibition with rotenone and antimycin treatment [59]. Since particular anabolic stimuli 

modulate TSC22D4-Akt1 interaction, we examined if the subcellular localization of TSC22D4 or Akt1 changes 

upon glucose [20 μM]/insulin [100 nM] or rotenone [1 μM]/antimycin [1 μM] treatments. To this end, I 

overexpressed Flag-TSC22D4 in Hepa 1-6 cells and stained them in starved or in glucose/insulin or 

rotenone/antimycin treated conditions (Fig. 11c, left panel). To test the subcellular localization of Akt1 in 

different conditions, I used untransfected Hepa 1-6 cells and stained the cells for endogenous Akt1 (Fig. 11c, 

right panel). Consequently, Flag-TSC22D4 expression remained the same as in the cytoplasm when the cells 

were starved or stimulated. Endogenous Akt1 expression, on the other hand, was mostly around the nucleus 

in starved, glucose/insulin or rotenone/antimycin stimulations (Fig. 8c). 

Interestingly, when we overexpress the cells either with Flag-tagged TSC22D4 alleles or empty vector 

control, we observed endogenous Akt1 expression both in the nucleus and cytoplasm (Fig. 11b). On the other 

hand, we detected Akt1 expression only around the nucleus when the cells were not transfected (Fig. 11c). 

Therefore, the subcellular localization of endogenous Akt1 might change upon the presence of ectopic 

expression vectors in the Hepa1-6 cells. 

PLA shows TSC22D4-Akt1 interaction in Hepa1-6 cells 
 

After optimizing the working conditions of homemade and commercial TSC22D4 antibodies on Hepa1-6 

cells, I performed a proximity ligation assay (PLA). PLA is an effective method that allows in situ detection of 

protein-protein interactions with high sensitivity. I observed discrete spots on Hepa1-6 cells, indicating 

TSC22D4-Akt1 interaction (Fig. 11d). Next, I used liver sections of hepatocyte-specific TSC22D4 KO mice and 

WT mice for analyzing the TSC22D4-Akt1 interaction by PLA. The staining protocol on liver sections did not 

work as successfully as in Hepa1-6 cells due to non-specific signals. 
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Figure 11: Subcellular localization of TSC22D4 and Akt1. 

A. Hepa1-6 cells, grown on chamber slides, were co-transfected with Flag-TSC22D4 and HA-Akt1. 36 hours post- 

transfection, the cells were starved overnight. The cells were fixed, permeabilized, blocked and stained with anti-Flag and 

anti-HA antibodies. Alexa Fluor 488 (anti-Flag, green) or Alexa Fluor 568 (anti-HA, red) were used as secondary antibodies. 

A mounting medium with DAPI was used to detect the nucleus (blue). Zeiss fluorescence microscope with ZEN software 

was used to capture the images (40x, scale bar: 20 μM). Fiji, Image J was used for analyzing the images. B. Hepa1-6 cells 

were transiently transfected with vector control, Flag-WT-TSC22D4 or Flag-D2+TSC. 36 hours post-transfection, the cells 

were starved overnight and stained with anti-Akt1 antibody. C. Hepa1-6 cells, untransfected or transfected with Flag-WT- 

TSC22D4, were stained with anti-Flag (left) or anti-Akt1 (right) and analyzed in starved, glucose [20 μM]/insulin [100 nM] 

or rotenone [1 μM]/antimycin [1 μM] treated conditions. D. Proximity ligation assay performed for TSC22D4-Akt1 

proximity in overnight starved Hepa1-6 cells. 
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6.10. Animal experiments 
 

After identifying TSC22D4 as an Akt1 binding protein, we aimed to understand the function of TSC22D4-

Akt1 interaction. To this end, we generated Adenoviruses (AV) and Adeno-associated viruses (AAV) expressing 

WT-TSC22D4, ΔD2-TSC22D4, D2+TSC and empty vector as a negative control to employ in functional assays 

in primary hepatocytes and in mice, respectively, as described below: 

→ in vitro: Overexpression of AVs expressing TSC22D4 alleles in primary mouse hepatocytes isolated from 

hepatocyte-specific TCS22D4 KO (TSC22D4hep-/-) mice 

→ in vivo: Overexpression of hepatocyte targeted AAVs of TSC22D4 alleles into TSC22D4hep-/- mice 

 
11.1.1. In vitro analyses: Primary hepatocytes experiments 

TSC22D4 regulates Akt function 
 

TSC22D4 deficiency enhances Akt function in primary hepatocytes. Additionally, acute hepatic 

knockdown of TSC22D4 in WT mice with AAVs expressing miRNA-TSC22D4 improved Akt function [52]. Based 

on these results, our lab established hepatocyte-specific TSC22D4 KO (TSC22D4hep-/-) mice by crossing Albumin-

cre mice to the Tsc22d4 floxed/floxed mice [54] as a working model to understand the hepatocyte- specific role 

of TSC22D4 in mice. 

We investigated if TSC22D4-Akt interaction regulates insulin-induced Akt phosphorylation in primary 

hepatocytes isolated from WT mice vs. TSC22D4hep-/- mice in starved and glucose/insulin-stimulated 

conditions. I examined the phosphorylation status of Akt and its downstream targets by Western blotting (Fig. 

12a). As a result, pAkt, pFoxo1, pGSK3β and pS6K1 levels increased in TSC22D4 KO cells compared to WT cells, 

especially in glucose/insulin-stimulated conditions in agreement with our previous study [52]. Therefore, we 

confirmed that TSC22D4 downregulates insulin signaling cascade via interfering with Akt function in 

hepatocytes. 

TSC22D4-Akt1 interaction regulates Akt function 
 

To understand the function of TSC22D4-Akt1 interaction, I overexpressed TSC22D4 mutants in primary 

hepatocytes isolated from TSC22D4hep-/- mice and transduced the cells with AVs expressing empty vector 

control, WT-TSC22D4, ΔD2-TSC22D4 and D2+TSC. I analyzed the phosphorylation status of Akt and its effectors 

in starved or glucose [20 μM] and insulin [100 nM] stimulated conditions. As a result, basal pAkt levels were 

lower in cells expressing ΔD2 and D2+TSC mutants under starvation (Fig. 12b). Additionally, basal 

phosphorylation of FoxO1, GSK3β and S6 levels were lower in D2+TSC expressing starved cells. The 

phosphorylation levels of Akt and its effectors were similar for the primary hepatocytes stimulated with 

glucose/insulin in each group. 
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Figure 12: TSC22D4-Akt1 interaction controls Akt signaling. 

A. Primary hepatocytes from WT and hepatocyte-specific TSC22D4 KO mice (TSC22D4hep-/-) were isolated. B. Primary 

hepatocytes from TSC22D4hep-/- mice were isolated and transduced with AVs expressing vector control or TSC22D4 alleles. 

A-B. After 36 hours, the cells were starved overnight, and the next day, stimulated without or with glucose [20 μM] and  

insulin [100 nM]. Cell lysates were immunoblotted (IB) with the indicated antibodies. C. Quantitative RT-PCR (qRT-PCR) 

analysis of TSC22D4 expression in primary hepatocytes transduced with AV-TSC22D4-WT or -ΔD2. 
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Interestingly, the ΔD2 mutant was detected at a lower size (~20 kDa) than its expected size (~35 kDa) by 

Western blotting in primary hepatocytes. Of note, we had previously tested the expression of all our constructs 

before recombination into adenoviral plasmids and its detections were successful in Hepa1-6 cells. To test if 

ΔD2 was truncated or not, we designed custom primers for ΔD2-TSC22D4 and confirmed that the ΔD2 mutant 

is fully expressed at the mRNA level (Fig. 12c). However, since the interaction deficient ΔD2 mutant failed to 

express at the protein level at the correct molecular weight, we preferred to exclude it in the following primary 

hepatocyte experiments. 

D2+TSC and Akt1 interaction promotes PGC1a expression 
 

Since Akt plays a significant role in suppressing the expression of gluconeogenic genes [64], we tested the 

effect of TSC22D4-Akt1 interaction in gluconeogenesis using primary hepatocytes from WT control vs. 

TSC22D4hep-/- mice. I transduced primary hepatocytes isolated from TSC22D4hep-/- mice with AVs expressing 

TSC22D4 alleles and starved in the absence or presence of forskolin [10 μM] which promotes cyclic adenosine 

monophosphate (cAMP) production [64]. I analyzed the mRNA expression of the main gluconeogenic genes: 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), phosphoenolpyruvate 

carboxykinase (PCK1) and glucose 6-phosphate (G6P) (Fig. 13a). PGC1α showed higher expression levels in 

D2+TSC overexpressing TSC22D4hep-/- cells, compared to WT-TSC22D4 and vector control expressing cells. 

Furthermore, in the presence of an Akt inhibitor (Akti 1/2, [5 μM]), D2+TSC transduced cells expressed 

significantly more PGC1α than WT-TSC22D4 and vector control, indicating D2+TSC expressing cells regulate 

PGC1α expression in an Akt dependent manner. PCK1 and G6P expressions also tended to increase upon 

Akti1/2 treatment compared to only forskolin treated group in D2+TSC expressing cells (Fig. 13a). 

Notably, PGC1α, PCK1 and G6P levels were lower in TSC22D4hep-/- cells compared to the WT control cells. 

Chronic deletion of TSC22D4 in the TSC22D4hep-/- mice might have produced a compensatory mechanism for 

suppressing gluconeogenesis independent of Akt function. 

In addition to the primary cell experiments, I showed that forskolin treatment promoted the TSC22D4-

Akt1 interaction in Hepa1-6 cells (Fig. 13b). Further, D2+TSC overexpressing Hepa1-6 cells showed stronger 

interaction with Akt1 compared to WT-TSC22D4 overexpressing cells upon forskolin induction (Fig. 13c). Thus, 

the strong interaction of D2+TSC and Akt1 was promoted even more in the presence of forskolin. 

D2+TSC might regulate not only glucose metabolism but also other metabolic events 

In addition to gluconeogenesis, PGC1α also regulates cellular energy metabolism in the liver [64], [65], [66] 

during the fasting state by promoting β-oxidation of fatty acids and enhancing mitochondrial biogenesis. 

Therefore, we investigated if other fatty acid oxidation targets, such as peroxisome proliferator-activated 
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Figure 13: TSC22D4-Akt1 interaction regulates Akt function in primary hepatocytes. 

A. Primary hepatocytes from WT or TSC22D4hep-/- mice were isolated. Cells from TSC22D4hep-/- mice were transduced with 

AVs expressing vector control or TSC22D4 alleles. After 36 hours, the cells were starved overnight followed by forskolin 

[100 μM] treatment in the presence or absence of Akti 1/2 [5 μM] for 4.5 hours. Cells were collected in Trizol for RNA 

isolation and gluconeogenic gene expressions were measured by qRT-PCR. B. Hepa1-6 cells were co-transfected with 

Flag-WT-TSC22D4 and HA-Akt1. 36 hours post-transfection, the cells were starved overnight followed by forskolin 

[100 μM] treatment for 4.5 hours. Flag immunoprecipitates (IP:Flag) and whole cell lysates (WCLs) were immunoblotted  

(IB) with the indicated antibodies. (Data generated together with Dr. Ekim-Üstünel). C. Hepa1-6 cells were co-transfected 

with Flag-WT-TSC22D4 or Flag-D2+TSC and HA-Akt1. 36 hours post-transfection, the cells were starved overnight followed 

by forskolin [100 μM] treatment for 1 hours or 4.5 hours. Flag immunoprecipitates (IP:Flag) and whole cell lysates (WCLs) 

were immunoblotted (IB) with the indicated antibodies. (Data generated together with Dr. Ekim-Üstünel). 

D. Primary hepatocytes from TSC22D4hep-/- mice were transduced either with vector control, TSC22D4-WT or -D2+TSC. 

After 48 hours, the cells were collected in Trizol to analyze the indicated gene expressions at the mRNA level by qRT-PCR. 

E. Primary hepatocytes from WT or TSC22D4hep-/- mice (AV-transduced) were used as in (A). The cells were starved in 

phenol-free media for 8 h followed by treatment with gluconeogenic inducers (forskolin [100 μM], glucagon [100 nM] in 

the absence or presence of insulin [100 nM] and/or Akt inhibitor (Akti 1/2) [5 μM] for 12 h. The medium was collected to 

measure the glucose levels via Amplex Red Kit. Glucose concentration was normalized to the KO cells with vector control. 

(Data generated together with Dr. Ekim-Üstünel). Statistical Analysis (A, C, D): Two-way ANOVA with Tukey’s Multiple 

Comparisons Test. */#: p<0.05, **/## p<0.01, ***/### p<0.001, ****/####: p<0.0001. *: comparison between different 

cell populations. #: Akti 1/2 effect in forskolin treated cells in A, insulin effect within each cell population in E. 
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receptor gamma coactivator 1-beta (PGC1β), medium-chain acyl-CoA dehydrogenase (MCAD) and very long- 

chain acyl-CoA dehydrogenase (VLCAD), are affected by the interaction status of TSC22D4 and Akt1 (Fig. 13d). 

Interestingly, PGC1β, which stimulates fatty acid oxidation and mitochondrial biogenesis, showed increased 

mRNA levels in D2+TSC expressing cells compared to WT-TSC22D4 and vector control cells. MCAD expression 

also significantly increased in D2+TSC expressing cells compared to vector control cells. In addition, Lipin1, a 

fatty acid oxidation regulator, also showed a significant increase in D2+TSC overexpressing cells compared to 

WT-TSC22D4 (Fig. 13d). Overall, these data indicate that D2+TSC and Akt1 interaction plays also role in 

regulating cellular energy metabolism. 

Insulin-induced glucose production capacity of D2+TSC did not change upon Akt inhibition 
 

To further elucidate the function of TSC22D4-Akt1 interaction in glucose metabolism, we evaluated 

glucose production capacity of TSC22D4 alleles in TSC22D4hep-/- cells expressing AV-empty vector control, WT-

TSC22D4 and D2+TSC. Primary hepatocytes from WT mice were used as control. In the glucose secretion assay, 

we supplied the cells with various stimulants (e.g. glucagon, pyruvate, lactate, forskolin, etc.) to induce 

gluconeogenesis in the absence or presence of insulin [100 nM] and/or Akt inhibitor Akti 1/2 [5 μM] (Fig. 13e). 

As a result, insulin successfully suppressed glucose production and secretion into the media for all the groups, 

except for D2+TSC overexpressing cells. WT-TSC22D4 overexpressing cells secreted more glucose in the media 

in starved conditions compared to empty vector control or D2+TSC overexpressing cells. 

Interestingly, when the cells were treated with Akti 1/2, secreted glucose levels remained the same in the 

transduced TSC22D4hep-/- cells, whereas WT control cells produced more glucose than the cells only stimulated 

with insulin. Akt inhibition did not reverse the insulin-mediated inhibition of gluconeogenesis in the 

TSC22D4hep-/- cells. These findings support the hypothesis that the chronic loss of hepatic TSC22D4 deletion 

might have caused an alternative compensatory mechanism to suppress gluconeogenesis. 

 

11.1.2. In vivo analysis: Introduction of AAVs expressing TSC22D4 alleles into 

TSC22D4hep-/- mice 

Hepatic TSC22D4-Akt1 interaction improves glucose and lipid metabolism 

To test the function of TSC22D4-Akt1 interaction in vivo, we introduced TSC22D4hep-/- mice with adeno-

associated viruses (AAV) carrying vector control, Flag-WT-TSC22D4, -ΔD2 or -D2+TSC alleles specifically in their 

livers (cohorts established and run by Dr. Ekim Üstünel). In summary, we first fed them with 6 weeks of chow 

diet followed by 7 weeks of a high fat/high sucrose diet (HF/HSD) challenge. We performed Intraperitoneal 

(i.p) insulin tolerance test (ITT) and glucose tolerance test (GTT) at different time points. Mice expressing 

D2+TSC performed better in ITTs and GTTs than WT-TSC22D4 when they were in a chow diet or HF/HSD. After 

7 weeks of HF/HSD, WT-TSC22D4 expressing mice showed increased insulin levels and insulin 
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resistance compared to D2+TSC and ΔD2 expressing mice. Liver triglyceride levels increased in WT-TSC22D4 

overexpressing mice after 7 weeks of HF/HSD compared to ΔD2 and D2+TSC expressing mice in agreement 

with Dr. Wollf´s publication [54]. In another cohort, we challenged the mice with 12 weeks of HF/HSD. D2+TSC 

expressing mice showed better glucose handling compared to WT-TSC22D4 and ΔD2 expressing mice. 

Interestingly, ΔD2 expressing mice showed higher blood glucose levels than WT-TSC22D4 overexpressing mice 

when exposed to longer HF/HSD (Demir et al, [59], [61]). 

To evaluate lipid metabolism, we performed morphometric lipid quantification by analyzing hematoxylin 

and eosin (H&E) stained liver sections. For the 1st mice cohort fed with 6 weeks of chow diet followed by 

7 weeks of HF/HSD, hepatic overexpression of WT-TSC22D4 caused an increased number of lipid droplets in 

the liver compared to ΔD2 and D2+TSC overexpressing livers (Fig. 14a). Since the accumulation of lipid droplets 

is a hallmark of insulin resistance and liver diseases [67], these data support the previous findings [52] that 

TSC22D4 leads to insulin resistance. 

In lipid droplet analysis of the second AAV cohort, which includes 12 week HF/HSD mice, WT-TSC22D4 

and ΔD2 overexpressing livers showed significantly increased numbers of lipid droplets compared to vector 

control (Fig. 14b). D2+TSC expressing livers, on the other hand, showed similar levels of lipid droplet density 

with vector control. There was no difference among the lipid metabolites such as serum ALT, AST, HDL, LDL, 

and TG levels in all the groups. 

Additionally, I analyzed genes responsible for fatty acid metabolism in the liver lysates of AAVs expressing 

mice by Western Blotting. Expression levels of Acetyl-CoA carboxylase (Acc1), fatty acid synthase (Fasn), and 

stearoyl-CoA desaturase-1 (Scd1) were decreased in the D2+TSC compared to the vector control and WT-

TSC22D4 expressing mice (Fig. 14c). Interestingly, ΔD2 expressing cells also showed decreased levels of Scd1 

at the protein level. 

TSC22D4 and Akt1 interact in vivo: Overexpression immunoprecipitations (IPs) 
 

To verify TSC22D4-Akt1 interaction levels of different TSC22D4 mutants in vivo, I performed Flag-IP with 

the liver lysates of AAV injected mice and analyzed the endogenous Akt1 levels in the IPs in the absence or 

presence of nutrients (i.e. insulin) as we previously observed in Hepa1-6 cells. Consequently, TSC22D4 strongly 

interacted with Akt1, but not with Akt2, in starved mice (lanes 3-5) compared to the mice injected with insulin 

10 minutes before the sacrifice (lanes 6-7) (Fig. 15a). Therefore, we confirmed the enriched TSC22D4-Akt1 

interaction in the WT-TSC22D4 overexpressing TSC22D4hep-/- mice compared to the empty vector expressing 

mice (lanes 1-2) and the weakened interaction upon insulin injection in vivo. 

Then, we evaluated Akt1 interaction levels in the liver lysates of empty vector control, WT-TSC22D4 and 

ΔD2 overexpressing TSC22D4hep-/- mice. In the IPs, ΔD2 expressing mice tended to show less enrichment for 

Akt1 interaction than WT-TSC22D4 on average of the livers (Fig. 15b). Furthermore, pAkt levels increased in 
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ΔD2 expressing cells (lane 7-8) compared to WT-TSC22D4 livers (lane 11-12) when stimulated with insulin (Fig. 

15c). 

 
 
 
 
 

 
Figure 14: TSC22D4-Akt1 interaction controls liver lipid metabolism. 

A, B. Hematoxylin and eosin (H&E) staining of liver sections of AAVs expressing TSC22D4hep-/- mice. Right panel: 

Quantification of lipid droplets. Statistical Analysis: One-way ANOVA followed by Dunnet’s Multiple Comparisons Test **: 

p<0.01. C. Liver lysates of AAVs expressing TSC22D4hep-/- mice were analyzed for lipogenic gene expressions with the 

indicated antibodies at the protein level. 
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Figure 15: TSC22D4-Akt1 interaction in the liver of TSC22D4hep-/- mice expressing TSC22D4 alleles. 

A. Flag-TSC22D4 was immunoprecipitated with Flag affinity gel (IP: Flag) from liver lysates of 6 hours starved and insulin 

injected mice (1.3U/kg for 10 min). IP Flag and whole liver lysates (input) were immunoblotted (IB) with the indicated 

antibodies. B. Flag-TSC22D4 was immunoprecipitated (IP: Flag) in the liver lysates of AAVs expressing TSC22D4hep-/- mice 

and immunoblotted (IB) with the indicated antibodies. Lower panel: Quantification of Akt1 enrichment in the IPs 

normalized to Flag signal. C. Liver lysates of vector control, WT-TSC22D4 or ΔD2-TSC22D4 were immunoblotted (IB) with 

the indicated antibodies. 
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D2+TSC and Akt1 interaction might play a role in proliferation of liver cells in db/db mice 
 

Since D2+TSC decreased hepatic lipid accumulation in HF/HSD fed mice in the AAV experiments (Fig. 

14a-b), we hypothesized that the D2+TSC mutant might also improve lipid content in db/db mice which shows 

a diabetes phenotype with elevated triglyceride and lipid levels. To this end, we overexpressed AAVs 

expressing vector control vs. D2+TSC in db/db mice specifically in their hepatocytes. We did not observe 

significant differences in liver mass or body mass between the vector control and D2+TSC overexpressing mice 

(Fig. 16a). There was no difference among the main gluconeogenic (PGC1α, PEPCK and G6P) and lipogenic 

(Fasn, Scd1, Acly, and Acc1) gene expressions between D2+TSC and vector control mice at mRNA levels 

(Fig. 16b). We also did not see any difference between the groups regarding lipid accumulation and triglyceride 

levels in the liver (Fig. 16c). Interestingly, we observed elevated pAkt levels in the liver lysates with D2+TSC 

expression (Fig. 16d). 

The Akt signaling pathway contributes to a wide range of critical signaling events in the cell. Since we 

could not detect any significant changes in glucose and lipid metabolism in vector vs. D2+TSC expressing mice, 

we explored if D2+TSC expression affects a distinct function of Akt. Proliferation is one of the cellular processes 

that Akt contributes to. Therefore, we examined a proliferation marker, Ki67, in stained liver sections and 

compared its density per tissue in D2+TSC and control livers (Fig. 16e). D2+TSC expressing livers showed less 

Ki67 density than the control livers. We also evaluated Ki67 expression in mRNA levels and confirmed that 

hepatic Ki67 mRNA was significantly decreased in D2+TSC expressing livers (Fig. 16e, right panel). Overall, 

D2+TSC expression diminished the proliferating cells in livers of db/db mice, indicating an impediment in cell 

regeneration. Constitutive binding of D2+TSC to Akt suppressed Akt function on cell growth and proliferation. 
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Figure 16: A strong Akt1 interaction might regulate other cell processes in db/db mice. 

A. Analysis of liver and body mass of db/db mice expressing AAVs with vector control or D2+TSC. B. mRNA expression of 

the main gluconeogenic and lipogenic genes analyzed by qRT-PCR in the livers of vector control and D2+TSC expressing 

db/db mice. C. Lipid droplet analysis of Hematoxylin and eosin (H&E) stained livers of AAVs expressing db/db mice. Right 

panel: Quantification of lipid droplets and quantification of liver triglyceride levels of liver lysates. D. Liver lysates of db/db 

mice expressing vector control or D2+TSC were analyzed with the indicated antibodies at the protein level. Right panel: 

Quantification of pAkt enrichment, normalized to tAkt levels. E. Liver sections of db/db mice were analyzed with Ki67 

staining. Right panel: quantification of Ki67 density per tissue and qRT-PCR analysis for Ki67 mRNA expression. 



54  

7. Discussion 

Akt is a crucial signaling protein regulating essential cellular processes including glucose and metabolism, 

glycogen and lipid synthesis, cell cycle, proliferation and survival. Dysregulated Akt action in the insulin 

signaling pathway is one of the main outcomes of insulin resistance and type 2 diabetes. Thus, by identifying 

molecular mechanisms causing deregulations in Akt signaling will help develop novel therapies against these 

particular reasons that leads type 2 diabetes. In my Ph.D. project, I identified TSC22D4 as a novel Akt1- 

interacting protein. By mapping TSC22D4, I identified the smallest polypeptide sequence that is required and 

sufficient for Akt interaction. I employed Akt-interaction deficient mutant (i.e. ΔD2) and constitutively Akt- 

interacting mutant (i.e. D2+TSC) in functional assays to assess the role of TSC22D1-Akt1 interaction in glucose 

and lipid metabolism. 

As a key modulator in the insulin signaling pathway, Akt regulates lipid metabolism through mTORC1/S6K1 

signaling axis. mTORC1 stimulates ribosomal protein S6 kinase 1 (S6K1) to promote lipogenesis via sterol 

response element binding protein 1c (SREBP1c) transcription factor [68], [69]. In the co-IP assays, D2 domain 

alone was sufficient for Akt1 interaction, whereas TSC Box failed to interact with Akt1 (Fig. 9b). Unexpectedly, 

basal pAkt levels were significantly low in both D2 domain and TSC Box expressing cells compared to vector 

control. In addition, pS6K1 levels in the TSC Box expressing cells were significantly increased upon insulin 

stimulation compared to D2 domain and vector control expressing cells. Since TSC Box is required for protein 

dimerization (Fig. 7d), it might modulate Akt function and lipogenesis due to its dimerization ability with other 

proteins (e.g. TSC22 family members, Fig. 7c), independent of Akt1 interaction. Of note, TSC22D4 does not 

interact with Akt1 directly based on the in vitro binding assays [59]. Thus, a mediator protein might promote 

TSC22D4-Akt1 interaction within a protein complex. Other TSC22 family members, which interact with Akt1 

and contain the conserved TSC Box (Fig. 7a-b), might play role in mediating TSC22D4-Akt interaction as well. 

It is also conceivable that the mediator protein can be a regulator of Akt1 such as PDK1 or component(s) of 

mTORC2. 

To understand the function of TSC22D4-Akt1 interaction, we produced adenoviruses (AVs) and adeno-

associated viruses (AAVs) to employ primary hepatocytes (in vitro) and mice (in vivo). For the interaction-

deficient mutant, we generated ΔD2 instead of ΔTSC because the D2 domain alone was sufficient for Akt1 

interaction (Fig. 6c-d, Fig. 9b), whereas TSC Box was only required for protein dimerization (Fig. 7d, Fig. 9b). In 

parallel, as an Akt-interacting mutant, we produced D2+TSC instead of producing D2 alone, to ensure the 

strong interaction ability of TSC22D4 to Akt1. 

In the experiments performed in primary hepatocytes of TSC22D4hep-/- mice, D2+TSC expressing cells 

showed decreased basal pAkt protein levels (Fig. 12b). Furthermore, the levels of the downstream effectors 

regulating distinct cellular metabolisms (i.e., FoxO1, GSK3β, pS6) were also lower in D2+TSC expressing cells. 
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Thus, a constant Akt interaction of TSC22D4 regulates not only glucose metabolism as we observed in vivo [59], 

but also lipogenic pathway via mTORC1/S6K1/SREBP1c axis. mTORC1 promotes SREBP1c function by inhibiting 

Lipin1, a regulator of fatty acid oxidation (FAO) and mitochondrial oxidative phosphorylation (OXPHOS) [70]. 

Notably, D2+TSC expressing primary hepatocytes showed significant elevation of Lipin1 levels in comparison 

to WT-TSC22D4 and vector control at the mRNA level (Fig. 13d). 

Activated SREBP1c induces lipogenic genes such as aceyl-CoA carboxylase (Acc1), fatty acid synthase (Fasn) 

and stearoyl-CoA desaturase (Scd1) to promote fatty acid synthesis. Livers lysates of the AAV-transduced mice, 

fed with HF/HSD for 12 weeks, showed decreased protein levels of Acc1, Fasn and Scd1 in D2+TSC expressing 

mice compared to the other groups (Fig. 14c). In addition, lipid droplet intensities in D2+TSC expressing livers 

were lower in comparison to the other groups (Fig. 14a-b, right panels). Thus, in parallel with the previous 

findings of primary hepatocytes, hepatic D2+TSC overexpression resulted in reduced lipogenic gene 

expressions and reduced lipid accumulation in the liver. Although the lipid droplet intensity in the livers of ΔD2 

expressing mice tended to be higher than D2+TSC (Fig. 14a-b, right panels), Scd1 expression at the protein 

level diminished in ΔD2 expressing mice (Fig. 14c). By employing AAVs to the TSC22D4hep-/- mice, we targeted 

specifically hepatocytes for overexpressing the TSC22D4 alleles. The other cell types in the liver such as hepatic 

stellate cells or Kupffer cells could have stimulated alternative mechanisms to suppress Scd1 expression at the 

protein level in ΔD2 expressing mice livers. Alternatively, since deletion of the D2 domain, resulted in losing 

several phosphorylation sites in TSC22D4 [61], it is possible that TSC22D4 changed its conformation and was 

unable to regulate the lipogenic program through Scd1 axis. 

As a central regulator of energy homeostasis, AMP-activated protein kinase (AMPK) might have also 

interfered with the regulation of the lipid program. In a healthy state, AMPK inhibits anabolic pathways 

including lipogenesis and glycogenolysis, while it promotes catabolic events such as fatty acid oxidation and 

glycolysis [71]. Based on preliminary data performed in Hepa1-6 cells, rotenone/antimycin treatment resulted 

in a stronger TSC22D4-Akt interaction and increased AMPK phosphorylation. Interestingly, in the co-IP assays 

in WT vs. AMPK double knockout (KO) U2O2 cells, TSC22D4-Akt1 interaction acted similarly in WT and the KO 

cells in the presence of nutrients (i.e. glucose/insulin) or mitochondrial inhibitors (i.e. rotenone/antimycin) [59]. 

Thus, TSC22D4-Akt1 interaction is regulated independently of AMPK function. Nevertheless, these data 

strengthen our hypothesis that reduced lipogenic gene expressions and lipid accumulation in D2+TSC 

expressing mice might have resulted from the strong and constant interaction of D2+TSC with Akt1. 

To understand the function of TSC22D4-Akt1 interaction on glucose metabolism, we transduced primary 

hepatocytes of TSC22D4hep-/- mice with TSC22D4 alleles and measured the glucose production capacity of the 

cells upon forskolin/glucagon treatment. Upon constant Akt interaction (with D2+TSC mutant), the cells 

produced less glucose compared to WT-TSC22D4 and empty vector control (Fig. 13e) and insulin failed to 

suppress gluconeogenesis. Based on our initial observations, we would have expected higher glucose levels in 
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D2+TSC expressing cells due to the constant inhibition of Akt (Fig. 8b-c), and, therefore, enhanced 

gluconeogenesis. However, among the main gluconeogenic genes, PGC1α was the only effector that showed 

elevated expression levels (Fig. 13a), indicating the global gluconeogenic transcriptional program remained 

relatively dormant. Notably, upon Akt inhibition, AV-transduced hepatocytes of TSC22D4hep-/- mice did not 

reverse the insulin effect by producing more glucose, as opposed to WT control cells. It is possible that the 

TSC22D4hep-/- mice might have developed a compensatory mechanism for inhibition of insulin-induced 

gluconeogenesis independent of Akt function. Nevertheless, insulin-induced PGC1α expression was elevated 

in D2+TSC expressing cells upon Akt inhibition, indicating D2+TSC regulates PGC1α expression via Akt axis. 

Based on my Ph.D. studies and previous publications [52], [54], [58], we proposed a working model explaining 

the TSC22D4-Akt1 interaction [59]. In a healthy state, TSC22D4 indirectly interacts with Akt1 upon starvation 

and the interaction is impaired in the presence of high glucose and insulin levels. During chronic hyperglycemia 

and hyperinsulinemia, TSC22D4 fails to interact with Akt1 and exacerbates the pathogenesis of insulin 

resistance and type 2 diabetes. Although TSC22D4 knockdown improves glucose and lipid metabolism, a 

strong and constant Akt interaction of TSC22D4 (via D2+TSC mutant) ameliorates insulin resistance. 
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8. Conclusion and Outlook 

In my Ph.D. project, I investigated the molecular mechanisms underlying the development of insulin 

resistance and type 2 diabetes. By identifying TSC22D4 as a novel regulator of Akt, we contributed to revealing 

distinct molecular mechanisms that will help to establish novel therapies to target insulin resistance in the 

near future. Modifying TSC22D4-Akt1 interaction would pave the way for the development of effective 

treatments. 

As a key regulator in cell metabolism and survival, phosphorylation of the activation sites is required for 

Akt to contribute to its function. We identified TSC22D4 as a determinant of Akt function in distinct metabolic 

conditions, however, how exactly TSC22D4 modulates Akt and how it interferes with Akt´s phosphorylation is 

still yet-to-be-identified. Since TSC22D4 does not interact with Akt directly [59], the mediator proteins involved 

should be determined to reveal the mechanism behind the TSC22D4-Akt1 interaction. For identifying the 

binding partners of Akt in the close proximity of TSC22D4, high throughput tools such as crosslinking mass 

spectrometry (MS) can be used alongside the well-established tools like co-immunoprecipitation (co-IP), yeast-

two hybrid assay or proximity labeling techniques. Crosslinking MS serves as an advantageous platform to 

detect even weak or transient interactions without the requirement of tagging proteins [72], [73]. Since we 

showed that TSC22D4 interacts with Akt1 via its D2 domain, which is located in the intrinsically disordered 

region of the protein, it is possible that the TSC22D4-Akt1 interaction is rather transient depending on the 

environmental factors. 

Out of 15 novel phosphorylation sites identified on TSC22D4, 6 of them are located in the D2 domain (206-

318 aa) [61]. To understand the role of these phosphorylation sites on Akt interaction, we created TSC22D4-

Alanine mutants, where we substituted Serine (S) or Threonine (T) residues with Alanine (A) amino acids 

individually or in combinations. Based on preliminary in vitro analyses in Hepa1-6 cells, we observed that the 

phospho-deficient mutant of TSC22D4-T252/S254/S258A caused a noticeable shift at the protein level, 

indicating loss of phosphorylation at multiple sites. Thus, these S and T residues can be considered as 

candidates which play a role in TSC222D4 action. In the near future, the Akt interaction status of the TSC22D4-

Alanine mutants can be evaluated by co-IP assays to conclude how TSC22D4 modulates Akt function in detail. 

Analysis of TSC22D4-Alanine mutants might also help identify kinase(s) modulating TSC22D4 function. Further, 

it can be assessed if the kinase(s) are directly interacting with TSC22D4 or Akt1 with co-IP or in vitro binding 

assays in cells. 

Since Akt regulates not only cell metabolism but also cell survival, further functional assays can be 

performed to determine TSC22D4 action on Akt function. In db/db mice, we observed overexpression of 

D2+TSC decreased proliferating cells in the liver (Fig. 16). Function of the strong interaction of TSC22D4-Akt1 

can be studied by employing the D2+TSC allele in cells to perform proliferation assays. In addition to using cell 
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proliferation markers (e.g. Ki67), the metabolic activity of the cells can be observed to determine the change 

in the number of cells. Therefore, the translational potential of TSC22D4-Akt1 interaction can also be studied 

in other complex diseases such as cancer. 
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9. Materials & Methods 

9.1. Animal experiments 

9.1.1. Endogenous TSC22D4 co-immunoprecipitation from liver lysates 

Liver lysates of WT mice (control diet, high-fat diet (HFD), high fat/high sucrose diet (HF/HSD)) and db/db mice 

(chow diet) were prepared to analyze endogenous interaction of TSC22D4-Akt1. Frozen and pulverized liver 

samples were ground using Dounce homogenizer with ice cold CHAPS lysis buffer containing 10 mM KPO4 (pH 

7.2), 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 50 mM β-Glycerophosphate, 0.3% CHAPS, Complete Protease 

Inhibitor Cocktail (Roche, #11836145001) and PhosSTOP EASYpack phosphatase inhibitor (Roche, 

#4906837001). Protein concentrations were measured by Bradford assay (BioRad, #5000006) using a 

biophotometer (Eppendorf). Liver lysates were incubated with TSC22D4 antibody (Pineda, homemade 

antibody, 1mg/ml) at 4oC overnight on a rotating rack. The next day, protein A/G beads were conjugated to 

protein-antibody complex via 2 hours of incubation at 4oC on a rotating rack. The lysates were washed 3 times 

with CHAPS lysis buffer and added 70 μl of 4x sample buffer. As a negative control for the TSC22D4 antibody, 

normal rabbit IgG (CST, #2729S) was used. 

Liver lysates of WT mice and db/db mice (fasted 18h vs refed 1h) were prepared to analyze the endogenous 

interaction of TSC22D4-Akt1 as described above. Liver samples of WT and db/db mice for this study were kind 

gift from Dr. Ana Jimena Alfaro (Helmholtz Munich). 

Db/db mice were used to analyze the effects of the D2+TSC construct. Db/db mice were injected with AAVs 

expressing either empty vector control or the D2+TSC allele. Liver lysates were prepared using CHAPS lysis 

buffer to analyze the targets in the insulin signaling pathway at the protein level. Endogenous TSC22D4 IP was 

performed as described above. 

9.1.2. Flag-TSC22D4 immunoprecipitation from liver lysates 

Liver lysates of hepatocyte-specific TSC22D4 KO (TSC22D4hep-/-) mice injected with AAVs expressing Flag- 

tagged empty vector control, WT-TSC22D4, ΔD2-TSC22D4 or D2+TSC were used to analyze interaction levels 

of Akt with different TSC22D4 alleles. Frozen and pulverized liver samples were ground with Dounce 

homogenizer with ice cold CHAPS lysis buffer. Protein concentrations were determined with Bradford assay 

(BioRad, #5000006). For Flag immunoprecipitation, anti-Flag affinity gel (Sigma, #A2220) was used. Prior to 

use, the beads were washed with lysis buffer via centrifugation at 4000 rpm for 2 minutes. Then, cell lysates 

were incubated with the beads overnight at 4oC on a rotator. The next day, the beads were washed 3 times 

with 1 ml ice-cold lysis buffer with centrifugation. 4x laemmli buffer was added to the samples which then 

were boiled at 95oC for 5 minutes. 

9.2. Primary hepatocyte experiments 

9.2.1. Primary hepatocyte isolation and treatments 

Primary hepatocytes of WT mice (TSC22D4flox/flox) and TSC22D4hep-/- mice were used to analyze the 

phosphorylation status of Akt and its downstream targets. Primary hepatocytes were isolated by Dr. Gretchen 

Wollf as described before [54]. To investigate if glucose and insulin stimulation affects signaling molecules in 

the insulin pathway, primary hepatocytes were seeded to collagen-coated 6-well plates (1x106 cells per well) 

in William´s medium (Pan Biotec, #P04-29510) supplemented with 2 mM L-Glutamine, 
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100 nM Dexamethasone, 10% FBS and 1 Pen/Strep. After 4 hours, the cells were washed 2 times with PBS to 

get rid of the cells which do not attach to the surface. After 36 hours of incubation, the cells were starved with 

DMEM media (Life Tech, #A1443001) supplemented with 5 mM D-Glucose, 2 mM L-Glutamine, 0.5% FBS and 

1% Pen/Strep overnight. The next day, the cells either remained starved or stimulated with glucose [20 mM] 

for 30 minutes and insulin [100 nM] for another 30 minutes prior to cell lysis. The cells were collected in 180 

μl 1.5x sample buffer, boiled at 95oC for 5 minutes and kept at -20oC until used for Western Blotting. 

9.2.2. Primary hepatocytes transduced with Adenoviruses 

Gene expression analyses 

To analyze the effects of TSC22D4-Akt interaction on gluconeogenesis, primary hepatocytes from TSC22D4hep-

/- mice were transduced mice with AVs expressing TSC22D4 alleles: empty vector control, WT- TSC22D4, ΔD2-

TSC22D4 or D2+TSC constructs (at a multiplicity of infection of 10). 36 hours post-transfection, the cells were 

starved overnight and stimulated either with DMSO vehicle control or Forskolin ([10 μM], 4,5 hours) in the 

absence or presence of an Akt inhibitor (Akti1/2, 5 μM, Tocris, #5773). The cells were collected with QIAzol to 

be analyzed further at the mRNA level. 

Gluconeogenesis assay 

Primary hepatocytes were seeded in 24-well plates (200.000 cells/well) in collagen monolayer in Williams E 

Medium (Pan Biotec, #P04-29510) containing 100 nM Dexamethasone, 10% FBS and 1% PenStrep. The next 

day, the cells were transduced with AVs expressing TSC22D4 alleles at a multiplicity of infection of 10 as 

described above. After 36 hours post-transfection, the medium was changed to phenol-free DMEM 

supplemented with 0.5% FBS, 5mM glucose and 4 mM glutamine for starvation for 8 hours. Then, the cells 

were washed 2 times with PBS and added 200 μl of DMEM supplemented with 4 mM glutamine, 2 mM 

pyruvate, 20 mM lactate (basal medium) plus 100 nM glucagon, 100 nM Dexamethasone and 100 μM Forskolin 

for stimulation and another group with 100 nM glucagon, 100 nM Dexamethasone, 100 μM Forskolin and 100 

nM insulin. After 12 hours of incubation, the medium was collected and centrifuged at 6000 rpm for 2 minutes 

at room temperature. The supernatant was collected and stored at -20oC until glucose determination assay 

(Amplex Red glucose assay kit, Life Tech, #A22189). The cells that remained in the 24 well plates were added 

QIAzol to be analyzed further at the mRNA level. 

9.3. Recombinant viruses 

9.3.1. Adeno-associated virus (AAV) production 

For generating AAVs with cDNAs of TSC22D4 alleles (WT, ∆D2 or D2+TSC) were amplified with the following 

primer pairs followed by Nhe1 and Xba1 digestion and subcloning into the pdsAAV-LP1 plasmid: TSC22D4-

AAV-F with NheI: gatgctagcgtgtgctggaattctg, TSC22D4-AAV-R with XbaI: gcatctagactcgagtcagatggaggg. The 

successful clones were sequenced for confirmation with the following primers: pdsAAV-TSC-F: 

ctgataggcacctattggtc, pdsAAV-TSC-R: ccacaactagaatgcagtg. Once the sequence was confirmed, the plasmids 

were purified using the Mega Prep kit (Qiagen, #12381) according to the manufacturer’s instructions and sent 

to Vigene Biosciences (Maryland, USA) for AAVs generation and purification. 
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9.3.2. Adenovirus production 

Cloning of adenoviruses 

Adenovirus (AV) expressing vector control, WT-TSC22D4, ΔD2-TSC22D4 (206-318 aa) and D2+TSC (206-378 aa) 

alleles under control of the CMV promoter were initially cloned into pENTR plasmid (kan+ resistant) to be 

recombined into adenoviral pAd/BLOCK-iT™ DEST vector (amp+ resistant) using the modified BLOCK-iT™ 

Adenoviral RNAi expression system (Invitrogen, #K494100). pAd/BLOCK-iT DEST vector contains the 

adenovirus serotype 5 DNA, but lacks the E1 and E3 genes required for viral replication. The viral vectors 

containing TSC22D4 cDNA alleles were linearized by restriction digest using the enzyme PacI. After phenol- 

chloroform extraction, they were transfected into HEK239A cells (~70% confluent, seeded in 6-well plates in 

DMEM supplemented with 10% FBS) using Lipofectamine 2000 (Invitrogen, #11668019) according to the 

manufacturer’s instructions. 24 hours post-transfection, the medium was replaced with fresh media 

containing antibiotics (Pen/Strep). 48 hours post-transfection, the cells were transferred to 10 cm plates 

containing 10 ml medium (DMEM supplemented with 10%FBS and 1% PenStrep). HEK293A cells express the 

viral E1 and E3 genes necessary for a viral outbreak, allowing the virus to expand in this cell line. Viral plaques 

appeared 6 to 10 days after transfection and cells started to detach from the cell culture dish. Once about 70% 

of cells were round and floating, they were collected and centrifuged at 2000 rpm at 4°C for 5 minutes. The 

pellet was resuspended in 500 μl PBS, and kept at -80°C. An empty adenovirus was already present in the lab, 

therefore used as a negative control in overexpression experiments. 

Virus harvest using the Freeze-Thaw method 

Cells infected with adenoviruses were harvested in DMEM supplemented with 10% FBS and 1% PenStrep. The 

medium was collected from twenty 15 cm culture dishes and centrifuged for at 2000 rpm for 10 min. The 

supernatant was discarded and the cell pellet was resuspended in 4 ml PBS-TOSH buffer. The tubes containing 

the virus were snap-frozen in liquid nitrogen and subsequently thawed by harsh vortexing. To release the virus 

from the cells, the freeze-thaw cycle was repeated three times. After cell lysis, the mixture was centrifuged at 

4500 rpm at 4°C for 10 min. The crude supernatant was stored at -80°C. 

Caesium chloride gradient 

Virus lysates from twenty 15 cm culture dishes were thawed on ice. PBS-TOSH was added to a final volume of 

20 ml. Gradients were prepared in ultracentrifuge tubes (Beckmann Polyallomer 25 mm x 89 mm) and were 

balanced after the addition of each solution. First, 9 ml of 4 M caesium chloride were added to the tubes, then 

9 ml of 2.2 M caesium chloride was added and 20 ml of viral lysate was carefully added on top. The gradients 

were centrifuged at 24000 rpm at 4°C in a Beckmann ultracentrifuge XL-70 for 2 hours using an SW28 swing 

bucket rotor. After centrifugation, a distinct band corresponding to the purified adenovirus was visible 

between the 4 M and 2.2 M caesium chloride layers. The band was carefully removed by piercing the tube 

with a 5 ml syringe and a 1.2 mm needle. The obtained virus (~3 ml) was mixed with an equal volume of 

saturated caesium chloride solution and transferred into a 12 mL centrifuge tube (Beckmann Polyallomer 

14mm x 89 mm). 2 ml of the 4 M cesium chloride and 2 ml of the 2.2 M cesium chloride solution were used to 

overlay the gradient. The tubes were centrifuged at 35000 rpm at 4°C in a SW40 Ti swing bucket rotor for 3 

hours. A distinct viral band was visible between the 4 M and 2.2 M cesium chloride layers. The purplish/pinkish 

virus band was visible (~700 μl) and removed using a 2 ml syringe and 1.2 mm needle. To remove cesium 

chloride from the viral solution, viruses were transferred to a dialysis membrane (Spectra/Por® Biotech, 

MWCO 15,000, 10 mm diameter) and dialyzed against 1 L PBS containing 10 % glycerol 2 times (1 and 24 hours) 

at 4°C. After dialysis, aliquots of 20–100 μl were prepared and stored at -80°C until further use. 
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Virus titration 

The Tissue Culture Infectious Dose 50 (TCID50) assay was used to titrate adenovirus. HEK293A cells were 

harvested in DMEM medium supplemented with 2% FBS and 1% penicillin/streptomycin and transferred to 96 

well plates. 105 cells in a volume of 100 μl cells were added to each well and two plates (technical duplicates) 

were required for each titration. After seeding, cells were incubated for 2 hours so that they could attach. 

Serial dilutions of the viruses were prepared in the same medium as above. 100 μl of each dilution step (10-7-

10-14) were added to ten wells, and 100 μl of medium without virus were added to negative control wells. The 

cells were incubated for ten days to determine the viral titer. It was possible to detect plaque formation in the 

cell monolayer using a microscope. Each well in which at least one plaque could have been detected was 

considered a positive well. The titer was determined using the following formula: 

Ta= viruses per 100 μl =101+(s-0.5) 

s = the sum of all positive wells starting from the 10-1 dilution, whereby 10 positive wells correspond 
to the value 1. 

T= viruses per 1 ml = Ta * 10 (ifu/ml) 
 

9.4. Cell lines and cell culture maintenance 
 

Hepatoma 1-6 (Hepa1-6) cells (ATCC, CRL-1830) cells were used for transient transfection experiments. The 

cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, #41966029) supplemented with 

10% heat-inactivated fetal bovine serum (FBS, Life Technologies, #16000044). Human embryonic kidney 293A 

cells (HEK293A, Thermo Fischer Scientific, #R70507) cells were used to generate adenoviruses. All the cell lines 

were maintained in a humidified 37oC incubator containing 5% CO2. 

9.5. Creating deletion mutants 

9.5.1. Site-directed mutagenesis 

Wild type TSC22D4, wild type Akt1 and deletion mutants of TSC22D4 expression constructs were created using 

either pcDNA3 or pENTR plasmid backbone (Table 1). Expression constructs for Flag-tagged WT-TSC22D4, the 

deletion mutants of TSC22D4 and hemagglutinin (HA)-tagged WT-Akt1 obtained by site-directed mutagenesis 

experiments with standard PCR-based methods (Q5 site-directed mutagenesis kit, NEB, #E0554S) using 

corresponding primer sets: 

 
DELETION MUTANTS   

TSC22D4 MUTANTS FORWARD PRIMER REVERSE PRIMER 

TSC22D4-∆D2 GACTTGGTGAAGTCCCAC CTGAGCACTATCTCCAGT 

TSC22D4-∆TSC CCCTCTGCACCCAATGGGC CATGGCTTGTTCAATCTTGTTGT 

TRUNCATION MUTANTS   

D2+TSC GGAGATAGTGCTCAGACCCTG GGCCGCTGGCTTGTCATCGTC 

D2 Domain CCCTCTGCACCCAATGGGC CATGGCTTGTTCAATCTTGTTGT 

TSC Box GACTTGGTGAAGTCCCACCTCATG GGCCGCTGGCTTGTCATCGTC 

SMALL PEPTIDES   

D2-∆N AGCCTGGTCCATAAGTCTCC GGCCGCTGGCTTGTCATC 

D2-∆C TCTGCACCCAATGGGCC GGCATCGAAGTAGAGGGC 

D2-∆C-∆C TCTGCACCCAATGGGCC AACTAACTCCATCCTCAGCCG 

D2-∆C-∆N (SM) ACCCCTCCACTGTCACGG GGCCGCTGGCTTGTCATC 

D2-∆C-∆N CGGAGAAGAGATGGAGCAGTT GGCCGCTGGCTTGTCATC 
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Exponential amplification of the region of interest was performed with the following reactions in 

corresponding cycling conditions. The online NEB primer design software was used for the annealing 

temperature (Ta) of the mutagenic primers (https://tmcalculator.neb.com). 

 

 

 

For the 3rd step transformation, E.Coli chemically-competent cells (NEB, 5α competent cells) were used. 5 µl 

of KLD product was mixed with 50 µl of competent cells and incubated for 30 minutes on ice. Then, the cells 

were exposed to heat-shock treatment at 42°C for 30 seconds followed by a 5 minute incubation on ice. Then, 

the cells were added to 950 µl of SOC medium and incubated on a shaker at 37°C for 1 hour. After incubation, 

the bacteria were spread on LB plates supplemented with appropriate antibiotics and incubated overnight at 

37°C. 

9.5.2. Plasmid preparation 

Small scale plasmid preparation (Mini-Prep) 

Miniprep growing cultures were prepared using a single colony to inoculate 3 ml LB-medium supplemented 

with the appropriate concentration of a specific antibiotic. Cultures were incubated overnight at 37°C under 

vigorous shaking. The next day, plasmid preparation was performed using Plasmid Miniprep Kit (Qiagen, 

#27104) with 2 ml of bacterial culture. To confirm the sequence of the plasmids, we sent the minipreps to LGC 

Genomics (LGC, Biosearch Technologies) and analyzed the sequences with the software DNA Baser Assembler 

v5. 

Large scale plasmid preparation (Maxi Prep) 

After confirming the correct plasmid sequence expressing our deletion mutant, we prepared the plasmids on 

a large scale. 1 ml of bacterial culture remained from Mini Prep preparations was added to 10 ml of LB medium 

and used as a starter culture for ~6 hours at 37°C under vigorous shaking. Then, 200 ml LB medium was 
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inoculated with the pre-culture and incubated overnight at 37°C under vigorous shaking. The next day, the 

large scale bacterial preparation was performed using Maxi Prep Kit (Qiagen, #12163). The plasmid DNA was 

resuspended in 200-300 µl H2O and the concentration was measured by spectral photometry. Plasmid DNA 

was stored at -20°C. 

9.6. Plasmid DNA transfection and RNAi interference 
 

Plasmids expressing TSC22D4 and Akt1 mutants were transiently co-transfected to Hepa1-6 cells using 

Lipofectamine 2000 (Invitrogen, #11668019) according to the manufacturer’s instructions. For starvation 

experiments: 30 hours post-transfection, the cells were starved with RPMI medium (Gibco, #11879020) 

overnight and the next day cells were pre-stimulated with glucose [20 mM] for 30 minutes and with insulin 

[100 nM] for an additional 30 minutes followed by cell lysis. For experiments that did not involve starvation, 

cells were lysed 48 hours post-transfection. 

Transient siRNA transfections [50 nM] of Hepa1-6 cells were performed by using non-targeting scramble 

control (Qiagen, #SI00780521) or siRNAs targeting mouse TSC22D4 (Qiagen, #1027418) with Lipofectamine 

RNAiMAX (Invitrogen, #13778150). 72 hours post-transfection, cells were harvested to obtain RNA and 

complementary DNA (cDNA) to be analyzed with qRT-PCR. Additionally, the cells were analyzed with 

immunohistochemistry using TSC22D4 (ProteinTech, #55017-1-AP) to assess the efficiency of the knockdown. 

9.7. RNA isolation, cDNA preparation and RT-qPCR 
 

Total RNA was isolated from Hepa1-6 cells or primary cells using QIAzol and RNeasy kit (Qiagen, #74106) 

according to the manufacturer’s instructions. 200 ng RNA was used for cDNA synthesis and the QuantiTect 

reverse transcription kit (Qiagen, #205311) was followed according to the manufacturer’s instructions. 

Samples were incubated in PCR cyclers at 42oC for 30 minutes followed by 95oC for 3 minutes. Quantitative 

reverse transcription polymerase chain reaction (RT-qPCR) was performed with ABI StepOnePlus sequence 

detector (Applied Biosystems) using TaqMan gene expression assay (Thermo Fischer Scientific, #4370048) with 

following probes: TBP (Mm 00446973_m1), TSC22D4 (Mm 00470231_m1), Fasn (Mm00662319_m1), Acc1 

(Mm01304279_m1), Acly (Mm00652520_m1), Scd1 (Mm00772290_m1), Gck (Mm00439129_m1), Pepck 

(Mm00440636_m1), Pgc1α (Mm00447183_m1). Amplification of specific transcripts was confirmed by 

melting curve profiles (cooling the sample to 68oC and heating slowly to 95oC with fluorescence measurement) 

at the end of each PCR. 

9.8. Cell lysis and Co-immunoprecipitation (Co-IP) 
 

Cells were lysed in ice-cold CHAPS lysis buffer. Lysed cells were centrifuged at 12000 rpm for 5 minutes at 4oC 

and supernatants were collected. Protein concentrations were measured with Bradford assay (BioRad, 

#5000006). Anti-Flag affinity gel (Sigma, #A2220) or HA agarose beads (Sigma, #A2095) were used for 

immunoprecipitation. Before use, the beads were washed with lysis buffer via centrifugation at 4000 rpm for 

2 minutes. Cell lysates were incubated with the beads for 2 hours at 4oC on a rotator for immunoprecipitation. 

The beads were washed 3 times with 1 ml ice-cold lysis buffer with centrifugation steps. 4xlaemmli buffer was 

added to the samples, which were then boiled at 95oC for 5 minutes. 

9.9. Western blot analysis 
 

Protein extracts and immunoprecipitates were run on 10% (BioRad, #4561036) or any kDa (BioRad, #4569036) 

precast protein gels in sodium dodecyl sulfate (SDS) buffer followed by electrophoretic transfer of proteins to 



65  

nitrocellulose membrane (BioRad, #2895). After blocking in 5% nonfat dried milk (Roth, #T145) diluted in tris-

buffered saline and 1% tween 20 (TBS-T) for 1 hour at RT, the membranes were incubated with primary 

antibodies specific for TSC22D4 (home-made, by PINEDA Antibody Service), Flag (#A8592, Sigma), HA (#2999, 

CST), Myc (#2040, CST), p-Akt (S473) (#4060, CST), p-Akt (T308) (#13038, CST), Akt (#9272 ,CST), Akt1 (#2938, 

CST), Akt2 (#3063, CST), p-GSK3 beta (S9) (#05-643, Upstate), GSK3 beta (#05-412, Upstate), p-Foxo1 (S256) 

(#9461, CST), Foxo1 (#2880, CST), p-p70S6K1 (#9234, CST), p70S6K1 (#9209, CST), pS6 (#2271, 2215), S6 

(#2217, CST), VCP (ab11433, Abcam). Primary antibodies were incubated in 3% BSA overnight at 4oC on a 

rocker. After 3 times washing with TBS-T for 10 minutes, membranes were incubated with HRP-conjugated 

secondary antibodies targeting rabbit or mouse IgG for 1 hour at RT. HRP-conjugated veriblot (Abcam, 

#131366) or rabbit light chain (Cell signaling, #93702) was used as a secondary antibody to avoid background 

noise in endogenous co-IP experiments. Immunoblots were developed using ECL western blotting substrate 

(Sigma, #GERPN2209 or Amersham, #GERPN2236). 

9.10. Tissue lipid extraction 
 

Lipids were extracted from frozen and pulverized liver tissue using chloroform: methanol (2:1). One spoon of 

the pulverized liver was transferred into a 2 ml tube containing 1.5 ml chloroform/methanol and a steel bead. 

The tissue was homogenized using a tissue lyzer for 30 seconds at a frequency of 30 Hz three times. For the 

lipid extraction, samples were incubated on a rotating wheel at room temperature for 20 minutes. Samples 

were centrifuged at 13000 rpm for 30 min at room temperature, and 1 ml of the supernatants were transferred 

to fresh tubes. The organic layer was mixed with 200 µl 0.9% sodium chloride and the aqueous solution was 

discarded. The solution was centrifuged at 2000 rpm for 5 min. 750 μl of the lower organic layer was transferred 

to a fresh tube and stored at -80 °C. For lipid resuspension, 40 μl of triton-X 100:chloroform (1:1) was pipetted 

into new tubes and 200 µl of the organic lipid sample was added. The reagents were mixed and the solvent was 

evaporated using a speed vac. The residue containing the hydrophobic contents of the liver was resuspended 

in 2 ml water and stored at -20°C until further use. Cholesterol and triglyceride levels were determined using 

commercial kits (Randox, #CH200; Human, #10724, respectively). Before lipid extraction, the weight of the 

aliquoted liver was measured, and the end values were normalized to the initial aliquoted liver weight (mg). 

9.11. Immunofluorescence (IF) and Immunohistochemistry (IHC) 

9.11.1. Cells 

For siRNA experiments (siTSC22D4 or siNC), Hepa1-6 cells were seeded on collagen-coated (10 μg/cm2) glass 

coverslips in 24-well plates and maintained in DMEM with 10% FBS. Following the siRNA transfection protocol, 

the cells were washed with phosphate-buffered saline (PBS, Gibco, #10010023) and fixed with 4% Histofix 

(Roti, #P087) for 15 minutes at RT in humid chambers. After 2 washes with PBS each for 5 minutes, cells were 

permeabilized in 0.1% Triton-X (Gerbu, #2999) in PBS for 5 minutes at RT. After washing with PBS, cells were 

incubated in a blocking solution (10% horse serum in PBS) for 1 hour at RT. Following the incubation, cells 

were washed 3 times with PBS and incubated with primary antibody (TSC22D4, homemade Pineda) in 5% 

horse serum in PBS overnight at 4oC. After washing with PBS, cells were incubated with secondary antibody 

(Alexa 568 goat anti-rabbit IgG (H+L), #A11011) in 5% horse serum in PBS for 2 hours at RT. The coverslips 

were mounted onto glass slides with mounting media containing DAPI (Invitrogen, #P36935). The cells were 

analyzed with a Zeiss fluorescent microscope with 40x magnification and imaged with Zen software. 
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Flag-WT-TSC22D4 and HA-Akt1 transfected Hepa1-6 cells were seeded (5000 cells/well) into 4-well chamber 

slides (Thermo Fisher Scientific, #154526). The cells were fixed, blocked, stained and mounted as described 

above. Primary antibodies anti-Flag (Sigma, #F1804) and anti-HA (Santa Cruz, #Sc7392)); and secondary 

antibodies Alexa Fluor® 488 goat anti-mouse (Invitrogen, #A11029) and Alexa Fluor® 568 goat anti-rabbit 

(Invitrogen, #A11011) were diluted in 5% horse serum in PBS. 

For the IF experiments where we used anabolic stimulations, Flag-TSC22D4 transfected Hepa1-6 cells were 

seeded into 4 well chamber slides. After overnight starvation, the cells were either stimulated with glucose 

[20 mM] for 30 minutes and with insulin [100 nM] for another 30 minutes, or rotenone and antimycin [1 mM] 

for 1 hour. Negative controls for the immunostaining experiments were performed by omitting primary 

antibodies. 

For endogenous Akt1 staining, the cells were seeded into 4 well chambers and stained in starved, 

glucose/insulin and rotenone/antimycin stimulated conditions. As described above, the cells were incubated 

in a blocking solution, followed by incubation with primary antibody (anti-Akt1, Cell Signaling, #2938) and 

secondary antibody (Alexa Fluor® 568 goat anti-rabbit). Cells then were mounted and imaged as described 

above. 

9.11.2. Lipid droplet analysis 

Quantification of lipid amount was morphometrically determined on H&E stained liver sections following a 

previously published protocol [Feuchtinger, 2015 #76]. The H&E stained tissue sections were scanned with an 

AxioScan.Z1 digital slide scanner (Zeiss, Jena, Germany) equipped with a 20x magnification objective and 

evaluated using digital image analysis (Definiens Developer XD 2; Definiens AG, Germany). The calculated 

parameter was the percentage of surface areas considered as lipid droplets, divided by the surface area of the 

entire analyzed liver tissue for each sample. 

Paraffin sectioning of formaldehyde (formalin) fixed livers and H&E staining was performed by the Center for 

model system and comparative pathology (CMCP) lab at Heidelberg University. Lipid droplet analysis was 

performed in the pathology department at Helmholtz Zentrum München. 

9.11.3. Ki67 analysis 

Ki67 staining was performed to analyze dividing cells in vector control and D2+TSC overexpressing mice livers. 

Paraffin sectioning of formaldehyde (formalin) fixed livers and Ki67 staining was performed by the Center for 

model system and comparative pathology (CMCP) lab at Heidelberg University. Quantification of Ki67 positive 

cells were measured by the pathology department at Helmholtz Zentrum München. 

9.11.4. Proximity ligation assay (PLA) 

PLA was performed in Hepa1-6 cells, grown in chamber slides, for in situ detection of TSC22D4-Akt1 interaction 

according to the manufacturer´s instructions (Sigma, DUO092002). 

9.12. Software and data analysis 
 

Adobe Illustrator and IBS (Illustrator for biological sequences) programs were used to create figures and 

cartoons of deletion mutants. ImageJ was used to analyze immunofluorescence results and quantify signaling 

intensities. ImageLab was used to analyze and prepare western blot results and quantify signal intensities. For 

statistical analyses, Graphpad was used to perform appropriate statistical tests as specified in the figures 

(significance level 0.05). 
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