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ABSTRACT 

Obesity is defined as abnormal or excessive fat accumulation that presents a 

significant risk to health and is a major risk factor for a number of chronic diseases such 

as diabetes, cardiovascular disorders and cancer.  

Janus kinases (Jaks) and signal transducers and activators of transcription (Stats) 

have emerged as critical regulators of numerous fundamental biological processes and are 

important in the etiology of various disease conditions. The Jak/Stat pathway is a primary 

mediator of leptin signaling, which has been implicated in obesity. We found that mice 

lacking Tyk2, one of the Jak’s, become spontaneously obese. We discovered that 

expression of a variety of mRNAs that regulate fatty acid and glucose homeostasis are 

altered in liver, skeletal muscle and adipose tissue of Tyk2- null mice, which is consistent 

with metabolic syndrome. Proper energy balance prevents the development of obesity 

and is dependent on energy expenditure. Brown adipose tissue (BAT) dissipates chemical 

energy in the form of heat in response to excess of calories and constitutes a natural 

defense mechanism against hypothermia and obesity. Our data suggest that differentiation 

and function of BAT is defective in mice that do not express Tyk2, which might explain 

the obese phenotype in these animals. Using an in vitro differentiation model of brown 

preadipocytes isolated from mice with a Tyk2 deletion, we were able to restore the 

differentiation by expression of either wild type or kinase inactive Tyk2 (Tyk2KD), as 

well as constitutively active form of Stat3 (Stat3CA). Recent data provided evidence that 

PRDM16 is the master regulator controlling the brown fat/skeletal muscle switch from a 

common progenitors. Consistent with severe decrease in PRDM16 expression, we 

observed up-regulation of muscle-specific mRNAs in Tyk2- null cells. Remarkably, 

differentiation of Tyk2 -/- preadipocytes cannot be rescued by PRDM16. These data 

suggest that Tyk2 is key player in brown preadipocytes differentiation acting upstream of 

PRDM16 or in parallel with it. Interestingly, we also found that the absence of Tyk2 

results in epigenetic changes in the promoters of BAT- specific genes such as UCP1 

(uncoupling protein 1) and Cidea (cell death-inducing DFFA-like effector a), abrogating 

their expression. Consistent with our in vitro data, BAT- specific expression of the 

Stat3CA transgene restores BAT differentiation in mice. Animals expressing Stat3CA in 
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BAT exhibit significantly reduced body weight and improved insulin sensitivity in 

comparison to control mice, which demonstrate that the obese phenotype of Tyk2 -/- 

mice is most likely a result of defects in BAT differentiation occurring in these animals.  

The above observations present a novel role of Jak/Stat pathway in development of BAT 

and the control of obesity. The fact that kinase inactive Tyk2 also restores brown 

adipocytes differentiation reinforces the innovative concept that the actions of this kinase 

are not mediated by its well described activation in cytokine activation of the Jak/Stat 

cascade. 
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CHAPTER I 

INTRODUCTION 

 

1.2 Jak/Stat signaling pathway 

Janus family tyrosine kinases (Jaks) and signal transducers and activators of 

transcription (Stats) were first discovered as mediators of interferon (IFN) induced gene 

expression (162, 228, 274). Over the years, it became clear that Jaks and Stats mediate 

signal transduction of wide array of cytokines and growth factors (105, 131, 132). The 

Jak/Stat pathway is involved in cell growth, survival, development and differentiation of 

multiple tissues, from flies to humans (7, 90, 95). Mutations leading to aberrant 

regulation of Jak/Stat signaling can cause malignant transformation, inflammatory 

diseases and erythrocytosis. 

The binding of a ligand to its cell surface receptor activates one of associated Jaks, 

leading to the tyrosine phosphorylation of specific residues in the cytoplasmic domain of 

the receptor. These phosphorylated tyrosines provide a docking site for Stat proteins via 

their Src homology (SH2) domain. Subsequently, recruited Stats are tyrosine 

phosphorylated by activated Jak kinases (74, 106). Activated Stats dissociate from the 

receptor complex, form homo- or heterodimers and translocate to the nucleus, where they 

bind to specific DNA sequences: interferon stimulated response elements (ISREs) or 

gamma interferon activation sequence (GAS), in the promoter regions of their target 

genes (57, 60, 182).  

  17



 

Figure 1.1 Overview of canonical Jak/Stat signaling pathway (282). 

 

1.2 Jak family of protein tyrosine kinases 

In mammals, there are four members of the non- receptor Janus kinase family 

including Jak1, Jak2, Jak3 and tyrosine kinase 2 (Tyk2) (98, 198). Jaks are relatively 

large proteins containing over 1000 amino acids with molecular weights between 120 and 

140 kDa. Based on sequence similarities between Jak family members seven Jak 

homology (JH) domains have been described. The catalytically active kinase domain 

(JH1) is located at the carboxyl- terminus. Adjacent to the JH1 domain is a catalytically 
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inactive pseudokinase or kinase- like domain (JH2), which has a kinase domain fold but 

lacks crucial residues for catalytic activity and for nucleotide binding. This tandem 

architecture of kinase domains is a unique feature of Jaks, among other protein tyrosine 

kinases, and gives them their name derived from the Roman mythological, two- faced 

God Janus (183, 282). The precise function of the JH2 domain is still unclear. However, 

published results show that this region is definitively required to modulate (39, 208, 209, 

290), or even retain the kinase activity (260). The JH2 domain appears to be also 

involved in the association with other signaling proteins. It has been described as a 

potential docking site for Stats (80). The amino- terminus of Jaks contains a SH2- like 

domain (JH3, JH4 and part of JH5), and a FERM (Band- 4.1, ezrin, radixin, moesin) 

homology domain (JH5- JH7). The FERM domain is 300 amino acids long and is 

essential for binding of Jaks to their receptors (40, 300). In addition, the FERM domain 

has been also reported to regulate catalytic activity of Jaks (301). Interestingly the N- 

terminal region in Jaks appears to be important in regulating cell- surface expression of 

the receptors (104, 259), as well as trafficking of IFNα/β receptor subunit 1 (IFNAR1) to 

the plasma membrane (85, 196).  

 

 

 

Figure 1.2 A schematic representation of the primary structure of Jaks (282). 
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In mammals Jak1, Jak2 and Tyk2 are ubiquitously expressed, whereas the 

expression of Jak3 is predominantly limited to the cells of hematopoietic origin (121, 

151, 165, 219), although, expression of Jak3 was also reported in endothelium and 

vascular smooth muscles (248, 261). A large number of cytokines and growth factors 

mediate Jak/Stat activation. Animals with targeted disruption of each Jak kinase gene 

have illustrated their essential and specific functions in growth and development.  

 Jak1 plays fundamental role in the signaling of IFNs, interleukin- 2 (IL-2), IL- 4, 

IL- 7, IL- 9, IL- 15, IL- 21, oncostatin M (OSM), leukemia inhibitory factor (LIF) and 

granulocyte colony- stimulating factor (G- CSF)(164, 171). Jak1 knockout mice show 

perinatal lethality due to neurological defects that prevent them from suckling (204). 

They are small at birth and have impaired lymphoid development (8).  

 Jak2 is essential for the hormone- like cytokines such as growth hormone (GH), 

prolactin (PRL), erythropoietin (EPO), thrombopoietin (TPO), IFNγ and family of 

cytokines that signal through the IL- 23, as well as gp130  receptor. Jak2- null mice are 

embryonic lethal due to failure in definitive erythropoiesis (167, 175).  

 Interestingly, Jak3 deficiency was first identified in humans with severe combined 

immunodeficiency (SCID) (148, 207). Mice lacking Jak3 also exhibit SCID phenotype. 

Additionally, they show severe impairment in development of B-cells, T-cell, NK cells 

and defects in response to IL-2/ IL-4 family of cytokines (170, 179, 244).  

 

1.3 Tyrosine kinase 2 (Tyk2) 

 Tyk2 was the first Jak family member identified to be essential for type I 

interferon signaling and was the prototype of a new protein kinase gene subfamily (75, 

128). Whereas type I IFNs absolutely require Tyk2 and Jak1, IFNγ signaling depends on 

the Jak1 and Jak2. A combination of Tyk2 and Jak2 is needed for the differentiation of 

IFNγ- producing Th1 cells from the naive Th cells (162, 274). Generation of the Th1 cells 

is driven mainly by lineage– specific IL- 12, which signals through Tyk2 and Stat4 (1, 

13). Moreover, the Tyk2- associated IL-12β1 chain is also used by IL- 23 signaling, 
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which promotes Th17 cells (43, 176). Interestingly, Tyk2 along with Jak2 have been also 

reported to play a role in early lineage decision of mouse embryonic stem cells (mESCs) 

to various differentiated cell types, possibly as early as in germ layer specification (47). 

Since numerous cytokines, involved mainly in pro- inflammatory immune response, 

engage Tyk2 in their pathways, any mutations leading to loss of function of this kinase 

were expected to lead to striking immunological phenotypes. Tyk2- null mice are viable 

and fertile. Stat3 activation by the type I IFNs (IFNα/β) is absent but activation of Stat1 

and Stat2 is only slightly reduced. Mice lacking Tyk2 are more susceptible for viral or 

bacterial infections due to impaired Th1 lineage development and inability to produce 

IFNγ by T cells (118, 220, 223). Additionally, Tyk2 seems to regulate Toll- like receptors 

(TLR)- mediated signals in dendritic cells (DC). Activation of Tyk2- null DCs by TLR9 

or TLR4 results in decreased production of IL- 12 and IL- 23, which can contribute to 

weak Th1 and Th17 differentiation in case of infection (3, 246). Due to greatly 

diminished IL- 12 effect on its targets, Tyk2 knockout mice exhibit reduced levels of IL- 

18 receptors. Since IL- 12 and IL- 18 cooperation is required to activate natural killer 

cells (NK), NK- dependent innate immune response is abrogated in the absence of Tyk2 

(224). According to the published data, Tyk2 deficient mice demonstrate enhanced Th2 

responses, caused by lack of suppressive signals derived from IL- 12 or IFNs. 

Consequently, Th2- driven conditions like allergic lung inflammation was accelerated in 

Tyk2- null animals (218).  

                    

 Figure 1.3 Representation of Tyk2- dependent cytokine signaling (273).  
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Only a single patient with Tyk2 deficiency has been identified so far (154). 

Described patient presented very similar defects in cytokine signaling, as observed 

previously in the mouse model. In addition to the susceptibility to atypical and 

opportunistic viral, fungal and mycobacterial infections, the patient suffered from severe 

atopic dermatitis and hyper- IgE syndrome (HIES). In general, the patient with Tyk2 

deficiency showed broader and more profound immunodeficiency than it would be 

expected form studies of Tyk2- null mice. Nevertheless, experiments performed on the 

human cells lacking Tyk2 supported clinical observations. The discrepancy between 

human and murine in vitro models can be partially explained by the fact that IFNα- 

induced phosphorylation of key signaling molecules, such as Jak1 and Stat1, was 

completely abolished in the Tyk2 -/- human cells, whereas the effects were partial in 

mouse cells. Additionally, human Tyk2 deficiency results in reduced expression of 

IFNAR1 in the plasma membrane (273). Furthermore, in contrast to the human cells,  IL- 

6 signaling in the mouse is Tyk2- independent (273). 

 

1.4 Signals transducers and activators of transcription (Stats) 

 The signal transducers and activators of transcription (Stats) are a family of 

proteins that regulate many processes such as cell growth, cell survival, proliferation, 

differentiation and response to stress. Thus, dysregulation of these transcription factors 

leads very often to increased tumor formation and metastasis. (24, 291).  

Seven Stat proteins have been identified in mammalian cells: Stat 1, 2, 3, 4, 5A, 

5B and 6 (57, 134). The Stat genes are localized as clusters on chromosomes, which 

suggests that they arose through duplication of a common ancestral gene (51). 

Differential splicing of primary transcripts results in the generation of a β isoform for Stat 

1, 3, 4 and 5 (27, 201, 212, 270). The shorter β versions of Stat proteins often function as 

a negative regulators and are capable of mediating the expression of different set of 

genes, than the full length Stats (157, 178, 211).  

 Consistent with the evolutionary sequence homology, Stats share structurally and 

functionally conserved domains. This includes an N- terminal regulatory domain (NTD), 
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a coiled- coiled domain (CC), a DNA- binding domain (DBD), a SH2 domain (SH2), a 

linker domain (LD), and a C- terminal transactivation domain (TAD).  

The N- terminal domain, comprising approximately 130 amino acids, has been 

described to be involved in receptor recognition, oligomerization of Stat dimmers, 

interaction with co- activators like CBP/p300 and nuclear translocation (136, 163, 234, 

296). In addition, it has been shown in Stat1 that the NTD plays the role in 

phosphorylation and dephosphorylation of Tyr701 (160, 229).  

The coiled- coiled domain contain four α- helices, which form a large 

predominantly hydrophilic surface that is available for specific interactions with other 

helical proteins (17, 41). Interacting proteins include p48/IRF9, N- myc and c- Jun 

transcription factor (50, 103, 299, 303). Studied have also implicated the CC domain in 

receptor binding, tyrosine phosphorylation and nuclear export (18, 298).  

The DNA- binding domain, located approximately between amino acids 320 and 

490, comprises of several β- barrels with immunoglobulin fold, which resembles the 

DBD of NF- κB or p53 transcription factors (41).  

The linker domain, situated between amino acids 490 and 580, connects the 

DNA- binding domain with the SH2 domain. Although the LD domain is highly 

conserved among all Stats, its function is still not clear (124). Mutational analysis 

revealed that linker domain influences stability of DNA binding and ability to induce 

gene expression by Stat1, after IFN treatment (285). Recent studies suggest also that LD 

domain of Stat3 can serve as a place of interaction with a subunit of electron transport 

chain- GRIM19, in the inner mitochondrial membrane (147).  

The SH2 domain, which follows from residues 580 to 680, is the most highly 

conserved Stat domain. Differences in the SH2 domains of different Stats determines the 

selectivity of Stat binding to various cytokine receptors (106). The SH2 domain structure 

consists of anti- parallel β- sheets flanked by two α- helices, which form a pocket. An 

absolutely conserved arginine, which is required for interaction with phosphate, lies at the 

base of the structural pocket (124). The ability of the SH2 domain to recognize specific 

phosphotyrosine motifs plays an essential role in the Stat signaling. The SH2 domain is 
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responsible for binding of Stats with the tyrosine phosphorylated cytokine receptors, 

association with activated Jaks and Stat homo- or heterodimerization (14, 97, 227, 228). 

Conserved in all Stat proteins is a tyrosine residue at the C- terminus, which is 

phosphorylated by Jaks or other tyrosine kinases and plays an essential role in the 

transcriptional function of Stats (134, 199).  

Despite the fact that C- terminal transactivation domain is poorly conserved 

among Stats, it is fundamental for enhancing transcriptional efficiency of Stat proteins by 

promoting the association of Stats with other members of transcriptional machinery (21, 

91). In addition to the crucial tyrosine residue, almost all Stat proteins contain also a 

serine residue within TAD domain. Its phosphorylation appears to play a role in full 

activation of transcription by Stats (20, 184, 275, 277). It has been suggested that serine 

phosphorylation may alter its affinity for other transcriptional regulators like MCM5, 

BRCA1 or CBP/p300 (174, 181, 297). 

 

 

 

Figure 1.4 A schematic representation of Stats structure (134). Aminoterminal (N-

terminal) domain (NTD), coiled-coil domain (CC), DNA-binding domain (DBD), linker 

domain (LD), transactivation (C-terminal) domain (TAD), phosphorylated tyrosine (pY), 

phosphorylated serine (pS).  
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Despite the great advance in understanding the Jak/Stat signaling in normal 

development and pathogenesis, the details in molecular mechanisms of this pathway 

remain incomplete. In the canonical mode, Stats phosphorylation seems to be a crucial 

event in order to initiate the transcription of the target genes. Lately an increasing amount 

of evidence has challenged this paradigm. Over the past couple of years, it has been 

found that Stat1, Stat3 and Stat6 also can act without tyrosine phosphorylation (36, 53, 

288). Moreover, ligand- dependent increase in the concentration of unphosphorylated 

Stats (U- Stat) drive the expression of genes that are distinct from those activated by 

phosphorylated Stats. U- Stat1 can bind to DNA as monomers, recognizing only one half 

of a palindromic GAS element. However, in vitro experiments showed that U- Stat1 can 

also form dimmers through interaction of their N- terminal domains of each monomer 

and bind to the full GAS sequence. Interestingly, there is evidence that U- Stats can play 

a role in pathological conditions. The abnormally high levels of U- Stat3 were reported in 

many tumors, which along with well described constitutive activation of Stat3 can 

contribute to enhanced tumorigenesis (289). Furthermore, studies in Drosophila have 

demonstrated a non- canonical Jak/Stat mode, which affects cellular epigenetic status 

(135, 284). According to the published data, a portion of the fly U- Stat pool is located in 

the nucleus, where is associated with heterochromatin protein 1 (HP1). This association 

between U- Stat and HP1 is essential for maintaining HP1 localization and 

heterochromatin stability (221, 222). More importantly, consistent with the findings in 

Drosophila, nuclear localization of unphosphorylated mammalian Stat3 and Stat5 has also 

been reported (109, 142, 264). However, their involvement in regulation of chromatin 

status is still under investigation.  
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So far all Stat genes have been targeted and disrupted in mouse models. The 

phenotypes of these mutant mice revealed distinctive functions for the particular Stat 

proteins. 

Stat protein Phenotype of null mice 

Stat1 Viable and fertile, defective IFNs signaling, increased susceptibility to 
viral infections and tumors, impaired growth control (65, 152) 

Stat2 Viable and fertile, impaired response to IFNα/β (177) 

Stat3 Embryonic lethality, multiple defects in adult tissues, impaired cell 
survival, impaired response to pathogens (4, 235-237) 

Stat4 Viable and fertile, impaired Th1 differentiation due to loss of IL- 12 
signaling (117, 243) 

Stat5A Viable and fertile, defective mammary gland development as a result of 
impaired prolactin signaling (143) 

Stat5B Viable and fertile, impaired growth due to loss of growth hormone 
responsiveness (253) 

Stat5A/B Early postnatal lethality due to impaired erythropoiesis, defective T- cell 
proliferation and NK- cell differentiation (158, 241) 

Stat6 Viable and fertile, defective IL- 4 and IL- 13 signaling resulting in 
impaired T- cell development toward Th2 cells (116, 225) 

 

Table 1.1 Phenotypes of Stat deficient mice. 

 

1.5 Stat3 in metabolism  

 Since general knockout of Stat3 is embryonic lethal, Cre/loxP system was used to 

investigate the Stat3 function in the physiology of particular tissues. Many of Stat3 

conditional knockout mice appeared to have metabolic problems and develop obesity. 

Stat3 function in central nervous system (CNS) has been described in a number of 

reports. It is expressed during embryonic development in order to control glial and 
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neuron differentiation. In adults, Stat3 has been implicated in the regulation of energy 

balance through the impact on leptin signaling. Although leptin can activate Stat3, Stat5 

and Stat6 in vitro, only Stat3 activation was reported in the mouse hypothalamus upon 

leptin administration (56, 88, 255). In order to further investigate the role of Stat3 in 

energy homeostasis, mice with targeted deletion in the brain were generated. 

Surprisingly, mice with neural-specific Stat3 deletion were born without obvious 

development abnormalities but prone to neonatal lethality. Animals that survived the 

neonatal period appeared to be hyperphagic due to impaired leptin signaling in the 

hypothalamus. Consequently, mutant mice developed obesity and diabetes (16, 83). They 

also exhibit infertility and reduced linear growth. Additionally, Stat3 deficient mice 

became hypothermic after cold exposure or fasting (83). Acquired data showed that CNS 

knockout of Stat3 recapitulates the well described phenotype of ob/ob (leptin deficient 

mice) and db/db (leptin receptor deficient mice) obese models. Interestingly, mice 

expressing a constitutively active version of Stat3 in the hypothalamus are lean and 

resistant to diet- induced obesity, as a result of increased locomotor activity (153). Stats 

have been also implicated in in vitro model of 3T3-L1 differentiation. Stat3 is abundantly 

expressed in preadipocytes, as well as mature adipocytes and highly activated during their 

proliferation (62, 233). To determine the role of Stat3 in adipose tissue in vivo, the mice 

with adipocyte- specific knock down of Stat3 were created. Studies performed on these 

animals showed that mutant mice weighed more than their littermate controls. Higher 

body weight of the knockout mice was caused by the increased adiposity associated with 

adipocyte hypertrophy, hyperphagia or reduced energy expenditure (34). It is well 

established that Stat3 is one of the most important signaling molecule used by the IL- 6 

family of cytokines, specifically in the liver. Interestingly, the serum concentration of IL- 

6 is increased in a patient with altered metabolic states like obesity (262). Moreover, IL- 

6 was also suggested as one of the modulators of gluoconeogenic genes expression (44). 

These observations led to the generation of mice with liver- specific deficiency of Stat3. 

It appeared that Stat3 plays an essential role in glucose homeostasis. Mice with targeted 

disruption of Stat3 displayed insulin resistance associated with increased expression of 

gluconeogenic genes (108). Conversely, expression of constitutively active Stat3 in the 
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liver markedly reduced blood glucose level, plasma insulin concentration and hepatic 

gluconeogenic gene expression.  

1.6 Metabolic syndrome and obesity 

 Metabolic syndrome (syndrome X) is a constellation of physiological and 

biochemical abnormalities including abdominal obesity, high fasting glucose level, 

insulin resistance, dyslipidemia, atherosclerosis, hypertension, type 2 diabetes and low- 

grade inflammation. This clustering of features lead to many dangerous complications 

like cardiovascular disease, fatty liver, sleep apnea, gallstones, polycystic ovary 

syndrome in women and hypogonadism in men or even some types of cancer (96). 

Complex pathogenesis of metabolic syndrome causes a lot of diagnostic and therapeutic 

problems. Visceral obesity for example results in excessive release of free fatty acids, 

adipokines and proinflammatory cytokines, which contribute to insulin resistance and 

hyperlipidemia. In the setting of insulin resistance, the vasodilatory effect of insulin and 

VEGF production are diminished, which leads to endothelial dysfunction and 

hypertension. The increased flux of free fatty acids to the liver results in lower level of 

high-density lipoproteins (HDL) called a “good” cholesterol, and higher level of low- 

density lipoproteins (LDL)- “bad” cholesterol. This altered balance of the HDL and LDL 

helps a plaque to build up in artery walls, causing higher blood pressure and even 

coronary heart disease (22, 272).  

Body weight and composition are determined by the genetic, environmental and 

psychosocial factors. Obesity is defined as a state of excessive fat accumulation, which 

develops when food intake exceeds energy expenditure. The incidence of obesity is fast 

growing problem that is reaching epidemic proportions worldwide. Weight gain during 

adult life or even during childhood and adolescence seems to contribute to type 2 diabetes 

and cardiovascular risk, even within the normal body mass index (BMI) range (232). Two 

types of obesity are distinguished, based on the classification of fat depots in the body. 

Subcutaneous or pear- shape obesity is characterized by fat accumulation in the thigh and 

hips. Visceral or apple- shape obesity is related with intraabdominal fat storage. 

Individuals with a central/abdominal deposition of adipose tissue are more subjected to 

insulin resistance, stroke, congestive hear failure, cardiovascular death and certain types 
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of cancer (257, 268). Fat cells secrete many hormones and adipokines such as leptin, 

adiponectin or resistin, which regulate overall metabolism. Leptin is bioactive substance 

that controls mainly food intake and energy expenditure through its action in the brain. 

Visceral adiposity is also associated with low- grade but chronic inflammation caused by 

production of proinflammatory cytokines like IL- 6, Il-1 or TNFα, which promote 

apoptosis, changes in vasoregulatory responses, increase leukocyte adhesion to the 

endothelium that facilitate thrombus formation by inducing procoagulant activity (256).  

 

1.7 Diabetes  

 Diabetes mellitus is a metabolic disorder characterized by hyperglycemia caused 

by insufficiency of secretion or receptor insensitivity to endogenous insulin. Altered 

carbohydrate metabolism is usually a consequence of hereditary and environmental 

factors. Early in the course of diabetes, intracellular hyperglycemia causes abnormalities 

in blood flow and increase vascular permeability. These changes lead to ischemia and 

hypoxia in the retina, kidney problems and degeneration in peripheral nerves. That is why 

diabetes is a leading cause of blindness, end- stage renal disease and variety of 

neuropathies. Diabetes is also associated with accelerated atherosclerosis and 

macrovascular disease affecting arteries that supply the heart, brain and lower limbs. 

These alterations increase the risk of myocardial infarction, stroke and amputation (25). 

Diabetes mellitus has been classified in two forms: type 1 and type 2.  

 Type 1 diabetes, which accounts for about 10% of all cases, is characterized by 

destruction of the insulin- producing β- cell in the pancreas, which results in insulin 

deficiency. About 90% of childhood- onset diabetes id diagnosed as type 1 and called 

juvenile diabetes. The major cause of type 1 diabetes is autoimmune response, which 

seems to be due to a combination of genetic predisposition and environmental factors. 

The largest contribution to the genetic susceptibility comes from the genes located in the 

major histocompatibility complex (MHC). Polymorphism of the gene PTPN22 encoding 

a tyrosine phosphatase that affects T cell receptor signaling, also influences diabetes risk 

(110). Destruction of insulin producing cells is an autoimmune event. Chronic 
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inflammation in pancreas with the infiltration of T and B cells, macrophages and 

dendritic cells result in recognition of β cell autoantigens and eventual destruction of 

pancreatic islets by the T cells (2).  

 Type 2 diabetes, the more prevalent form of diabetes, is considered a 

heterogeneous disorder due to multiple factors that account for the clinical phenotype. 

According to calculated data, there are 150 million people with type 2 diabetes 

worldwide, and this number will rise to 300 million in 2025. About an equal number are 

though to be prediabetic, having early symptoms but not yet the full manifestation of the 

disease. Insulin resistance in offspring of parents with type 2 diabetes is a strong predictor 

of the disease later in life. In the U.S., 30% of all new cases are children with diabetes 

type 2. Despite the fact that genetics plays also the role in this type of diabetes, it is well 

established now that environmental factors have a bigger impact in most of the cases (64, 

168). Overfeeding and lack of physical activity cause weight gain and finally obesity with 

related insulin resistance in adipose tissue, muscle and liver. Insulin resistance is a 

condition, where insulin becomes less effective with time in promoting proper glucose 

disposal especially in the muscle tissue and inhibiting gluconeogenesis in the liver. As a 

result of high blood glucose level, pancreatic β cells increase insulin secretion, causing 

hyperinsulinemia. Glucotoxicity, lipotoxicity, proinflammatory cytokines and high leptin 

levels occurring in obese patients contribute to the accelerated apoptosis of β cells and 

eventually to loss of β cell mass. Consequently, production of insulin is drastically 

diminished to the point that there is not enough of this hormone to drive glucose uptake 

(26, 267). An autoimmune component had also been implicated in the pathophysiology of 

type 2 diabetes. Systemic inflammation in patients with type 2 diabetes is considered to 

be a non- specific consequence of metabolic stress. Under this condition, overwhelmed β 

cells can start expressing immunogenic proteins not displayed normally, which results in 

the induction of autoimmune response to these new antigens. Alternatively, usually 

hidden inside of the cells autoantigens, such as CD38,  could be presented to the immune 

system following β cell apoptosis. Anti- CD38 autoantibodies have been detected in 

patients with both types of diabetes (150, 187). Untreated type 2 diabetes, similarly to 

type 1, causes changes in vascular system, cardiac and kidney problems, peripheral 

nerves damage, affecting quality of life and longevity.  
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 Although the primary cause of type 2 diabetes is still unknown, it is evident that 

insulin resistance in skeletal muscle and liver plays a role in its pathogenesis. Skeletal 

muscle is the major site for disposal of ingested glucose. Following a meal, 

approximately one third of ingested carbohydrates is taken up by the liver and the rest by 

peripheral tissues, primarily skeletal muscles via insulin- dependent mechanism. In 

insulin resistance states, such as obesity or diabetes, glucose uptake and metabolism in 

skeletal muscles are markedly impaired (61). The exact mechanism that leads to the 

development of insulin resistance is not yet fully understood. However, an increased 

intramyocellar fat content and fatty acid metabolites have been implicated in the progress 

of insulin resistance in muscles. Recent studies showed that defects in mitochondrial 

oxidative phosphorylation contribute to the accumulation of triglycerides in myocytes 

(133, 202). Fatty acids transported into the muscle tissue are normally oxidized during 

exercise or fasting period in order to retain glucose for use by the central nervous system. 

Conversely, during the fed state skeletal muscles shift from fat to glucose metabolism in 

response to insulin. In insulin resistant individuals the ability of insulin to inhibit lipolysis 

is diminished, leading to chronic elevation in the plasma free fatty acids (FFA) level. 

Increased plasma concentration of FFA severely reduces glucose transport into the 

muscle through the insulin- dependant glucose transporter 4 (GLUT4). Interestingly, 

insulin resistance in skeletal muscle is manifested long before hyperglycemia occurs. 

Therefore, healthy offspring of diabetic parents have a significant decrease in insulin- 

stimulated total body and muscle glucose disposal, similarly to the diabetic parents (120).  

 The liver is responsible for maintenance of physiologic glucose level in the blood. 

A large fraction of glucose absorbed by the liver is converted into glycogen and stored. 

However, when the liver is saturated with glycogen, any additional glucose is transferred 

to fatty acids synthesis, which are esterified later into triglycerides to be exported to white 

adipose tissue. Under the condition of nutrient deprivation, liver provides a constant 

supply of glucose for the central nervous system. Hepatic glycogen breakdown, as well as 

de novo synthesis of glucose from precursors such as lactate, amino acids and glycerol in 

the process of gluconeogenesis, are the sources of glucose. Patients with type 2 diabetes 

exhibit increased hepatic glucose production due to impaired gluconeogenesis. 
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Overproduction of glucose along with a high level of fatty acids drive the secretion of 

insulin from the pancreas, eventually causing peripheral insulin resistance (129, 190).  

 Fluctuation in insulin sensitivity occurs during the normal life cycle, with insulin 

resistance being observed during puberty and pregnancy. Insulin resistance during normal 

pregnancy usually begins in the third trimester and is a result of maternal adiposity, as 

well as insulin- desensitizing effects of hormones released by the placenta. Gestational 

diabetes mellitus in a condition diagnosed in pregnant women with markedly high blood 

glucose level. This type of diabetes occurs in about 2-5% of pregnancies and resembles 

type 2 diabetes. Over 20% of affected women develop type 2 diabetes later in life. 

Uncontrolled gestational obesity can harm both: the mother and the fetus. Risks to the 

baby include high birth weight, muscle malformations, cardiac and central nervous 

system abnormalities, respiratory distress syndrome or even perinatal death. Offspring of 

mothers with gestational diabetes present higher susceptibility to childhood obesity and 

following type 2 diabetes later in life (19, 33).  

 

1.8 Mitochondria in metabolic syndrome  

 Mitochondria are the organelles that use highly reducing metabolites and 

coenzymes to carry out oxidative phosphorylation (OXPHOS) to generate ATP, which is 

indispensable for the maintenance of physiological functions of cells. Therefore, 

mitochondrial dysfunction can cause pathological changes in the organism. It is well 

established that mitochondrial defects contribute to many disorders, particularly age- 

related. Abundant evidence supports the importance of mitochondria damage in 

development of type 2 diabetes. Substantial amount of clinical data showed that 

mitochondrial dysfunction, including the reduction in mitochondrial density and 

OXPHOS efficiency is associated with diabetes (101, 122). Genetic analysis of skeletal 

muscle samples form diabetic patients revealed higher frequency of large- scale deletions 

in mitochondrial DNA (mtDNA), when compared to control individuals (138). Moreover, 

expression profiles of muscle tissue in diabetic subjects showed reduced levels of the 

master regulators of mitochondrial biogenesis- PGC1α and nuclear respiratory factor 1 
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(NRF1), as well as their downstream targets (156, 180). Consequently, proteins needed to 

form the electron transport chain (ETC) and encoded by these genes may be insufficient 

to execute OXPHOS in case of diabetic patients. It has been reported that activity of both 

mitochondria oxidative enzymes and complex I of the ETC are decreased in muscles of 

obese diabetic patients (266) and insulin- resistance offspring of diabetic parents (185).  

The ATP insufficiency coming from mitochondrial dysfunction may impair the 

regulation of potassium and calcium channels, which inhibits the exocytosis of insulin 

form pancreatic β- islet cells (149). Furthermore, defective OXPHOS cause 

overproduction of reactive oxygen species (ROS), which may damage most of the 

intracellular components. Oxidative stress can activate multiple signaling pathways, 

including p38 MAPK and JNK, which may affect components of insulin signaling such 

as the insulin receptor and the family of insulin receptor substrates (IRS). This in turn can  

inactivate PI3 kinase and abrogate the translocation of GLUT4 to the plasma membrane.   

It was shown that mouse C2C12 myotubes treated with respiratory inhibitors display 

reduction in insulin- stimulated glucose uptake due to inactivation of AKT and IRS-1 in 

insulin signaling (69, 139). Additionally, mitochondria malfunction can be associated 

with diminished activity of enzymes involved in β- oxidation of fatty acids, which causes 

intracellular lipid accumulation. Reduced oxidative metabolism of lipids was confirmed 

in skeletal muscle of type 2 diabetic patients (84). Similar defects were observed in fatty 

liver disease. It has been shown that a decrease in carnitine palmitoyl transferase (CPT) 

activity, which transports long- chain acyl- CoA into mitochondria, or deficiency of long- 

chain acyl- CoA dehydrogenase (LCAD), an β- oxidation enzyme, leads to the high lipid 

content and following insulin resistance in hepatocytes, which causes the liver steatosis in 

the long term (295). Interestingly, adiponectin signaling has been recently implicated in 

regulation of mitochondrial bioenergetics. In animal models of type 2 diabetes, the 

activation of 5’- AMP- activated protein kinase (AMPK) by adiponectin, increases 

muscle and hepatic fat oxidation and improves insulin sensitivity (48, 283). Moreover, 

numerous abnormalities in mitochondria structure like smaller size, poorly defined cristae 

and derangement of mitochondrial network, have been found in skeletal muscle of obese 

individuals (122). Importantly, results from the current studies demonstrate that 

mitochondrial defects are found in the prediabetic state, suggesting that mitochondrial 

  33



dysfunction may be primary event leading to the development of type 2 diabetes (185, 

186). Due to overwhelming predominance of type 2 diabetes in industrialized countries, 

environmental pollutants and toxins have been postulated as additional factors in the 

development of this disease. Organic compounds, added to many herbicides, insecticides, 

rodenticides, industrial products and wastes, are resistant to any kind of degradation. 

Thus, they are present for a long time in our habitat and accumulate in the organisms. 

 

1.9 Adipogenesis 

 It is generally accepted that adipose tissue is derived from mesoderm. 

Mesenchymal / mesodermal stem cells (MSCs), which reside in the vascular stroma of 

adipose tissue, are capable of differentiating into adipocytes. The exact number of 

intermediate stages between MSC and mature adipocyte is still not clear. However, it is 

believed that MSCs give rise first to a common early progenitors (adipoblasts), which 

later on turn into committed preadipocytes that can differentiate into mature adipocytes, 

when given appropriate stimuli. In vitro adipogenesis follows a highly ordered and 

temporal sequence composed of four events: growth arrest, mitotic clonal expansion, 

early differentiation and terminal differentiation (173). The entire differentiation process 

is orchestrated by particular inducers, such as insulin, insulin- like growth factors- 1 

(IGF-1), glucocorticoids, triiodothyronine and cAMP, which regulate the expression of 

key transcription factors like CCAAT/enhancer binding proteins (C/EBPs) and 

peroxisome proliferators-activated receptors (PPARs) (87, 205). The initial step of 

growth arrest is achieved after contact inhibition of proliferating preadipocytes. At this 

stage rapid phosphorylation of cAMP- response element binding (CREB) occurs, which 

activates C/EBPβ, causing sequential expression of other essential factors. The growth 

arrest is followed by one or two additional rounds of cell division known as clonal 

expansion. This step coincidences with the phosphorylation of C/EBPβ by family of 

mitogen-activated protein kinases (MAPKs). Fully activated C/EBPβ induces the 

expression of PPARγ and C/EBPα, key adipogenic transcription factors, which can 

subsequently regulate each other’s expression. These two factors activate de novo or 

enhance expression of most of the genes during early and terminal differentiation. 
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Throughout this process, lipid droplets begin to appear in the cytoplasm, and over time 

they become large and merge into one or a few major droplets, which is a characteristic 

of white adippocytes (23, 280). 

 

1.10 Brown adipose tissue 

 Adipose tissue has a pivotal role in the regulation of energy balance. Two types of 

adipose tissue can be distinguished histologically and functionally: white adipose tissue 

(WAT) and brown adipose tissue (BAT). WAT accumulates excess energy mainly in the 

form of triacylglycerol and also functions as an endocrine organ, secreting adipokines and 

proinflammatory cytokines. BAT on the other hand is specialized in dissipating energy in 

the form of heat.  

 Brown adipose tissue is a unique organ that exists only in mammals. It is probably 

the outcome of a single evolutionary adaptation, occurring very early during the 

development of mammals. Acquisition of BAT gave mammals an evolutionary advantage 

of surviving and being active during periods of cold, surviving the cold stress of birth and 

promoting the survival on diets low in essential macronutrients. Development of BAT 

occurs late in embryonic life (29). In rodents BAT is present throughout life. Major 

depots are located primarily in the interscapular region and the axillae, whereas minor 

amounts exists near the thymus and in the dorsal midline region of the thorax and 

abdomen. Interestingly, brown adipocyte-like cells are also found interspersed in WAT of 

adult animals that have been acclimated to cold or chronically treated with selective β3- 

adrenergic agonists. The activity of BAT in non- hibernating animals is strictly related to 

the environmental temperature with cold exposure inducing its action. In neonates and 

hibernating animals, BAT serves as important regulator of the body temperature via non- 

shivering thermogenesis. In the human infants, BAT is situated as axillary, cervical, 

perirenal and periadrenal depots and also surrounding the great vessels. At birth, the total 

weight of BAT is around 150-250 g, which accounts for 2-5% of total body weight and it 

disappears rapidly within the first years after birth (12, 278).   
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Characteristics WAT BAT 

Function 
Energy storage, lipolysis and 
lipogenesis, secretion of 
adipokines and growth factors, 

Heat production, thermogenesis, 
lower fat storage capacity and low 
secretory activity,  

Macroscopic 
features 

Subcutaneous, abdominal, 
perirenal, inguinal and gonadal 
location 

White colour, adequate 
vascularization (++), mainly 
sympathetic innervation (++), 
tissue organized as small 
lobules of densely packed 
cells,  

Interscapular, paravertebral, 
axillary and perirenal location,  

Brown colour, extraordinary 
vascularization (++++), 
sympathetic innervation (++++), 
lobular organization with gland- 
like structure,   

Microscopic 
features 

Unilocular adipocytes with one 
single large lipid droplet that 
occupies 90% of the cell 
volume, variable shape and 
size of adipocytes (25-200 μm) 

Few, small and elongated 
mitochondria, 

High presence of other cell 
types (fibroblasts and immune 
cells),  

 

Multilocilar adipocytes with 
abundant small lipid droplets, 
mainly polygonal and small 
adipocytes (15-60 μm), 

Abundant, large and round 
mitochondria, 

Low presence of other cell types, 

 

 

 

Molecular 
features 

Lack of UCP1 (-) and Cidea (-) 
expression,  

Low UCP2 (++), PGC1α (+), 
PRDM16 (+), Dio2 (+), 
cytochrome c (+), β3-AR (+), 
β1-AR (++), α1/2-AR (+)  
expression, 

High leptin (+++) and RIP140 
(+++) expression,  

Low leptin (present at birth), 
RIP140, UCP2 (+),β1-AR (++), 
α1/2-AR (+) expression,  

High UCP1 (++++),β3-AR (+++), 
β1-AR (+), α1/2-AR (+), PGC1α 
(+++), PRDM16 (+++), Cidea 
(+++), Elovl3 (+++), Dio2 (+++), 
cytochrome c (+++) expression,      

 

    

Table 1.2 Summary of WAT and BAT characteristics (modified from (79).                                     
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The main function of brown adipose tissue is energy expenditure, which changes 

markedly in response to environmental temperature. Oxygen consumption is increased up 

to fourfold after acute and chronic cold exposure. A part of acute response is due to 

shivering carried by the muscle tissue. However, with adaptation, shivering stops and 

increasing adaptive thermogenesis in BAT becomes prominent. Temperature information 

that is detected by the cutaneous and core body thermoreceptors is transmitted to the 

regulatory center located in the hypothalamus, which leads to the activation of efferent 

pathways controlling energy dissipation. The main effector component of this response is 

the sympathetic nervous system (SNS), which heavily innervates BAT (145, 159). 

Catecholamines, such as norepinephrine, released from the SNS trigger nonshivering 

thermogenesis in BAT. Activation of G protein- coupled β3- adrenergic receptor 

stimulates membrane- bound adenylyl cyclase, which increases intracellular levels of 

cAMP. The further signaling pathway is mediated via cAMP- dependent protein kinase A 

(PKA), which leads to the increased lipolysis. The stimulation of lipolysis is composed of 

two processes: activation of hormone- sensitive lipase (HL) and deactivation of perilipin 

by its phosphorylation. Perilipin protects the triglycerides against HL. Activated PKA 

phosphorylates perilipin causing its dissociation from the triglyceride droplets that 

become freely exposed to the attack by HL. Released in this process free fatty acids serve 

as a substrate for thermogenesis. Free fatty acids are converted to acyl- CoA and then 

transported to the mitochondria via the carnitine shuttle. Once inside the mitochondrial 

matrix, fatty acids undergo β- oxidation, during which molecules of acetyl- CoA are 

repeatedly cleaved from the fatty acid. Acetyl- CoA enters later on citric acid cycle 

(TCA), leading to the formation of reduced electron carries, such as nicotinamide and 

flavin adenine dinucleotides (NADH and FADH), which are then oxidized by the electron 

transport chain in the inner mitochondrial membrane. This results in a pumping out of 

protons from the matrix to the intermembrane space and creation of proton- motive force 

that allows most of the cell types to produce ATP. However, in brown adipocytes 

electron transport is uncoupled from the ATP synthase by the UCP1 therefore potential 

energy is lost in the form of heat. Apart from lipolysis initiation, PKA activates p38 

MAPK pathway, which is responsible for the expression of key thermogenic factors like 

PGC1α, UCP1 and type 2 deiodinase (Dio2). Additionally, PKA phosphorylates the 
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CREB transcription factor that also activates UCP1 expression. All specific evolutionary 

adjustments of brown adipocytes, such as huge UCP1 concentration, high expression of 

β- oxidation enzymes and low level of ATP synthase allow for extremely efficient 

adaptive thermogenesis (29, 49, 145). Interestingly, the brain can also affect energy 

expenditure by the hypothalamic- pituitary- thyroid axis. In BAT of human newborns and 

small mammals, activation of thyroid hormone by Dio2 has been known to play a role in 

adaptive thermogenesis during cold exposure. It has been also reported that changes in 

thyroid hormone are reflected in parallel changes in energy expenditure. More 

importantly, even small fluctuations in hormone level can have significant effects. The 

exact mechanisms by which thyroid hormone accelerates energy expenditure are poorly 

understood (5, 230).                   

 

                    

Figure 1.5 Norepinephrine- stimulated thermogenesis in BAT (29).  
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1.11 Brown adipose tissue and obesity 

There is compelling evidence, coming from studies on rodent models, that brown 

adipose tissue has anti- obesity function. Earliest reports showed that surgical excision or 

denervation of interscapular BAT caused increase in the amount of WAT (99). 

Furthermore, mice with genetically ablated BAT exhibit an obese phenotype at the age of 

16 days. This degree of pathology is comparable to that seen in the in most commonly 

used mouse models of obesity like ob/ob or db/db mice. Transgenic mice with BAT 

ablation display also insulin resistance, hyperglycemia and hyperlipidemia (146). 

Moreover, UCP1 deficient animals also develop obesity and demonstrate abolished diet- 

induced thermogenesis, when kept at thermoneutral temperature (73). Importantly, 

transgenic mice expressing UCP1 from the aP2 promoter are resistant to genetic and diet- 

induced weight gain. Also, targeted disruption of other BAT- specific protein such as 

Cidea (cell-death-inducing DFF45-like effector A), which inhibits the uncoupling activity 

of UCP1, results in a lean phenotype and resistance to diet- induced obesity (302). 

Finally, in most rodent models susceptibility to obesity correlates with diminished 

function of BAT, whereas resistance to weight gain is associated with up regulated BAT 

function or the recruitment of brown adipocyte- like cells in WAT (79, 127). 

Additionally, small amounts of brown adipose tissue can be found interspersed between 

skeletal muscle in mice and humans. These diffuse brown adipocytes have been 

suggested to help protect some strains of mice from obesity (6, 52). 

 It was believed that BAT regresses with age and is completely lost by the time we 

reach adulthood. However, the ability to produce BAT in adulthood has been noticed in 

patients with catecholamine- secreting tumors such as pheochromocytomas and 

paragangliomas, in whom distinct BAT depots were found (81). According to 

mathematical estimates as little as 50 g of maximally activated BAT could account for up 

to 20% of daily energy expenditure in an adult human, equivalent to 20 kg of body 

weight over the course of a year (66). It has been also calculated that affecting energy 

balance by as little as 50-100 kcal/day could prevent weight gain in most of the 

population. Since any action that causes negative energy balance in overweight and obese 

patients is effective in their weight loss, even small stimulation of BAT would be 
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beneficial for these patients. These observations and calculations encouraged clinicians to 

investigate a potential BAT occurrence in healthy humans. Scanning with a combination 

of PET (positron emission tomography) and CT (computed tomography) with the 

analogue 18F- FDG (18F- fluorodeoxyglucose) as a tracer showed depots of BAT in 

healthy humans. Immunohistological and molecular analysis of biopsy specimens of 

depots identified as BAT by PET/CT scans confirmed that the observed tissue indeed 

corresponds to BAT (54, 166). It appeared that in individuals under ambient conditions 

(22 °C), active BAT is detectable only in 3% of men and 7% of women. However, in 

individuals subjected to a 2 hour cold exposure, the incidence of detectable active BAT in 

lean subjects increases up to 96% (210, 258). More importantly, BAT activity is lower in 

overweight and obese subjects than in lean ones. BMI (body mass index) and body fat 

content showed an inverse correlation with amount of BAT and resting metabolic rate a 

positive correlation with BAT activity. Furthermore, glucose tolerance in people with 

obesity but high levels of UCP1 is better than that in people with obesity and low levels 

of UCP1. Insulin levels also seem to be inversely associated with the activity of BAT in 

lean individuals. Interestingly, a correlation between amount and activity of BAT and 

thyroid hormone level was found in case of a single patient with severe insulin resistance 

due to mutation in insulin receptor gene. Prolonged treatment of this patient with 

synthetic thyroid hormone resulted in dramatic improvement in insulin sensitivity, 

paralleled by enhanced BAT volume and activity. It suggests a possible role of BAT in 

non-insulin-dependent glucose disposal (231). All the clinical and laboratory data suggest 

that upregulation of BAT function can contribute to a lean and metabolically correct 

phenotype in humans. These findings suggest that manipulation of BAT function as a 

potential therapeutic target for treatment of obesity. Transplantation and/or stimulation of 

already existing BAT or recruitment of new brown adipocytes might be used as a 

therapeutic approach to increase energy expenditure in order to improve overall 

metabolism (79, 250, 265). 
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1.12 Transcriptional control of BAT development 

 Despite the differences in physiological functions of BAT and WAT, both cell 

types share a similar transcriptional cascade that controls adipogenesis process. Previous 

studies using white adipose tissue models identified PPARs and C/EBPs as key 

transcription factors that orchestrate fat cell differentiation and maintain the stable 

differentiated state of adipocytes.     

The C/EBPs are a family of basic- leucine zipper transcription factors, which 

comprise of six members: C/EBPα, C/EBPβ, C/EBPδ, C/EBPγ, C/EBPε and C/EBPζ, 

encoded by separate genes. The number of isoforms present in the tissues can be even 

higher due to differential splicing and alternative use of the promoters. They are widely 

expressed and target a variety of the genes. Nevertheless, only C/EBPα, C/EBPβ and 

C/EBPδ play important role in adipocyte differentiation (280). 

The expression of C/EBPα is induced relatively late during differentiation of 

preadipocyte cell lines due to its anti- mitotic activity. Premature appearance of C/EBPα 

prevents preadipocytes from entering the mitotic clonal expansion phase during 

adipogenesis. C/EBPα has been implicated in transcriptional regulation of several genes 

critical for adipose tissue function like adipose protein 2 (aP2), GLUT4, acetyl-CoA 

carboxylase and stearyl-CoA desaturase 1 (55). Ectopic expression of this C/EBP family 

member can induce the adipogenic program in many fibroblastic cell lines (78). 

Overexpression of C/EBPα in regular preadipocyte cell lines accelerates differentiation, 

whereas knock down greatly inhibits lipid accumulation. Mice that carry a homozygous 

deletion of C/EBPα die from hypoglycemia within several hours after birth. Consistently 

with in vitro results, C/EBPα- null animals show markedly reduced triglyceride content in 

WAT and BAT (271). Moreover, further analysis of BAT from embryos and neonates 

revealed decreased and/or delayed expression of PPARγ, PPARα, UCP1, PGC1α, 

attenuated Dio2 function and defective mitochondrial biogenesis (32). Since a C/EBPα 

liver transgene can rescue BAT and not WAT phenotype, it suggests that altered BAT is 

secondary to severe metabolic derangement. Accordingly, postnatal ablation of C/EBPα 

affects only WAT and not BAT (99, 286).  
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C/EBPβ and C/EBPδ are induced early during differentiation of preadipocytes 

upon hormonal stimulation, which is followed by the induction of PPARγ and C/EBPα.  

However, newly expressed C/EBPs lack DNA binding activity  until they undergo 

phosphorylation occurring several hours later, resulting in full activation of these 

transcription factors. During differentiation program C/EBPβ is sequentially 

phosphorylated, first by MAP kinase on Thr188 and then much later by GSK-3β on 

Thr179 and Ser184 (173, 239). C/EBPβ is most abundantly expressed in BAT, liver and 

WAT. Two C/EBPβ isoforms are generated from a single mRNA: the 35-38 kDa full- 

length LAP (liver enriched transcriptional activatory protein) and truncated 20 kDa LIP 

(liver enriched transcriptional inhibitory protein) (173, 205). Interestingly, C/EBPβ was 

identified as one of the first transcription factors involved in the regulation of UCP1 

expression. Therefore it was proposed to play a role in BAT development. Mice with 

targeted disruption of C/EBPβ are born at expected ratio, but around 35% of knockout 

animals die shortly after birth due to sever hypoglycemia. The surviving mice have a 

compromised immune system, decreased gluconeogenesis in liver and lipolysis in WAT 

during fasting or diabetic state. Expectedly, mice lacking C/EBPβ display reduction in 

lipid accumulation and UCP1 expression in BAT, whereas WAT remains unaltered. 

When exposed to cold, C/EBPβ deficient mice did not maintain their body temperature. 

Although, the induction of UCP1 and PGC1α expression in response to cold was not 

impaired in BAT of C/EBPβ- null mice, suggesting that defective thermoregulation is a 

result of reduced lipid metabolism. Surprisingly, primary brown adipocytes lacking 

C/EBPβ appeared to differentiate normally in vitro (31, 238). Remarkably, recent studies 

have shown that overexpression of C/EBPβ in white 3T3-L1 preadipocytes can 

reprogram them to brown adipocyte pattern of gene expression (119).                                   

  PPARs belong to ligand- activated nuclear receptor superfamily. There are three 

types of PPARs encoded by separate genes: PPARα, PPARβ/δ and PPARγ. All members 

of PPAR family consist of a ligand- independent transactivation domain, DNA binding 

domain and a ligand binding and dimerization domain. Upon ligand binding PPARs 

undergo conformational changes that allow them to heterodimerize with a retinoid X 

receptor (RXR) prior to binding DNA at the peroxisome proliferators response element 

(PPRE) in the promoter of target genes. This transcriptional heterodimers require 

  42



interactions with co-activators and co-repressors for transcriptional specificity. PPARs 

are also subjected to posttranslational modifications such as phosphorylation and 

sumoylation, which regulate their activity (173). 

PPARγ is the central regulator of adipose differentiation in vitro and is required 

for the formation of both WAT and BAT in vivo. It exists in three isoforms: PPARγ1, 

PPARγ2 and PPARγ3, which are transcribed from the same gene through alternative 

splicing and promoter use (304). All isoforms are expressed in tissue- dependent manner. 

PPARγ1 is expressed in variety of tissues and cell types, whereas PPARγ3 has been 

detected mainly in adipose tissue, large intestine and macrophages. PPARγ2 appeared to 

be the adipose- specific isoform. PPARγ is induced during differentiation in order to 

activate a number of genes involved in fatty acid binding, uptake and storage such as aP2, 

lipoprotein lipase (LPL), acyl-CoA synthase and phosphoenolpyruvate carboxykinase 

(PEPCK). PPARγ is also described as an insulin sensitizer through activation of GLUT4 

expression and enhancing glucose uptake. In addition, PPARγ seems to regulate survival 

of mature adipocytes (107). The importance of this transcription factor in adipogenesis 

has been demonstrated in cell culture and animal models. PPARγ knockout mice die in 

utero due to dysfunctional placenta. Embryos that survive thanks to tetraploid rescue are 

deficient in BAT (15). 3T3-L1 preadipocytes lacking PPARγ expression are not capable 

of differentiating into mature adipocytes (200). Moreover, overexpression of PPARγ in 

non- adipogenic mouse fibroblasts stimulates fat accumulation (247). PPARγ natural 

ligands including fatty, fatty acid derivatives and prostaglandins have significant impact 

on both brown and white adipose tissue function. Therefore, high- affinity synthetic 

ligands such as TZDs (thialidinediones) are currently used to manage type 2 diabetes. 

TZDs promote white and brown adipogenesis in vitro and can induce expression of UCP1 

in BAT and WAT depots in vivo (99, 263).     

The major function of PPARα is regulation of fat breakdown through induction of 

the expression of β- oxidation enzymes, such as  acyl- CoA oxidase (AOX) and long 

acyl- CoA dehydrogenase (LCAD). In general, PPARα is abundantly expressed in tissues 

that have high level of fatty acids catabolism like liver, heart or muscles. As a 

consequence of this pattern, its expression in BAT is much higher than in WAT. 
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Although, PPARα deficient mice have morphologically normal BAT with appropriate 

UCP1 level and no defects in cold response (99, 292). 

PPARγ co-activator 1α (PGC1α) war first cloned as PPARγ- interacting protein 

(195). There are three members of PGC family: PGC1α, PGC1β and PGC1-related 

coactivator (PRC). PGC1α and PGC1β are enriched in tissues with high oxidative 

capacity like BAT, slow twitch muscle fibers, heart, brain and liver. PGC1α activity is 

adjusted through posttranslational modifications. Phosphorylation by the p38 MAPK and 

methylation carried by PRMT (protein arginine methyltransferase 1) increase stability 

and transcriptional activity of PGC1α (193, 242). PGC1α was also shown to be activated 

by deacetylation via sirtuin 1 (203). Over the years, PGC1α has been repeatedly proven 

as a major regulator of mitochondrial biogenesis and oxidative metabolic pathways. It 

induces transcription of NRFs (nuclear respiratory factors) and co- activates NRF-1, 

which regulates the expression of  mitochondrial transcription factor A (Tfam). In turn, 

Tfam is crucial for replication, maintenance and transcription of mitochondrial DNA 

(279). PGC1α is potently induced in response to cold exposure  via the PKA-CREB 

pathway. Additionally, it strongly co- activates PPARγ and TRβ on the UCP1 promoter. 

In compliance with that, overexpression of PGC1α in white fat cells enhances 

mitochondrial number and UCP1 levels (195, 279). Consequently, mice devoid of PGC1α 

show poor UCP1 expression and cold sensitivity. In addition, BAT displays altered 

morphology, with abundant accumulation of large lipid droplets seen usually in WAT 

(141). Importantly, differentiation of brown preadipocytes lacking PGC1α remains 

unchanged. Nevertheless, induction of the genes involved in thermoregulation is impaired 

(254). Notably, it has been shown that some molecules like well known co- repressor 

RIP140 can antagonize PGC1α function on its target gene promoters. Forced expression 

of RIP140 in adipose tissue or skeletal muscles ablates mitochondrial biogenesis and 

oxidative metabolism. Conversely, deficiency of RIP140 leads to increased appearance of 

brown fat cells in WAT and elevated UCP1 expression in cell culture (45, 192).                        

Despite similarities in the signaling pathways responsible for triglyceride 

metabolism in both BAT and WAT, recent studies showed that they have distinct 

developmental origins. Elegant lineage tracking experiments indicated that BAT, dermis 
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and skeletal muscles are derived from a population of Engrailed-1 (En-1)- expressing 

cells in the dermamyotome (10). Moreover, microarray experiments revealed that only 

BAT precursors share many genes and microRNAs with Myf5 positive muscle progenitor 

(245, 269), which was independently confirmed by in vivo fate mapping in mice (215). 

Furthermore, even the BAT mitochondrial proteome analysis showed a large overlap with 

proteins from muscle mitochondria, not from WAT (76). Interestingly, the pockets of 

brown fat cells spread within WAT are not derived from Myf5- expressing cell lineage 

(215, 281). Genome- wide survey identified a PRD1-BF-1-RIZ1 homologous domain-

containing protein 16 (PRDM16), as one of transcriptional regulators whose expression 

was strongly correlated with BAT phenotype in vivo and in cell culture system (217). 

PRDM16, a 140 kDa protein was first described at a chromosomal break point in human 

myeloid leukemia (169). It contains ZF1 domain at the N- terminus (seven repeats of 

C2H2 zinc- finger domain) and very similar ZF2 domain at the C-terminus (three repeats 

of C2H2 zinc- finger domain), which are responsible for the DNA binding and a putative 

SET domain, a conserved sequence among histone lysine methyltransferases. Despite the 

fact that PRDM16 has been shown to bind directly to a specific DNA sequence, a 

mutation in the protein that abrogates DNA binding does not alter its ability to induce 

proper phenotype of BAT. This observation suggests that PRDM16 functions rather 

through protein-protein interactions then direct DNA binding. Ectopic expression of 

PRDM16 in mouse fibroblast, white adipocytes or muscle precursors results in induction 

of entire program of brown fat differentiation, including activation of thermogenic genes 

like UCP1, PGC1α and Dio2, mitochondrial genes, and other BAT- specific markers such 

as Cidea and Elovl3 (long-chain fatty acid elongase3). This is achieved through co- 

activation of PGC1α, PGC1β, PPARγ and PPARα transcriptional activity by PRDM16 

via direct physical interactions. At the same time, PRDM16 inhibits white fat genes such 

as resistin or angiotensinogen through association with C-terminal binding proteins 

(CtBP1 and CtBP2), well known co- repressors (114, 217). Moreover, coincidently with 

the induction of BAT genes, some of the muscle- selective markers become suppressed 

by PRDM16. The suppression includes MyoD, myogenin (Myg), myosin heavy chain 

(MyHC) or muscle creatine kinase (MCK). Finally, depletion of PRDM16 from cultured 

brown fat preadipocytes almost completely ablates their ability to acquire correct BAT 
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characteristics. Surprisingly, loss of PRDM16 does not interfere with fat accumulation in 

cell culture system. More importantly, PRDM16 knockdown in brown fat precursors 

promotes skeletal muscle differentiation. Consistent with the in vitro data, BAT from 

PRDM16- null embryos displays an altered morphology with reduced expression of 

thermogenic genes and upregulated expression of muscle- specific markers. These results 

demonstrated that PRDM16 is an essential determinant of the brown fat lineage during 

embryonic development. Notably, recent studies established that PRDM16 in complex 

with an active form of C/EBPβ control the conversion of myoblastic precursors to brown 

adipocytes, and is sufficient to induce fully functional BAT program in nonadipogenic 

cells like embryonic fibroblast or skin fibroblasts from mouse and man. In fact, C/EBPβ 

deficiency significantly suppresses the ability of PRDM16 to drive the brown fat 

differentiation in myoblasts. Indeed, BAT from PRDM16 knockout and C/EBPβ 

knockout mice exhibit similar phenotypes, with blunted BAT- selective and elevated 

muscle- specific gene expression (113, 215). Interestingly, it has been also indicated that 

PRDM16 can robustly induce the emergence of brow- like adipocytes in subcutaneous 

WAT, which causes rise in energy expenditure, limited weight gain and improved 

glucose tolerance in mice fed high- fat diet (216). So far, the signaling molecules that 

control PRDM16 expression during development remain unknown. Bone morphogenic 

proteins (BMPs), which belong to TGF-β superfamily, have been suggested to induce 

BAT differentiation. In particular BMP7, which has been shown to promote the in vitro 

differentiation of committed brown preadipocytes and multipotent fibroblasts, with the 

induction of PRDM16, UCP1 and PGC1α expression. Moreover, BMP7- null embryos 

display diminished amounts of BAT that lack UCP1 expression, although, the exact 

mechanism that mediates this effects are still not clear (252).  
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Figure 1.6 Model of BAT and WAT development from mesenchymal stem cells (79). 

 

It has long been recognized that respiration and mitochondrial ATP synthesis are 

tightly coupled. The mitochondrial respiratory chain, carrying electrons is composed of 

four complexes and ATP synthase (complex V). Nutrients metabolized in specific 

pathways generate fixed amount of NADH and FADH2. Oxidation of these substrates  

results in protons being pumped out of the mitochondrial matrix to the intermembrane 

space by complex I, III and IV. Then the proton gradient generated by the ETC is 

consumed by complex V, which catalyzes ATP synthesis. However, like any biological 

system, the coupling between substrate oxidation and ATP formation is not 100% 

efficient. According to Mitchell’s theory, any proton leak not connected with ATP 

production can provoke uncoupling of respiration and thermogenesis. A well known  
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example of such a situation is presence of uncoupling proteins (UCPs) (145). UCPs are 

members of a large family of nuclear- encoded carrier proteins located in the inner 

mitochondrial membrane. The main function of UCPs is dissipation of energy, coming 

from proton leakage that results in the production of heat. There are three subtypes of 

UCPs: UCP1, UCP2 and UCP3. They all share over 50% homology in amino acid 

sequence, but differ with respect to tissue distribution. The UCP’s triplicated structure 

consists of six transmembrane domains linked by hydrophilic segments. Each domain has 

two hydrophobic α- helices connected by the long hydrophilic loop, oriented toward the 

mitochondrial matrix (206). Original studies performed on isolated brown fat 

mitochondria showed very high rates of respiration under condition, when mitochondria 

from other tissues had lower respiratory rate. These conditions include presence of 

substrates for oxidation but absence of ADP, which indicated that BAT mitochondria are 

highly uncoupled. A rapid respiration without ATP production represents by definition a 

powerful thermogenic process. UCP1 (thermogenin) was identified later on  as the 

protein responsible for this phenomenon (28, 125). Induction of UCP1 is caused by the 

rising amounts of intracellular cAMP that increase free fatty acids levels, which is 

thought to stimulate UCP1 activity. The exact molecular mechanism of this stimulation is 

still not clear. The hypothetical model assumes that either fatty acid carboxyl groups 

serve as H+ donors to the UCP1 proton translocation channel or UCP1 transports free 

fatty acid anions not protons, from matrix to outside. Once in the intermembrane space, 

the FFA become re- protonated and then flip- flop back across the inner membrane, 

creating protonophore cycle (29). Since adaptive thermogenesis is considered to be 

related with overall metabolic control, UCP1 knockout mice were created to prove this 

assumption. As predicted, UCP1- null mice are susceptible to cold. However, it was very 

surprising that the UCP1 deficient mice failed to demonstrate an obese phenotype (67, 

127). These results suggested the existence of alternative thermogenic response to diet, 

which is UCP1- independent. Such as alternative adaptive thermogenesis has been 

proposed to be localized in muscles, particularly in relation to obesity (130, 144, 145, 

166). An important variable that should be considered is the fact that animals housed in 

normal conditions, approximately 22° C, are constantly exposed to thermal stress. To 

maintain their body temperature, they have to elevate their metabolism and food intake 
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about 50-60%. Therefore, this chronic thermal stress can significantly affect the outcome 

of any metabolic studies. Thus, the UCP1 knockout mice were examined again at the 

thermoneutral temperature of 30° C. Remarkably, animals with ablated UCP1 became 

obese even on regular chow diet. In addition, the obesogenic effect of high fat diet was 

accelerated in knockout mice due to the inability to recruit diet- induced thermogenesis 

(73). Moreover, it has been shown that mice with UCP1 transgene expressed in WAT or 

muscles are resistant to genetic and diet- induced obesity (126, 127). Interestingly, 

several single nucleotide polymorphisms (SNPs) in the UCP1 promoter have been 

reported to associate with obesity, diabetes and lipid- related disorders (112).  

UCP2 and UCP3 (UCP1 homologues) are also capable of uncoupling process. 

Although, the evidence that they can regulate energy metabolism, in the way to prevent 

obesity, is not extensive. UCP2 is commonly expressed in almost all kind of tissues. It 

has been suggested to attenuate the production of reactive oxygen species (ROS) and 

regulate the ATP/ADP ratio. More recently, UCP2 was also shown to affect insulin 

secretion by the β- cells (9, 35). In contrast to UCP2, UCP3 is expressed predominantly 

in skeletal muscle and the exact function o this protein remains to be investigated. 

However, UCP3 has been implicated in regulation of ROS formation, mitochondrial fatty 

acid transport and regulation of glucose metabolism in muscle tissue (213). Interestingly, 

there are reports indicating that UCP3 expression is upregulated in response to cold 

exposure and overfeeding (92, 140, 214). 

The main function of fatty acids (FA) is energy storage and building of 

membranes in the cell. Fatty acids have also been described as the signaling molecules, 

modulating the activity of nuclear receptors. The majority of FA synthesis inside of the 

cell is carried out by the cytosolic fatty acid synthase (FAS), which produce medium- to 

long- chain FA (up to C16). The products of FAS can be further elongated by membrane- 

bound enzymes located in the endoplasmatic reticulum (ER). These enzymes belong to 

the Elovl (elongation of very long- chain fatty acids) gene family that perform the first 

step in the elongation process. Elovl3 was identified during the search for specific 

molecules that are enriched in BAT. It is involved in the esterification of saturated and 

monounsaturated FA in the C20-C24 range. Expression of Elovl3 is controlled by PPARα 
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and SREBP-1 (sterol regulatory element-binding protein-1). Besides BAT, Elovl3 

transcripts were found in less extend in liver and skin. Importantly, Elovl3 mRNA level 

appeared to be increased by over 200- fold in BAT of mice exposed to cold. Moreover, 

augmented expression of Elovl3 was also observed during embryonic development, 

reaching the maximum level just after birth. These results demonstrate that Elovl3 

appearance is strongly correlated with recruitment of BAT (111, 276). 

The cell death-inducing DFF45-like effector proteins (CIDE) have a distinct 

tissue expression pattern. One of the members Cidea has been identified as BAT- 

selective marker. Cidea has been shown to be regulated by key adipogenic transcription 

factors such as PPARγ and PPARα, as well as ERRα (estrogen-related receptor α) and 

NRF-1, with co-activation by PGC1α (93). Remarkably, Cidea knockout mice exhibit a 

profound lean phenotype and resistance to diet- induced obesity/diabetes. They also show 

higher metabolic rate and core body temperature, as well as elevated lipolysis in BAT, 

when subjected to the cold treatment. All the above features are the result of direct 

repressive action of Cidea on UCP1 activity (302).                                                      
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RESEARCH AIMS 

 Jak kinases and Stat transcription factors are well recognized key players in a 

variety of innate and adaptive immune responses. The role of Jak/ Stat pathway has been 

reported to be a primary target of leptin action and to a lesser degree insulin signaling 

(102, 255). Interestingly, it was recently shown that Stat3 knock down in adipose tissue 

causes obesity in mice (34). According to the data obtain previously in our laboratory, 

Tyk2 deficient mice become obese and diabetic with age. Tyk2 knockout animals also 

exhibit decreased expression of brown fat- specific genes. Brown adipose tissue is 

pointed lately as a new target for obesity treatment. Nevertheless, participation of the 

Jak/Stat pathway in BAT development has not been investigated.            

 

Specific aims: 

1. To confirm an obese phenotype of Tyk2 deficient mice on different genetic 

backgrounds. 

2. To identify the role of Tyk2 and Stat3 in differentiation of immortalized 

preadipocyte cell lines.  

3. To determine whether Stat3 restores the function of brown adipose tissue in   

Tyk2 -/- mice and reverses their obese phenotype.     
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CHAPTER II 

MATERIALS AND METHODS 

 

2.1. Mice 

All the mice were bred and maintained in MCV/VCU animal facility according to 

Institutional Animal Care and Use Committee (IACUC) regulations. Tyk2 deficient mice 

(C57Bl/6 and BALB/c background) were kindly provided by Dr. Ana Gamero from the 

Department of Biochemistry, Temple University School of Medicine, Philadelphia, USA. 

Tyk2 -/- were generated by Dr. Kazuya Shimoda and colleagues from the Department of 

Internal Medicine, Kyushu University, Fukuoka, Japan (223). The disruption of Tyk2 

expression was performed by electroporation of embryonic stem cells with targeting 

vector that carried a neomycin resistance cassette design to replace the first coding exon 

of Tyk2 gene.  

Mice carrying a transgene encoding a constitutively active form of the Stat3 

protein (Stat3CA) including an upstream loxP- flanked stop sequence in the ubiquitously 

expressed Rosa26 locus were a kind gift of Dr. Klaus Rajewsky from the CBR Institute 

for Biomedical Research, Harvard Medical School, Boston, USA. The Tyk2 -/- mice 

expressing the constitutively active Stat3 only in BAT (brown adipose tissue) or WAT 

(white adipose tissue) were obtained by crossing Stat3CA transgenic animals with mice 

expressing the Cre recombinase under control of the aP2 promoter, which is specific for 

adipose tissue. Both transgenic lines (Stat3CA and aP2-Cre) were bred into Tyk2 -/- mice 

before final crossings. Only animals from the same mixed- background strain generation 

were compared. The specificity of transgene expression was confirmed by qPCR as 

described below.     
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aP2 

Tyk2 -/- Tyk2 -/- 

aP2 

STOP codon 

Stat3CA 

BAT 

WAT
aP2-Cre/Tyk2-/-Stat3CA

aP2-Cre/Tyk2-/- Tyk2-/- (Stat3CA)

Stat3CA 

 

Figure 2.1 Generation of Tyk2 -/- mice with fat tissue- specific Stat3CA expression.  

2.2 Isolation of DNA and genotyping  

Modified HotSHOT genomic DNA isolation protocol was used for genotyping 

(251). In brief, tail snips were incubated in 75 μl of alkaline lysis buffer (25 mM 

NaOH/0.2 mM EDTA) at 95 oC for 45 min. After chilling the samples on ice, 75 μl of 

neutralization buffer (40 mM Tris-HCl) was added to the tubes followed by vortexing and 

centrifugation at 16,000 x g for 5 min at RT. 100 μl of the sample containing 

approximately 100 ng/μl of DNA was then transferred to the new tube and stored at -20 

oC. Alleles of interest were detected by PCR using the appropriate primers listed below. 

PCR genotyping reaction contained 2 μl of DNA sample (about 200 ng), 1 μl 5 μM 

forward primer, 1 μl 5μM reverse primer, 12.5 μl of 2x GoTaq Hot Start Green Master 

Mix (Promega, Madison, WI) including 400 μM of each dNTP’s, 4 mM MgCl2 and 

GoTaq Hot Start Polymerase (final volume of the reaction- 25 μl). Amplification of wild 

type Tyk2 allele and neomycin cassette was performed using the following conditions: 
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stage 1: 95 oC/ 4 min/ 1 cycle; stage 2: 95 oC/ 45 sec/ 60 oC/ 45 sec/ 72 oC/ 1 min/ 35 

cycles; stage 3: 72 oC/ 5 min/ 1 cycle. PCR products were resolved in 1% agarose/TBE 

gel supplemented with EtBr (ethidium bromide) to visualize the 800 bp specific bands 

under UV light. Amplification of constitutively active Stat3 (Stat3CA) allele and Cre 

recombinase transgene was performed using the following conditions: stage 1: 95 oC/ 3 

min/ 1 cycle; stage 2: 95 oC/ 30 sec/ 55 oC/ 30 sec/ 73 oC/ 30 sec/ 35 cycles; stage 3: 73 

oC/ 5 min/ 1 cycle. PCR products were resolved in 1% agarose/TBE gel with EtBr to 

visualize the 350 bp specific bands under UV light. 

Gene 
 

Primer sequence 

Tyk2 
(F) 5’- TGGACAAAATGGAGTGAGTGTAAG -3' 
(R) 5’- CTGGGTCATGGCTGGAAAAGCCCA -3' 
 

Neo 
(F) 5’- GATCGGCCATTGAACAAGATG -3’ 
(R) 5’- CGCCAAGTCCTTCAGCAATAT -3’ 
 

Stat3CA 
(F) 5'- GGATTGTACCTGCATCCTGGTG -3' 
(R) 5'- GCCCTTGTCATCGTCGTCCTTG -3' 
 

Cre 
(F) 5’- CCAGCTAAACATGCTTCATCGTCGTC -3’
(R) 5’- ATTCTCCCACCGTCAGTACGTGAG -3’ 
 

 

 Table 2.1 PCR primer sequences used for genotyping.  

 2.3 Dietary studies 

Five-week-old mice were household four or five per cage and maintained on a 

fixed 12 hours light/dark cycle. The animals were fed regular chow diet (Teklad F6 S664, 

Harlan Tekland, Madison, WT) or high-fat diet (D12330, Research Diets, New 

Brunswick, NJ). The chow diet contained 27% kcal protein, 17% kcal fat and 57% kcal 

carbohydrate. The high-fat diet contained 20% kcal protein, 60% kcal fat and 20% kcal 

carbohydrate. The mice were kept on the diets for 12 weeks. They had free access to 

water and food. Food intake was measured weekly as grams of consumed food per 

kilogram body weight over a 24 h period.  
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2.4 Glucose tolerance test (GTT) 

Mice were fasted overnight (16 h) and than 2 mg/g glucose was injected 

intraperitoneally. Blood glucose levels were measured using One-Touch Ultra glucose 

meter (LifeScan, Milpitas, CA) at 0, 15, 30, 60 and 120 min after glucose administration.  

2.5 Metabolic cage studies 

 Metabolic cage studies of 2 month- old Tyk2 WT and Tyk2 -/- mice on C57Bl/6 

background were performed by Dr. Susanna Keller from the Department of Cell Biology, 

University of Virginia, Charlottesville, USA. Analysis was performed using 

Comprehensive Laboratory Animals Monitoring System (CLAMS) from Colombus 

Instruments. Mice were housed individually and monitored in metabolic cages for 72 h 

(acclimation run), with ad libitum feeding. Animals were then given about 10 days to 

recover before second run and data analysis. The respiratory exchange ratio (RER) is the 

ratio between the carbon dioxide production and oxygen consumption measured by the 

CLAMS equipment. Higher RER indicates burning of more carbohydrates for energy 

production (or less fat). Heat production is calculated as calorific value based on the 

observed RER and oxygen consumption.     

2.6 Insulin and leptin measurements 

 Mice were fed chow diet for 6 months and then fasted overnight. Blood samples 

were taken from the tail vein and centrifuged at 16,000 x g for 5 min at RT. Plasma was 

assayed for insulin using a Ultra sensitive mouse insulin ELISA kit (Crystal Chem Inc, 

Downers Grove, IL), and leptin using a Mouse Leptin ELISA Kit (Crystal Chem Inc, 

Downers Grove, IL).    

2.7 Brown adipose tissue histology 

 Brown adipose tissues from overnight fasted mice were fixed in 10% formalin 

(Sigma, St. Louis, MO) at 4 oC. The tissues were stained with hematoxylin and eosin at 

the Pathology Research Service Facility (VCU Medical Center, Richmond, VA). 
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2.8 Electron microscopy  

 Skeletal muscle, heart and brown adipose tissues from fasted mice were fixed in 

2% paraformaldehyde- 2% glutaraldehyde in 0.1 M cacodylate buffer. The tissue samples 

were processed and analyzed at the Microscopy Core Facility at the Department of 

Anatomy and Neurobiology (VCU Medical Center, Richmond, VA).    

2.9 Reagents and antibodies 

All chemical and reagents were purchased from Sigma-Aldrich, Saint Louis, MO, 

or indicated otherwise. Mouse monoclonal anti- Stat3 and phospho- Stat3 (Tyr 705), 

rabbit polyclonal anti- C/EBPβ and phospho- C/EBPβ (Thr 188), as well as rabbit 

polyclonal phospho- Stat1 (Tyr 701) and PPAR- gamma specific antibodies were 

purchased form Cell Signaling, Danvers, MA, and were used at a final dilution of 1:1000. 

Mouse monoclonal alpha- tubulin antibodies were purchased from Sigma- Aldrich and 

used at a final 1:10,000 dilution. Rabbit polyclonal anti- UCP-1 antibodies were 

purchased from Abcam, Cambridge, MA and were used at a final dilution of 1:5,000. 

Rabbit Tyk2 antisera was a kind gift of Dr. Birgit Strobl from the Department for 

Biomedical Sciences, University of Veterinary Medicine, Vienna, Austria. PRDM16 

specific rabbit polyclonal antibodies were a kind gift of Dr. Patrick Seale from the 

Department of Cell and Developmental Biology, University of Pennsylvania, School of 

Medicine, Philadelphia, USA. Recombinant murine IFNβ was kindly provided by Dr. 

Darren Baker from Biogen Idec Inc, Cambridge, MA, USA. Cells were stimulated with 

1000 U/ml of murine interferon in complete medium.         

2.10 Cell isolation and culture 

Brown preadipocytes were isolated as described by Fasshauer, Khan et al.(70, 71). 

Briefly, interscapular brown adipose tissue was isolated from newborn Tyk2 WT and 

Tyk2 -/- mice (SV129 background), minced and subjected to collagenase A digestion (1.5 

mg/ml in isolation buffer containing 123 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM 

glucose, 100 mM HEPES and 4% BSA) for 40 min at 37 °C. The digested tissue was 

filtered through 100 μm nylon screen (Labcor Products, Inc., Gaithersburg, MD). 

Collected cells were centrifuged at 200 x g at RT for 5 min and then resuspended in 1 ml 

  56



of primary culture medium (Dulbecco’s modified Eagle medium, 450 mg/dl glucose 

(DMEM, Gibco, Carlsbad, CA) containing 20% FBS, 20 mM HEPES and 1% Penicillin-

Streptomycin), transferred into 12 well plates and grown in humidified atmosphere of 5% 

CO2 and 95% O2 at 37 °C. The medium was changed every day. After 3 days of culture, 

cells were immortalized by infection with puromycin resistance retroviral vector pBabe 

encoding SV40 Large T antigen. 24 h after infection cells were transferred into 10 cm 

dishes and maintained in primary culture media for next 24 h and then subjected to 

selection with puromycin (Sigma, St. Louis, MO) at the concentration of 2 μg/ml in 

DMEM with 20% FBS for one week. After puromycin selection cells were maintained in 

medium directed against mycoplasma infection (BM Cyclin, Boehringer Mannheim) for 

3 weeks. 

For differentiation, brown preadipocytes were grown to 100% confluence in the 

differentiation medium: DMEM containing 450 mg/ml glucose, 10% FBS, 20 nM insulin 

and 1 nM triiodothyronine. Fully confluent cells were incubated for 48 h in the 

differentiation medium supplemented with 0.5 mM isobutylmethylxanthine (IMBX), 0.5 

μM dexamethasone and 0.125 mM indomethacin (induction medium). After 48 h of 

induction, cells were maintained in differentiation medium for 5 days until exhibiting 

massive accumulation of multilocular fat droplets. 

2.11 Transfection and infection  

293T cells, used as packaging cells, were grown in complete DMEM medium 

containing 10% FBS and 1% penicillin-streptomycin. Cells were transfected in 10 cm 

dishes using Fugene reagent (Roche Diagnostics, Indianapolis, IN) according to the 

manufacturer’s instructions. Briefly, 500 μl serum-free media was incubated for 15 min at 

RT with 15 μl of Fugene reagent, 5 μg of helper vector and 5 μg of empty vector (MSCV-

IRES-GFP) or MSCV- based vectors encoding wild type Tyk2 (Tyk2WT), kinase dead 

Tyk2 (Tyk2KD), constitutively active Stat3 (Stat3CA). The transfection mix was added 

to 50-60% confluent 293T cells. The virus-containing medium was collected 48 h after 

transfection, centrifuged for 10 min at 500 x g and filtered through 0.45 μm filter. 

Filtered medium was incubated with 8 μg/ml polybrene (Chemicon Int., Temecula,CA) 

for 10 min at RT and then added to the preadipocytes to be infected. Cells were incubated 
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with the virus for 24 h, after which the medium was replaced. 7 days following infection, 

entire GFP-positive cell population was sorted by FACS to 100% purity and culture 

further for the experiments. Retrovirus containing SV40 Large T antigen was created 

according to the described protocol.   

Adenoviral vector for PRDM16 expression (pAdTrack-CMV-PRDM16-GFP) was 

a kind gift of Dr. Patrick Seale from the Department of Cell and Developmental Biology, 

University of Pennsylvania, School of Medicine, Philadelphia, USA. Adenoviruses were 

produced by Virus Vector Shared Resource Facility at VCU Massey Cancer Center, 

Richmond, VA. Brown preadipocytes were grown to 100% confluence and than 

incubated with PRDM16-GFP-expressing adenovirus or GFP-expressing control 

adenovirus (moi = 500) for 6 h in DMEM with 10% FBS. The medium was then replaced 

and the cells were induced to differentiate. GFP expressed from the adenoviral vectors 

was used to monitor infection efficiency, which was typically over 70%. 

Lentiviral vector expressing shRNA targeting Stat3 or non- target control shRNA 

(pFLRu-shtat3-YFP) and helper vectors (CMV-VSV-G encoding viral envelope proteins 

and packaging pHR’8.2 deltaR plasmid) were a kind gift of Dr Barry Sleckman from the 

Department of Pathology and Immunology, Washington University, School of Medicine, 

ST. Louis, USA. Lentiviruses were prepared in accordance with the protocol for MSCV-

based retroviruses described above. 

2.12 Oil Red O staining  

Oil Red O staining protocol was used to test for lipid accumulation in fully 

differentiated cells. Briefly, all plates with cells were rinsed once with PBS and then 

fixed with buffered formalin for 1 h at RT. Fresh Oil Red O working solution was 

prepared by adding 6 ml of the stock solution (0.5 g Oil Red O in 100 ml of 2-propanol) 

to 4 ml of dH2O, mixed and filtered through Whatman filter paper. Following fixation the 

cells were incubated for 1h at RT with Oil Red O stain. Then plates were carefully rinsed 

several times with dH2O and air- dried to collect images.    
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2.13 Isolation of total RNA and cDNA synthesis  

To prepare RNA, cells were washed with PBS and lysed directly in a 6-well plate 

with 1 ml of TRI Reagent (Molecular Research, Cincinnati, OH). Lysates were 

transferred to 1.5 ml tubes, 200 μl of chloroform was added and tubes were vortexed 

thoroughly and centrifuged at 12,000 x g for 15 min at 4 °C. The upper aqueous phase 

was transferred to a fresh tubes and RNA was precipitated for 15 min at RT with 500 μl 

of 100% 2-propanol. The samples were centrifuged at 12,000 x g for 25 min at 4 °C. The 

pellets were washed once with ice-cold 75% ethanol, air-dried and resuspended with 

DEPC-treated water. Isolated RNA samples were treated with DNase (Promega, 

Madison, WI) for 30 min at 37 °C, followed by adding a STOP solution and 10 min 

incubation at 65 °C. The concentration and purity of RNA samples was determined 

spectrophotometricaly by measuring absorbance at 260 nm and the 260 nm/280 nm 

absorbance ratio. RNA from tissue snips was prepared using the above protocol. Excised 

tissues were minced and immersed in 1 ml of TRI Reagent followed by incubation with 

shaking for 1 h at 4 °C. Further isolation was proceeded as described.  

2 μg of total RNA from respective samples was reverse transcribed using the 

Tetro cDNA Synthesis Kit (Bioline, Taunton, MA). In brief, RNA sample was mixed 

with 1 μl of random hexamers, 1 μl of 10 mM dNTP’s and DEPC-treated water in the 

final volume of 10 μl and then incubated for 1 min at 95 °C. The reaction mixture was 

chilled down on ice and combined with 10 μl of cDNA synthesis mix containing: 4 μl of 

5x RT buffer, 1 μl of RNase inhibitor, 50 units of reverse transcriptase and DEPC-treated 

water. Samples were incubated for 50 min at 42 °C (cDNA synthesis step) followed by 

15 min at 70 °C (termination step). RNA in newly synthesized cDNA samples was 

eliminated by the incubation of the reaction mixture with 1 μl of RNase H (Invitrogen, 

Carlsbad, CA) for 30 min at 37 °C.  

2.14 Quantitative PCR 

The mRNA levels of gene of interest were analyzed by real-time PCR using 

SensiMix SYBR and Fluorescein Kit (Bioline, Taunton, MA) according to 

manufacturer’s instruction. The reaction mixtures were prepared as follows: for 
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measuring 18S rRNA (internal control)- 12.5 μl of SYBR and Fluorescein mix, 1 μl of 5 

μM forward primer, 1 μl of 5 μM reverse primer, 1 μl of cDNA (final concentration 5 

ng/μl), 9.5 μl of H2O (total volume 25 μl); for measuring of mRNA level of any other 

gene- 12.5 μl of SYBR and Fluorescein mix, 2.5 μl of 5 μM forward primer, 2.5 μl of 5 

μM reverse primer, 5 μl of cDNA (final concentration 5 ng/μl), 2.5 μl of H2O (total 

volume 25 μl). All the samples were assayed in duplicates and analyzed using CFX96 

Real- Time PCR Detection System (Bio-Rad, Hercules, CA) using the following 

amplification conditions: 1 cycle of 95 °C for 10 min, 40 cycles of 95 °C for 15 sec and 

60 °C for 1 min. The results were analyzed according to ΔCt method using a reference 

gene (variation of Livak method). Briefly, to calculate relative expression, the gene of 

interest (target) expression was first normalized to a reference gene (18S rRNA): 

expression = 2[Ct(18S rRNA)-Ct(target)]. This applied to each sample of all experimental groups 

of cells or mice. The results obtained for wild-type cells or mice (calibrators) were set as 

1 (ratio = 2[Ct(18S rRNA)-Ct(target)] of calibrator/mean of calibrators’ 2[Ct(18S rRNA)-Ct(target)]’s). 

The differences in expression of target genes in cells or mice were calculated as ratios of 

particular sample’s 2[Ct(18S rRNA)-Ct(target)] to the mean of calibrators’ 2[Ct(18S rRNA)-Ct(target)]’s.   

Gene 
 

Primer sequence 
 

PRDM16 
(F) 5’- CAGCACGGTGAAGCCATTC -3’ 
(R) 5’- GCGTGCATCCGCTTGTG -3’ 
 

UCP1 
(F) 5’- CTGGGCTTAACGGGTCCTC -3’ 
(R) 5’- CTGGGCTAGGTAGTGCCAGTG -3’ 
 

Cidea 
(F) 5’- TGCTCTTCTGTATCGCCCAGT -3’ 
(R) 5’- GCCGTGTTAAGGAATCTGCTG -3’ 
 

Elovl3 
(F) 5’- TCCGCGTTCTCATGTAGGTCT -3’ 
(R) 5’- GGACCTGATGCAACCCTATGA -3’ 
 

Cox8b 
(F) 5’- GAACCATGAAGCCAACGACT -3’ 
(R) 5’- GCGAAGTTCACAGTGGTTCC -3’ 
 

CS 
(F) 5’- TTTGGCTGCTGGTAACTGG -3’ 
(R) 5’- ATGGTGACCACATGAGAAGGCAG -3’ 
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PGC1α 
(F) 5’- CCCTGCCATTGTTAAGACC -3’ 
(R) 5’- TGCTGCTGTTCCTGTTTTC -3’ 
 

PPARα 
(F) 5’- GCGTACGGCAATGGCTTTAT -3’ 
(R) 5’- GAACGGCTTCCTCAGGTTCTT -3’ 
 

PPARγ 
(F) 5’- GTGCCAGTTTCGATCCGTAGA -3’ 
(R) 5’- GGCCAGCATCGTGTAGATGA -3’ 
 

C/EBPα 
(F) 5’- GATAAAGCCAAACAACGCAAC -3’ 
(R) 5’- CTAGAGATCCAGCGACCCGA -3’ 
 

C/EBPβ 
(F) 5’- AAGAGCCGCGACAAGGC -3’ 
(R) 5’- GTCAGCTCCAGCACCTTGTG -3’ 
 

aP2 
(F) 5’- ACACCGAGATTTCCTTCAAACTG -3’ 
(R) 5’- ACACCGAGATTTCCTTCAAACTG -3’ 
 

MCK 
(F) 5’- GCAAGCACCCCAAGTTTGA -3’ 
(R) 5’- ACCTGTGCCGCGCTTCT -3’ 
 

Myg 
(F) 5’- AGCGCAGGCTCAAGAAAGTGAATG -3’
(R) 5’CTGTAGGCGCTCAATGTACTGGAT -3’ 
 

MyoD 
(F) 5’- CGCCACTCCGGGACATAG -3’ 
(R) 5’- GAAGTCGTCTGCTGTCTCAAAGG -3’ 
 

18S rRNA 
(F) 5’- CCATCCAATCGGTAGTAGCG -3’ 
(R) 5’- GTAACCCGTTGAACCCCATT -3’ 
 

 

Table 2.2 Real- time quantitative PCR primer sequences.  

2.15 Preparation of whole cell extracts 

Cells were harvested by centrifugation at 500 x g for 5 min at 4 °C, rinsed once 

with ice- cold PBS. Cell pellets were lysed in cold whole extraction buffer (20 mM 

HEPES, 300 mM NaCl, 10 mM KCl, 1 mM MgCl2, 20% glycerol, 1% Triton X-100) 

with added protease and phosphatase inhibitor cocktails (Roche, Indianapolis, IN) for 30 

min at 4 °C. Cell debris was removed from the lysates by centrifugation at 20,000 x g for 
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20 min at 4 °C. The protein concentration in the supernatants was determined using Bio-

Rad protein assay (Bio-Rad, Hercules, CA).  

2.16 Western blot analysis 

Equal amounts of protein were mixed 1:1 with 2X Laemmli Sample Buffer (Bio-

Rad, Hercules, CA) containing 1 mM β-mercaptoethanol and incubated at 95 °C for 5 

min. Protein were separated using SDS-PAGE electrophoresis with appropriated 

acrylamide percentage of resolving gel (depending on the molecular size of the protein of 

intrest) in 1X Laemmli Running Buffer. After separation, gels were transferred to 

Immobilon-P PVDF (polyvinyldifluoridine) membrane (Milipore) using a Bio-Rad semi-

dry transfer apparatus. The blots were then incubated for 1 h at RT with 5% non fat dry 

milk (Bio-Rad) in TBS-Tween20 buffer (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% 

Tween20) and then incubated overnight at 4 oC with the indicated primary antibodies 

prepared in 5% BSA in TBS-Tween buffer. Following primary antibodies incubation, the 

blots were washed 3 times each for 15 min with TBS-Tween buffer and then incubated 

for 1h with a 1:10,000 dilution of anti-mouse or anti-rabbit IgG F(ab)2 fragments 

conjugated with HRP (horse radish peroxidase) in 5% non fat dry milk in TBS-Tween 

buffer. Blots were then washed 3 times 15 min with TBS-Tween and developed using 

Amersham ECL Plus Western Blotting Detection Reagents (GE Healthcare Life 

Sciences, Piscataway, NJ). 

2.17 Bisulfite sequencing 

 1.5 ug of genomic DNA was converted using EZ DNA methylation kit (Zymo 

Research, Orange, CA) according to the supplier’s instructions. The treated DNA was 

amplified by PCR using the bisulfite- specific primers listed in the Table 2.3. The 

amplification conditions for the 830 bp (Cidea promoter) and 730 bp (UCP1 promoter) 

DNA fragments were as follow: stage 1: 95 oC/ 3 min/ 1 cycle; stage 2: 95 oC/ 1 min/ 55 

oC/ 1 min/ 73 oC/ 1 min/ 40 cycles; stage 3: 73 oC/ 5 min/ 1 cycle. PCR products were 

cloned into pCR2.1- TOPO vector (Invitrogen, Carlsbad, CA), and 8-15 clones were 

picked out and sequenced for each sample.  
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Promoter 
 

Primer sequence 

Cidea 
(F) 5’- GTTTAGTTATTAATGGGTGGTACTATT -3' 
(R) 5’- AAAACACTCCACTAAACACCTATAAC -3' 
 

UCP1 
(F) 5’- GAAAGGGATATTTAGAATTGAAAGGAG -3’
(R) 5’- CTACCAACAAACTAAAACTCCGAC -3’ 
 

 

 Table. 2.3 Bisulfite- specific primers sequences.  

  2.18 Statistical analysis  

Results are presented as the mean ± SE. Statistical comparison was performed 

using two-tailed Student’s t-test. While interpreting the data results, a p value less than 

0.05 was considered as statistically significant and annotated by *.   
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CHAPTER III 

RESULTS 

 

3.1 Tyk2 deficient mice develop spontaneous obesity and metabolic syndrome 

Results obtained previously in our laboratory showed that Tyk2- knockout mice 

on the SV129 background become spontaneously obese and develop many symptoms of 

the metabolic syndrome (94). Mice lacking Tyk2 presented also impaired glucose 

tolerance and insulin resistance, which are the major factors in the pathogenesis of type 2 

diabetes. Also, the changes in the expression of many genes involved in the regulation of 

glucose and fat metabolism, increased leptin level along with altered expression of the 

neuropeptides in hypothalamus, contribute to the development of the metabolic syndrome 

(155). Due to the genetic differences in the susceptibility for obesity between mouse 

strains, we examined the obese phenotype in Tyk2 deficient animals using two, 

phenotypically opposite, congenic strains of mice. Mice on a C57Bl/6 background are 

described in the literature as an obesity- prone strain, whereas BALB/c are resistant to 

diet- induced obesity (72, 82, 249). At the age of 4 months, Tyk2 -/- on C57Bl/6 

background were significantly heavier than wild type animals, when fed a regular chow 

diet, as well as on a high fat, high sucrose diet (Fig 3.1A).Tyk2- null mice bred into 

BALB/c strain showed increased body weigh only, when challenged with the high fat diet 

(Fig 3.1B). However, both strains of Tyk2 -/- mice displayed abnormal glucose tolerance, 

when fed the regular chow diet. As depicted in Fig 3.2, glucose levels were higher in the 

blood of Tyk2- knockout mice in comparison to the control mice. Although C57Bl/6 

Tyk2 -/- mice had slightly increased food intake on the chow diet, none of the knockout 

strains appeared to be hyperphagic. Moreover, Tyk2- null mice consumed the same 

amount of food as wild type mice on the high fat diet, where obese phenotype was 

accelerated. These results suggest that Tyk2 -/- animals have reduced energy expenditure.      
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Figure 3.1. Tyk2 deficient mice develop spontaneous obesity. Tyk2 -/- and wild type 

male mice were fed a regular chow diet or high fat diet for 12 weeks. (A) body weight of 

4- month old mice on a C57Bl/6 background. (B) body weight of 4- month old BALB/c 

mouse strain. Data are presented as the mean ± SE for n = 5 - 8 mice per group, *p < 

0.05.     
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Figure 3.2. Tyk2 -/- mice display abnormal glucose tolerance. Fasting blood glucose 

levels during glucose tolerance test (GTT) performed on 4- month old C57Bl/6 and 

BALB/c male mice fed a normal chow diet. Mice were fasted for 16 h. Data are presented 

as the mean ± SE for n = 5 - 8 mice per group, *p < 0.05. 
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Figure 3.3. Tyk2 deficient mice do not show hyperphagia. Amount of food recorded 

weekly during 12 weeks of diet study. (A) food intake of 4- month old males, C57Bl/6 

strain. (B) food intake of 4- month old males, BALB/c strain. Values are the mean ± SE 

for n = 5 - 8 mice per group, *p < 0.05.    
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3.2 Defective brown adipose tissue (BAT) differentiation in Tyk2 -/- mice  

Lack of  the larger changes in the food intake with increasing with age body 

weight, suggest that there is decreased energy expenditure in Tyk2 knockout mice. 

Therefore, we decided to verify gene expression pattern in BAT, which is one of the 

major tissues responsible for energy expenditure. Total RNA was isolated from 

intrascapular BAT depots of wild type and Tyk2 -/- mice and gene expression was 

analyzed by real-time qPCR (Fig 3.4A and B). Our results showed that brown fat–

specific RNA levels (UCP1, PRDM16 and Cidea) are down regulated in both strains of 

Tyk2 deficient animals. Moreover, the expression of PPARα, the nuclear receptor 

responsible for transcription of β-oxidation enzymes, was also decreased. We did not 

observe any significant changes in RNA encoding common adipogenic factors (PPARγ, 

PGC1α). These data suggest incorrect differentiation of brown adipose tissue and  

reduced thermogenesis in Tyk2 -/- mice, which may contribute to development of the 

obese phenotype. 
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Figure 3.4. Decreased gene expression in BAT from Tyk2 knockout mice. Total RNA 

was isolated from intrascapular BAT of 3- month old 16 h fasted (A) C57Bl/6, (B) 

BALB/c Tyk2 WT and Tyk2 -/- male mice. The expression level of brown fat- specific 

(UCP1, PRDM16, Cidea) and common adipogenic (PPARα, PPARγ, PGC1α) mRNAs 

were measured by real-time qPCR. The values represent mean fold decrease ± SE for n = 

5 - 8 mice per group, *p < 0.05.    
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 3.3 Altered BAT morphology in Tyk2- null mice 

Histology performed on the brown adipose tissue revealed big differences in lipid 

accumulation in Tyk2 -/- mice. Large cells with unilocular fat droplets were observed in 

Tyk2- null BAT. These cells resemble white adipocytes, instead of the typical small 

brown fat cells with multiloculat lipid droplets, which are present in wild type mice (Fig 

3.5). Altered BAT morphology in Tyk2 deficient mice is likely a consequence of down 

regulated gene expression observed in Fig 3.4. Due to reduced RNA levels of PPARα, as 

well as AOX and LCAD (94), Tyk2 -/- mice exhibit insufficient oxidation of fatty acid- a 

main energy source for adaptive thermogenesis in BAT. The problems with burning the 

fatty acids were confirmed by the metabolic cages analysis, which showed that 

respiratory exchange rate (RER) was significantly higher in Tyk2- null mice (0.7) than in 

wild type mice (0.58). 

  

    

 

Figure 3.5 Histological analysis of interscapular brown adipose tissue of 3- month 

old Tyk2 WT and Tyk2 -/- mice. Representative hematoxylin-eosin staining. C57Bl/6 

male mice, n = 4 mice per group.   
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3.4 Tyk2 knockout mice have defective response for acute cold exposure 

The primary role of brown adipose tissue is dissipating energy directly as heat, in 

process described as non-shivering or diet-induced thermogenesis (68). Heat is produced 

by uncoupling fatty acid oxidation from ATP production by the protein UCP1 regulated 

by PGC1α. Changes in BAT morphology suggest defective function of this tissue in Tyk2 

-/- mice. Since the basal expression level of UCP1 in Tyk2-null BAT is severely 

decreased, we examined the response of animals to the cold exposure. Wild type and 

Tyk2 -/- mice were kept at 4° C for 6h. Total RNA was isolated from brown fat and 

muscle tissue and analyzed for the expression of PGC1α, involved in thermogenic 

response. PGC1α is upstream regulator of UCP1 expression in BAT (30). Furthermore, it 

increases oxidative capacity of muscle tissue during shivering, and possible non-shivering 

thermogenesis, taking place in skeletal muscles in response to temperature insult (195). 

Real-time qPCR analysis showed a 20 fold, and a 14 fold increase in PGC1α expression 

in BAT and skeletal muscles of wild type mice maintained at 4° C. The same 

experimental conditions resulted in a less robust response in Tyk2 deficient animals (11 

fold increase of PGC1α RNA in BAT, and 3 fold in skeletal muscles) (Fig 3.6). The 

results obtained from Tyk2 -/- samples did not reach statistical significance. Our data 

indicate depressed function of brown adipose tissue, as well as general disturbance of 

thermogenic response to acute cold exposure in Tyk2 knockout mice. Additionally, 

metabolic cages studies performed at room temperature revealed that Tyk2 deficient mice 

followed the trend to produce less heat then wild type animals, which confirm that these 

mice display defective thermogenesis.           
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Figure 3.6 Tyk2 -/- mice exhibit reduced PGC1α expression in response to acute cold 

exposure. Wild type and Tyk2 -/- males on the C57Bl/6 background were maintained at 

4° C for 6h. Total RNA from (A) BAT and (B) skeletal muscles was isolated and 

analyzed for the expression level of PGC1α using real-time qPCR. The values represent 

mean fold increase ± SE for n = 5 mice per group, *p < 0.05. 
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3.5 Impaired mitochondrial morphology in thermogenic tissues of Tyk2 deficient 

mice 

Recent research findings have supported previously suggested theory, that 

mitochondrial dysfunction is closely associated with insulin resistance and might 

contribute to the progression of diabetes. Results from different laboratories showed that 

insufficient energy supply can cause insulin insensitivity in myocytes and adipocytes 

(122, 139). Because of diminished activation of the key player in mitochondrial 

biogenesis- PGC1α, and impaired thermogenesis, in which mitochondria play a major 

role, we decided to investigate possible alterations in the mitochondrion. Using electron 

microscopy, we examined mitochondrial morphology in different tissues of Tyk2-null 

mice and compare them to wild type mice. EM micrograph revealed abnormal cristae 

formation in mitochondria from brown adipose and skeletal muscle tissue of Tyk2 -/- 

mice (Fig 3.7A and B respectively). Surprisingly, we did not observe any changes in 

other tissues like highly oxidative heart (Fig 3.7C) or liver (data not shown). 

Mitochondrial function and ultrastructure depend on the proper fusion of the outer and 

inner membranes. The fusion processes are governed by three large GTPases: mitofusin 1 

(Mfn1), mitofusin 2 (Mfn2) and optic atrophy protein 1 (OPA1). Mfn1 and Mfn2 are 

involved in early steps of outer membrane fusion, whereas OPA1 is associated with inner 

membrane fusion and cristae remodeling (37, 38). Disorganization of mitochondrial 

cristae observed in BAT and skeletal muscles from Tyk2 deficient mice can be a result of 

decreased OPA1 expression in these tissues (Fig 3.8). Reduced mRNA levels of OPA1 

were not observed in the control tissues, such as WAT or liver. In contrast to OPA1, the 

expression levels of Mfn1 and Mfn2 were not significantly changed in any of assayed 

tissues (Fig 3.8). Since BAT and skeletal muscles originate from the same Myf5 positive 

progenitor cells (215), these results suggest that Tyk2 kinase may play important role at 

an early stage of development of these progenitors.           
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Figure 3.7 Changes in mitochondrial morphology in BAT and skeletal muscles of 

Tyk2 -/- mice. Representative EM micrograph from (A) brown adipose tissue, (B) 

skeletal muscles, (C) heart of wild type and Tyk2 -/- males on the C57Bl/6 background,  

n = 6 mice per group.    
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Figure 3.8 Tyk2 knockout mice show reduced expression of OPA1 in BAT and 

skeletal muscles. Total RNA was isolated from BAT, WAT, skeletal muscles and liver 

of 3- month old Tyk2 WT and Tyk2 -/- males on the C57Bl/6 background. The 

expression level of OPA1, Mfn1 and Mfn2 were measured by real-time qPCR. The 

values represent mean fold decrease ± SE for n = 6 - 8 mice per group, *p < 0.05.    
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3.6 Tyk2- null mice display decreased PGC1α expression in skeletal muscle  

It is well described that insulin resistance in skeletal muscles plays an important 

role in pathogenesis of type 2 diabetes (267). Recently, there also is abundant evidence 

that insulin insensitivity may emerge as a result of reduced mitochondrial oxidative 

capacity, which relies on the ability of skeletal muscles to effectively switch from glucose 

to fatty acid oxidation (59). The transcriptional coactivator PGC1α is a key integrator of 

skeletal muscle fiber- type switching (194). It increases the number of type I oxidative, 

high endurance fibers, which contain great number of mitochondria. Microarray 

expression analysis performed on skeletal muscle samples from patients with insulin 

resistance, and type 2 diabetes showed decreased RNA levels of PGC1α, as well as genes 

encoding proteins of mitochondrial electron transport chain (180). Our data indicate that 

the expression and protein level of PGC1α in the skeletal muscles of Tyk2 -/- mice are 

down regulated (Fig 3.9A and B). We also assayed RNA levels for two mitochondrial 

proteins, citrate synthase (CS) and cytochrome c oxidase subunit VIIIb (Cox8b), which 

were decreased in Tyk2 -/- muscle tissue (Fig 3.9C). Obtained data indicate that there is 

impaired skeletal muscle fiber-type switching in Tyk2 -/- mice, which can contribute to 

the progression of diabetic phenotype as the Tyk2 knockout animals age. It has been also 

reported that Tyk2 -/- mice are relatively exercise intolerant (191), which may be a 

possible consequence of decreased number of oxidative fibers.  
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Figure 3.9 The expression of PGC1α, as well as CS and Cox8b are decreased in 

skeletal muscles of Tyk2 -/- mice. (A) total RNA was extracted from skeletal muscles 

and analyzed for PGC1α expression by real-time qPCR. (B) extracts were isolated from 

muscle samples and analyzed for PGC1α protein level by western blot. (C) RNA samples 

from skeletal muscles were subjected to real-time qPCR with primers for CS and Cox8b. 

The values represent mean fold increase ± SE for n = 5-9 mice per group (males on the 

C57Bl/6 background), *p < 0.05. 
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3.7 In vitro differentiation of immortalized Tyk2 -/- brown adipocytes is defective 

 The great advantage of an in vitro system in studying signaling pathways led us to 

create a stable brown adipocyte cell lines. Preadipocytes obtained after digestion of 

brown adipose tissue from neonatal wild type and Tyk2 knockout mice can be 

immortalized and differentiated into functional BAT cells (70, 113, 217). To examine the 

role of Tyk2 in BAT development, we generated also Tyk2 -/- preadipocytes expressing 

either wild type (Tyk2WT) or a kinase dead (Tyk2KD) version of the kinase, as well as 

constitutively active Stat3 (Stat3CA) and an empty control vector (MSCV). Since Tyk2 

and Stat3 have been cloned into MSCV vector, cells infected with empty MSCV vector 

serve as the control for experiments and behave exactly like Tyk2 -/- cells (Fig 3.10A). It 

has been reported, that stimulation of murine Tyk2- null cells with interferon α/β results 

in absent tyrosine 705 phosphorylation of Stat3 but preserved phosphorylation of tyrosine 

701 in Stat1 (191). In order to determine whether all created cell lines were functional, 

we analyzed their response to interferon beta (IFN β). According to the published data, 

we did not observe Stat3 phosphorylation in Tyk2 -/- preadipocytes, as well as cells 

reconstituted with inactive form of the kinase (Tyk2KD) or empty MSCV vector, after 

IFN β treatment. However, activation of Stat3 in Tyk2 -/- cells was rescued by Tyk2WT 

and Stat3CA, as expected. Interferon beta- induced Stat1 phosphorylation was 

comparable in all cell lines using the same experimental conditions (Fig 3.10B). As a 

next step, all preadipocyte cell lines were subjected to the in vitro differentiation protocol. 

In comparison to almost 100% efficient differentiation in wild type cells, only 5-10% of 

Tyk2 -/- cells became Oil Red O- positive (Fig 3.11). Interestingly, full differentiation 

was restored in Ty2 deficient adipocytes expressing Tyk2KD and Stat3CA. Regardless of 

proper response to IFN β in Tyk2 -/- + Tyk2WT cells, we noticed only partial 

differentiation of this cell line. To further analyze our in vitro model, we examined gene 

expression in all differentiated cell lines. Tyk2 -/- adipocytes exhibit severely reduced 

brown fat- specific RNAs (UCP1, PRDM16, Cidea, Elovl3), down regulated levels of 

key transcription factors and coactivators (PPARs, C/EBPs, PGC1α), as well as 

mitochondrial RNAs (Cox8b, CS) (Table 3.1). These results explain lack of 

differentiation in Tyk2- null adipocytes. Additionally, they confirm the data obtained 

from BAT of wild type and Tyk2 knockout mice. Gene expression was recovered by 
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reconstitution of Tyk2 -/- cells with Tyk2KD and Stat3CA. Protein levels of selected 

RNAs were also confirmed by Western blot analysis (Fig 3.12). 

 

 

Figure 3.10 Generation of immortalized brown adipocyte cell lines. (A) cell extracts 

were prepared from immortalized wild type and Tyk2 -/- adipocytes reconstituted with 

Tyk2WT, Tyk2KD, Stat3CA, MSCV and analyzed for proteins level of Tyk2 and Stat3. 

Tubulin was used as a loading control. (B) Created cell lines were incubated with or 
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without IFN β (1000U/ml) for 30 min prior to preparing cell extracts and analyzed for 

tyrosine phosphorylation of Stat3 and Stat1. One representative blot out of three 

independent experiments is shown.  

       

Figure 3.11 Oil Red O staining of immortalized adipocytes. Generated cell lines were 

subjected to in vitro differentiation, fixed with buffered formalin and stained with 

working solution of Oil Red O.  
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Table 3.1 Reduced gene expression in Tyk2 deficient adipocytes is restored by 

reconstitution with Tyk2KD and Stat3CA. Total RNA was isolated form in vitro 

differentiated adipocytes and analyzed for selected RNA levels using real- time qPCR. 

The values represent mean fold decrease ± SE for n = 5 independent experiments,           

*p < 0.05.  

 

Figure 3.12 UCP1 and PPARγ expression in Tyk2 -/- adipocytes is rescued by 

expression of Tyk2KD and Stat3CA. Protein extracts from differentiated adipocytes 

were immunoblotted against UCP1 and PPARγ. Tubulin was used as a loading control. 

One representative blot out of three independent experiments is shown.   

  81



3.8 Response to cAMP treatment is diminished in Tyk2 -/- adipocytes 

 It is quite well established that norepinephrine released during thermogenesis 

activates adenylyl cyclase resulting in increased cAMP level in brown fat cells. 

Stimulation with dibutyryl- cAMP, which can cross the cell membrane, is used as an in 

vitro model of thermogenic response. This method serves as a functional test for brown 

adipocytes in cell culture. We therefore examined whether our immortalized brown 

adipocytes are capable of increasing the UCP1 expression upon cAMP stimulation. Our 

data revealed abolished thermogenic response in Tyk2 -/- adipocytes, when compared to 

wild type cells. UCP1 expression, after cAMP treatment, is restored by reconstitution 

with Tyk2KD and Stat3CA (Fig 3.13). This experiment indicates that our differentiated 

cell lines behave like fully functional brown fat cells. 

 

 

Figure 3.13 Defective response to cAMP in Tyk2-null adipocytes is recovered by 

Tyk2KD and Stat3 expression. Differentiated adipocytes were stimulated with cAMP 

(0.5 mM) for 4 h. Total RNA was isolated and analyzed for UCP1 expression by real- 

time qPCR. The values represent mean fold increase ± SE for n = 3 independent 

experiments, *p < 0.05. 
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3.9 Tyk2- null adipocytes exhibit increased expression of muscle- specific RNAs 

 PRDM16 is required for the control of brown fat / skeletal muscle switch (215). 

Since the PRDM16 expression is down regulated in both: BAT from Tyk2 knockout mice 

and in vitro differentiated adipocytes, we proceeded with measurement of muscle- related 

genes in our stable cell lines. The results showed increased expression of common 

muscle- specific genes like muscle creatine kinase (MCK), or transcription factors MyoD 

and myogenin (Myg), in Tyk2- null compared to wild type adipocytes (Fig 3.14). 

Surprisingly, expression of the wild type version of Tyk2 kinase in Tyk2 -/- 

preadipocytes was much more effective in reducing the expression of muscle- selective 

markers than TykKD or Stat3CA (Table 3.2).  
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Figure 3.14 Tyk2 -/- adipocytes display increased muscle- specific genes expression. 

Total RNA was isolated from differentiated wild type and knockout cells. Levels of 

MCK, MyoD and Myg RNAs were measured by real- time qPCR. The values represent 

mean fold increase ± SE for n = 3 independent experiments, *p < 0.05. 

 

 

Table 3.2 Tyk2 WT overexpressed in Tyk2- null adipocytes reduces muscle gene 

expression. Total RNA was isolated form in vitro differentiated adipocytes and analyzed 

for selected RNA levels using real- time qPCR. The values represent mean fold decrease 

± SE for n = 5 independent experiments, *p < 0.05.  
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3.10 Reconstitution with PRDM16 does not restore differentiation in Tyk2 -/- 

adipocytes  

 Because PRDM16 is a master regulator of BAT development, we tested if its 

overexpression reverses lack of differentiation in Tyk2 -/- adipocytes. In order to do that 

cells were infected with a control adenovirus, as well as the vector containing PRDM16. 

The expression level of PRDM16 in the infected cells was confirmed by western blot and 

qPCR method respectively (Fig 3.15A and Fig 3.16). The principal role of PRDM16 is to 

commit Myf5- positive progenitors towards brown adipocytes, by suppressing muscle- 

specific genes (215, 217). Therefore, we examined if adenoviral PRDM16 overexpression 

decreases muscle- related RNAs in Tyk2 -/- adipocytes. Elevated MCK, MyoD and Myg 

expression in Tyk2 -/- cells was diminished almost to the level present in the wild type 

cells (Fig 3.15B). These experiments showed that PRDM16 is fully functional in the 

infected cells. However, PRDM16 expression did not restore differentiation in Tyk2- null 

adipocytes. According to real- time qPCR analysis, none of brown fat- specific or 

adipogenic genes in Tyk2 -/- cells were up regulated by PRDM16 (Fig 3.16).  
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Figure 3.15 Elevated muscle- specific gene expression in Tyk2 -/- adipocytes are 

decreased by PRDM16 overexpression. Tyk2- null cells were infected with control 

adenovirus (CTR), as well as adenovirus containing PRDM16. Wild type cells infected 

with the same vector served as a control of the differentiation in the presence of 

adenovirus. (A) whole cell extracts were analyzed for PRDM16 protein level by western 

blot. Tubulin was used as a loading control. (B) total RNA was assayed for muscle gene 

expression by real- time qPCR and normalized to 18S rRNA expression. The values 

represent mean fold increase for n = 2 independent experiments        
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Figure 3.16 PRDM16 overexpression does not restore differentiation in Tyk2 -/- 

adipocytes. Tyk2- knockout cells were infected with control adenovirus (CTR), as well 

as adenovirus containing PRDM16. Wild type cells infected with the same vector served 

as a control of the differentiation in the presence of adenovirus. Total RNA was then 

isolated from differentiated adipocytes. Levels of brown fat- specific (UCP1, Cidea, 

Elovl3, PRDM16) and adipogenic (PPARγ, PGC1α) RNAs were measured by real- time 

qPCR. The values represent mean fold change ± SE for n = 2 independent experiments.  
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3.11 Stat3 deficient adipocytes exhibit loss of brown fat phenotype in cell culture  

It has been reported that mice with Stat3 knocked down in fat tissue become 

obese (34). Cre-loxP DNA recombination system was used to create mice with disrupted 

Stat3 expression in adipose tissue (ASKO mice). Published data revealed higher body 

weights in male mice, which is a result of increased adiposity, fatty liver, reduced serum 

adiponectin levels and loss of leptin- induced lipolysis. However, Stat3 knockout mice do 

not show impaired glucose tolerance or any other characteristics of metabolic syndrome. 

Despite greatly reduced protein levels of Stat3 in white and brown adipose tissue in 

ASKO mice, previous investigations focused mainly on changes in WAT and liver (34). 

Our in vitro cell culture model suggests an important role of Stat3 in differentiation of 

brown adipocytes. Therefore, we examined if lack of Stat3 would change the phenotype 

of brown adipocytes by creating stable cell lines using shRNA approach. Wild type 

adipocytes were infected with GFP- expressing lentivirus containing scramble shRNA 

(SCR), or shRNA targeting Stat3. Total RNA as well as whole cell extracts were 

prepared from cells subjected to the differentiation. Western blot analysis of protein 

lysates showed that we were able to silence 100% of Stat3 protein (Fig 3.17A). Real- 

time qPCR analysis revealed decrease in brown fat- specific gene expression (UCP1, 

Cidea, Elovl3), but no alterations in RNA levels of adipogenic markers (PPARs, PGC1α, 

C/EBPβ, aP2) (Fig 3.17B). Gene expression data confirmed lack of changes in 

morphology between SCR and Stat3 shRNA expressing cells. Both cell lines, subjected 

to differentiation, become adipocytes but Stat3 knockout cells do not acquire a brown fat 

phenotype. Based on our results from Tyk2 deficient mice, we can speculate that altered 

BAT might contribute to the obese phenotype described in ASKO mice. Furthermore, the 

same phenomenon observed in Stat3 knockout adipocytes is also reported in PRDM16 

deficient cells (215), which suggests that these two proteins may be involved in the same 

signaling cascade regulating BAT development.  
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Figure 3.17 Stat3 deficient adipocytes do not acquire brown fat phenotype during 

differentiation. Wild type cells were infected with lentivirus carrying scramble shRNA 

(SCR sh) or shRNA against Stat3, and differentiated as described in Materials and 

Methods. (A) whole cell extracts were analyzed for Stat3 protein by western blot. Tubulin 

was used as a loading control. (B) RNA was isolated and analyzed for BAT and 

adipogenic markers by real- time qPCR. The values represent mean fold change ± SE for 

n = 3 independent experiments, *p < 0.05. 
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3.12 Tyk2 -/- brown adipocytes display hypermethylation of the C/EBPβ binding 

sequence in the promoters of BAT- selective genes 

 Among the different mechanisms that could lead to the defective development of 

BAT in Tyk2 -/- mice, epigenetic regulation of the gene expression is potentially one of 

the major contributors. The possible epigenetic changes include DNA methylation, 

covalent modification to histones and chromatin rearrangements. It has been previously 

reported that lack of the UCP1 expression in WAT is a result of hypermethylation of 

UCP1 promoter and enhancer. Moreover, treatment with the DNA methylation inhibitor 

5-aza-2’-deoxycytidine causes over 10 fold increase in UCP1 expression (123). On the 

other hand, abundant UCP1 expression in BAT is associated with reduced methylation of 

UCP1 enhancer (226). Due to silenced expression of BAT- specific markers in Tyk2 

deficient mice and cells, we decided to examine the methylation status of the promoters 

in BAT genes. Bisulphite sequencing revealed increased methylation of the Cidea and 

UCP1 promoters in Tyk2 -/- preadipocytes (Fig 3.18A and B respectively). The most 

striking differences in both promoters were observed in the sequence corresponding to 

the C/EBPβ binding sites (marked by a red frame in Fig 3.18). As mentioned before, 

C/EBPβ in complex with PRDM16 plays a crucial role in proper development of brown 

adipose tissue (113). Therefore, inability of C/EBPβ to regulate its target genes, due to 

altered methylation, could explain the aberrant phenotype of BAT in Tyk2- null 

mice/cells. Despite the slight reduction in mRNA level of C/EBPβ noticed in Tyk2 -/- 

adipocytes (Table 3.1), the increase in total C/EBPβ protein level upon induction of 

preadipocyte differentiation were not changed between wild type and knockout cells (Fig 

3.19A). Surprisingly, C/EBPβ phosphorylation occurring later during the differentiation 

process was increased in Tyk2 -/- preadipocytes in comparison to the wild type cells, 

which may be a compensatory mechanism for potential lack of C/EBPβ binding to the 

DNA (Fig 3.19B). These results suggest that possible insufficient binding of C/EBPβ to 

the promoters of its target genes, such as Cidea or UCP1 can be the reason of silenced 

expression of BAT markers in Tyk2 deficient adipocytes.                 
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Figure 3.18 Cidea and UCP1 promoters show increased methylation of C/EBPβ 

binding sites. Bisulphite sequencing of CpGs was carried out after isolation of genomic 

DNA from Tyk2 WT and Tyk2 -/- preadipocytes. Black and white circles indicate 

methylated and unmethylated CpGs, respectively. The red frames indicate CpGs 

overlapping with C/EBPβ binding sites. (A) The Cidea promoter contains 44 CpGs (-550 

to +250b). (B) The UCP1 promoter contains 30 CpGs (-500 to +200b).  
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Figure 3.19 Increase in C/EBPβ level and its phosphorylation are preserved in 

Tyk2- null adipocytes during differentiation. Protein extracts from preadipocytes 

induced for the differentiation were immunoblotted against (A) total C/EBPβ and (B) 

phospho- Thr188 residue within C/EBPβ . Tubulin was used as a loading control. One 

representative blot out of two independent experiments is shown.     
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3.13 Expression of constitutively active Stat3 (Stat3CA) in BAT of Tyk2 knockout 

mice reverses their obese phenotype  

 Since Stat3CA restores the differentiation in immortalized Tyk2 -/- adipocytes in 

vitro, we further investigated this phenomenon in an in vivo mice model. Recently, a 

transgenic mouse has been described that expresses a constitutively active version of 

Stat3 in AgRP neurons (agouti- related peptide). These animals are lean and display 

relative resistance to diet- induced obesity due to increased locomotor activity, but 

without changes in AgRP expression (153). We obtained these mice, as a kind gift of Dr. 

K. Rajewsky (Harvard Medical School, Boston, USA). Mice with an inactive Stat3CA 

transgene were crossed with Tyk2 -/- animals. In order to activate the Stat3CA transgene 

in brown adipose tissue, Tyk2 -/- mice containing Stat3CA DNA (Tyk2-/-/Stat3CA) were 

mated with aP2- Cre/Tyk2-/- animals, which express Cre recombinase in BAT. The 

results presented in this dissertation were obtained from mice with Stat3CA transgene 

expressed selectively in BAT. All experiments were performed on control mice (Tyk2-/- / 

Stat3CA stated as CTR) and animals with the activated transgene (ap2-Cre/Tyk2-/-

/Stat3CA stated as Stat3CA E), coming from the same litter. Expression of Stat3CA 

transgene in BAT of Tyk2 deficient mice increased the expression of brown fat- specific 

RNAs (UCP1, PRDM16, Cidea), which are severely diminished in Tyk2- null animals 

(Fig 3.20A). C/EBPβ, PPARγ and PPARα, which play an important role in BAT 

development, were also increased (Fig 3.20B). Furthermore, altered Tyk2 -/- BAT 

morphology depicted on Fig. 3.5 was restored by the Stat3CA expression, and resembled 

the tissue from wild type animals (Fig 3.21). Importantly, these results confirmed our 

observations from the in vitro cell culture system. Next step was to study how the 

restored BAT function in Tyk2 knockout animals influences their obese phenotype. 

Therefore, we fed mice regular chow diet until the age of 6 month, when Tyk2 -/- mice 

show many characteristics of metabolic syndrome, and examined their body weigh, 

insulin and leptin levels. Mice with the Stat3CA expression in brown fat exhibited 

significantly reduced body weight in comparison to control littermates (Fig. 3.22). 

Moreover, Stat3CA mice had much lower plasma insulin levels then control animals, 

which indicates improved insulin sensitivity (Fig. 3.23A). Additionally, animals with the 

activated transgene showed a tendency toward decreased plasma leptin levels, which 
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might be a result of reduced adiposity in comparison to control littermates (Fig. 3.23B). 

However these data did not reach statistical significance. Taken together these results 

reveal that expression of the constitutively active form of Stat3 in BAT of Tyk2- null 

mice reverses their obese phenotype. More importantly, our data support the recent 

hypothesis that brown adipose tissue may play very important role in preventing obesity, 

and could serve as a potential target for pharmacological approach in the clinic.  

 

Figure 3.20 Activation of the Stat3CA transgene in BAT of Tyk2- null mice restores 

brown fat- specific gene expression. Total RNA was isolated from intrascapular BAT of 

3- month old fasted for 16 h mice. (A) the expression level of brown fat- specific RNAs 

(UCP1, PRDM16, Cidea), (B) and common adipogenic RNAs (PPARs and C/EBPβ) 

were measured by real-time qPCR. The values represent mean fold increase ± SE for n = 

6- 8 mice per group, *p < 0.05.  
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Figure 3.21 Altered BAT morphology in Tyk2 -/- mice is reversed by the expression 

of the Stat3CA transgene. Histological analysis of intrascapular brown adipose tissue of 

3- month old mice expressing Stat3CA transgene in Tyk2 -/- BAT and control littermates. 

Representative hematoxylin- eosin staining, n = 5 mice per group.  

 

 

Figure 3.22 Tyk2 -/- mice expressing the Stat3CA transgene in BAT exhibit lower 

body weight. Body weight of 6- month old Stat3CA E and control mice fed a regular 

chow diet. Data are presented as the mean ± SE for n = 10 - 12 mice per group, *p < 0.05.  
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Figure 3.23 Restored BAT function in Tyk2 deficient mice improves insulin 

sensitivity and down regulates plasma leptin level. 6- month old mice were fasted 

overnight and bled from tail vein. (A) Plasma insulin level, and (B) plasma leptin level 

were measured by ELISA assay. Data are presented as the mean ± SE for n = 10 - 12 

mice per group, *p < 0.05.  
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CHAPTER IV 

DISCUSSION 

  

The Jak/Stat pathway is well recognized regulator of many basic cell processes, 

such as growth, survival, development and differentiation. Numerous cytokines and 

growth factors utilize the Jak/Stat pathway to activate gene expression. Tyk2, which 

belongs to the Jak family of tyrosine kinases, has been shown to be critical for the 

biological actions of type I interferons, some interleukins such as IL- 12 or IL- 10 and to 

lesser degree the cytokines that signal through the gp130 receptor like IL-6 family. So far 

there are no published reports showing Tyk2 participation in signaling cascades that 

regulate metabolic homeostasis. We have made the novel observation that Tyk2 is 

involved in energy expenditure and maintenance of overall energy balance. 

Metabolic syndrome is a very complex disorder, involving many organs and 

tissues. Therefore, it is extremely important to investigate all components of signaling 

cascades that are responsible for maintaining proper metabolic balance. Mice with the 

deletion of Tyk2 become spontaneously obese with age. Importantly, as shown in this 

work the obese phenotype is not influenced by the genetic background of animals. Three 

different strains: SV129 (94), C57Bl/6 and BALB/c of mice were used during the course 

of experiments and all of the Tyk2 -/- animals showed similar abnormalities. The obese 

phenotype of Tyk2- null mice become more severe with age and leads to the development 

of type 2 diabetes. Mice lacking Tyk2 have impaired glucose tolerance, insulin resistance, 

increased leptin levels, and changes in the expression of enzymes regulating glucose and 

lipid metabolism, as previously described by A. Górnicka (94). 

 Despite the higher body weights of Tyk2 knockout mice in comparison to the 

wild type animals, none of the Tyk2 deficient strains appeared to by hyperphagic. This 

observation strongly suggested that Tyk2 -/- mice had decreased energy expenditure. 

Brown adipose tissue has been well described as one of the main tissues responsible for 

energy consumption. More importantly, it has been proven, using rodent models, that 
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BAT influences entire energy balance in the organism, which when disturbed can lead to 

the obesity (73, 99, 146). Over the past 3 years there has been evident that BAT exists in 

adult humans and it is inversely correlated with the body mass index (54, 210, 265). 

Functional BAT is a big contributor to maintaining a lean phenotype through its effects 

on diet- induced thermogenesis, which permits excessive caloric intake to be dissipated as 

heat. Tyk2 -/- mice showed reduced RNA levels of BAT- specific genes such as UCP1, 

Cidea or PRDM16, which possibly cause impaired development and function of this 

tissue. Tyk2 ablation resulted also in decreased expression of PPARα, which regulates the 

transcription of β- oxidation enzymes. Altered gene expression was reflected in BAT 

morphology. Histology performed on the brown adipose tissue from Tyk2 -/- and wild 

type animals showed differences in lipid content. Cells with unilocular fat droplets, 

observed in Tyk2 -/- BAT, are characteristic for white adipose tissue. Small adipocytes 

with multilocular lipid droplets presented in wild type mice are typical for brown fat 

morphology (79). These changes in BAT morphology are likely the consequence of down 

regulated expression of PPARα, which lead to the excessive accumulation of lipids in the 

brown adipose tissue of Tyk2- null animals. PRDM16 serves as a key regulator during 

the BAT development process. It orchestrates the expression of brown fat-specific genes 

and at the same time inhibits a white fat- specific transcription program (114). Therefore, 

greatly reduced PRDM16 may also explain impaired morphology of the brown fat in 

Tyk2 -/- mice.  Observed features of Tyk2 -/- mice were confirmed by metabolic cages 

studies, which are a standard method for overall metabolic analysis. Higher respiratory 

exchange ratio, recorded in case of Tyk2 knockout mice are consistent with their lower 

capacity to burn fat for energy production. Since fatty acids are the main substrate for 

BAT function, inability of Tyk2 -/- mice to process lipids efficiently can seriously affect 

diet- induced thermogenesis, which can greatly contribute to their obese phenotype.      

The primary role of brown adipose tissue is to produce heat. Defective 

development of BAT and greatly decreased expression of UCP1 lead to depressed non- 

shivering thermogenesis. Brown adipose tissue from Tyk2 knockout mice exhibited a 

poor response to temperature insult. PGC1α is well described regulator of thermogenic 

response and one of the most potent activators of UCP1 expression, which drives the 

entire thermogenic program. Acute cold exposure resulted in 2-fold lower PGC1α 
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induction in Tyk2 -/- then in wild type mice. Additionally, metabolic cage analysis 

showed lower heat production by Tyk2- null animals in comparison to control mice at 

room temperature. These results provide in vivo evidence of severe defects in BAT in 

Tyk2 -/- mice. Alterations in brown fat function have been repeatedly shown to influence 

metabolic balance and cause obesity, which results in other metabolic abnormalities as 

the syndrome develops. As mentioned earlier, due to the extreme complexity of 

metabolic syndrome, the primary tissue/defect remains unknown. We hypothesized that 

BAT could be the primary site and major contributor to the obese phenotype presented by 

Tyk2 deficient mice. Although, the role of other tissues such as skeletal muscles, WAT or 

liver cannot be ruled out at this stage of our studies.  

Interestingly, cold exposure experiments revealed a 4- fold lower induction of 

PGC1α, as well as reduced basal level of PGC1α in skeletal muscles of Tyk2 -/- mice 

than wild type mice. These observations indicate that there are the defects in BAT- 

regulated thermogenesis in Tyk2- null animals. PGC1α orchestrates multiple functions in 

skeletal muscles, all of which have been reported as necessary to maintain insulin 

sensitivity. PGC1α increases oxidative capacity during shivering thermogenesis, 

stimulates mitochondrial biogenesis and regulates muscle fiber- type switching (194). 

Thus, decreased PGC1α level contributes to insulin resistance, observed previously in 

skeletal muscles in Tyk2 deficient mice (94). Additionally, diminished expression of 

LCAD in the muscle tissue from Tyk2 -/- mice (94) may participate in occurring with age 

insulin insensitivity. It has been demonstrated that inhibition of fat oxidation in rodents 

increased intracellular lipid amount and decreased insulin sensitivity in vivo (63). 

Moreover, our group reported also that Tyk2 -/- mice are exercise intolerant (191), 

possibly as a consequence of decreased numbers of oxidative fibers resulting in lower 

oxidative capacity.  

Skeletal muscles and brown fat are highly enriched in mitochondria and rely on 

their proper function. Studies of the etiology of insulin resistance have shown that 

dysfunction of the “power houses” of the cell is relevant in this disorder. The fact that 

Tyk2 -/- mice were insulin insensitive, have defective thermogenesis, showed decreased 

level of PGC1α, as well as some mitochondrial RNAs (CS and Cox8b), suggested 
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possible mitochondrial dysfunction. It has been also reported that pro B-cells from    

Tyk2 -/- mice have lower oxygen consumption and impaired electron transport chain 

activity compared to wild type cells. Electron microscopy revealed altered mitochondrial 

morphology in skeletal muscles and BAT of Tyk2- null mice compared to wild type 

animals. These changes concerned mainly abnormal cristae structure. The major proteins 

controlling mitochondrial membranes formation are mitofusins and optic atrophy protein 

1. OPA1 has been described to regulate cristae remodeling (37, 38). Its expression was 

down regulated in Tyk2 -/- muscle and BAT samples, which explains abnormal cristae 

formation in these tissues in Tyk2 knockout mice. Unexpectedly, changes in the 

mitochondrial ultrastrucure and lower OPA1 expression were observed only in the 

skeletal muscles and brown fat, but not in the other tissues in Tyk2 -/- mice, such as 

heart, liver or WAT. This observation suggests a tissue- specific action of Tyk2 kinase. 

BAT and skeletal muscles have been shown to derive from the common Myf5 expressing 

progenitors (113). These results indicate a possible role of Tyk2 during development of 

these progenitor cells. 

Due to severe alterations in BAT development and a possibility that changes in 

the function of this tissue can actually cause the obese phenotype in Tyk2 -/- mice, we 

decided to further examine this phenomenon. We took an advantage of the cell culture 

model, where we had opportunity to investigate the molecular mechanisms by witch 

Tyk2 mediates differentiation of brown adipocytes. Preadipocytes isolated from neonatal 

mice were immortalized and stable cell lines were generated expressing either wild type 

(Tyk2WT) or catalytically inactive (Tyk2KD- kinase dead) version of the kinase, as well 

as constitutively active Stat3 (Stat3CA) and empty vector control (MSCV). In order to 

confirm that all created cell lines were functional, their interferon response was analyzed. 

As expected, Stat3 phosphorylation was lost in the Tyk2 -/- cells and cells expressing 

Tyk2KD or MSCV, whereas it was present in the wild type cells and knockout cells 

reconstituted with Tyk2WT. Stat1 phosphorylation was preserved in all cell lines. These 

results showed that the cell lines behave according to the well described paradigm for 

Jak/Stat signaling. Then the cells were subjected to in vitro differentiation. As 

demonstrated by the Oil Red O staining, wild type cells were fully differentiated, whereas 

Tyk2 -/- cells were differentiation- incompetent. Surprisingly, the differentiation was 
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totally rescued by the expression of Tyk2KD and Stat3CA. Despite the proper function 

during the interferon response, Tyk2 -/- preadipocytes reconstituted with Tyk2WT 

presented only partial differentiation. Consistent with the Oil Red O staining, control 

(MSCV) and Tyk2 -/- adipocytes displayed severely decreased BAT- specific RNAs such 

asUCP1, PRDM16, Cidea and Elovl3, which reproduced the results seen in brown 

adipose tissue from Tyk2 -/- mice. Tyk2 deficient adipocytes also showed down regulated 

expression of mitochondrial genes (CS and Cox8b), which is consistent with diminished 

differentiation. Reduced levels of key transcription factors and co- activators (PPARs, 

C/EBPs and PGC1α), which are required for adipogenesis explains very poor lipid 

accumulation in the Tyk2- null adipocytes. The altered RNA levels for UCP1 and PPARγ 

were also confirmed at the protein level by Western blot analysis. Gene expression and 

protein levels were completely restored by the reconstitution of Tyk2- null cells with 

Tyk2KD and Stat3CA, and were partially restored by the expression of Tyk2WT.  

In order to ensure that the cells behave like functional brown adipocytes, when 

differentiated, the response for the cyclic AMP was tested. It is well known that 

catecholamines, such as norepinephrine released during a thermogenic response, activate 

adenylyl cyclase resulting in increased cAMP and subsequent elevated UCP1 levels in 

brown fat cells. Preadipocytes were differentiated in vitro and UCP1 expression was 

assayed upon incubation with cell- permeable dibutyryl- cAMP. As expected, the  

response to cAMP was blunted in Tyk2 -/- adipocytes, when compared to the wild type 

cells. Reconstitution with either Tyk2KD or Stat3CA rescued cAMP- induced expression 

of UCP1 in Tyk2 -/- cells. Expression of Tyk2WT in the knockout cells resulted in much 

weaker UCP1 induction. This experiment indicated that the cell lines are capable of 

increasing UCP1 levels during a thermogenic response, similar to brown adipocyte tissue.        

The fact that the kinase dead version of the Tyk2 kinase fully restores the 

differentiation in the Tyk2 -/- cells was very surprising. The explanation as to why there 

is not complete reconstitution of BAT- selective markers in Tyk2 -/- cells expressing 

Tyk2WT is still not clear. Interestingly, there are the reports in the literature suggesting 

that catalytically inactive forms of kinases, called pseudokinases, can still have biological 

functions. Protein kinases are critical for the regulation of numerous events regulating 
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cellular homeostasis. However, according to the clinical data, nearly 10% of the human 

kinome can be classified as pseudokinases due to mutations occurring in the residues that 

are essential for catalysis (115, 294). It has been reported that version of CASK 

(CA2+/calmodulin-activated serine-threonine kinase), which was missing catalytic 

residues, still displayed catalytic activity under physiological conditions in vivo. It 

appeared that pseudokinase domain of CASK can adopt constitutively active 

conformation and phosphorylate itself, as well as one of its physiological substrates- 

neurexin-1. In this case, CASK kinase serves as a scaffold protein with an unusual kinase 

activity allowing phosphorylation of the substrate recruited by the scaffold activity (161). 

Another uncommon pseudokinase example was BRAF, a proto- oncogene serine-

threonine protein kinase involved in MAPK / ERK signaling pathway (mitogen and 

extracellular- signal regulated protein kinases). Mutations in the components of MAPK / 

ERK cascade were discovered in many types of cancer. Over 30 mutants of BRAF, 

classified as catalytically inactive, have been found in human cancers. Some of the 

described mutations in BRAF occur always together with RAS (small guanine- 

nucleotide binding protein in the MAPK / ERK cascade) mutations. The kinase dead 

BRAF was shown to mediate tumor progression in the presence of oncogenic RAS. This 

observation provides important insight into the cancer genetics. It is also extremely 

valuable for clinical practice, where patients with these particular combination of 

mutations in BARF and RAS can be identified prior to administering BRAF- selective 

drugs, which in these cases could lead to even faster tumorigenesis (100). Furthermore, it 

has been shown that inhibition of catalytic activity of tyrosine kinase Zap70 could be a 

potential therapeutic tool. Zap70 kinase is normally required for T cells proliferation and 

activation. Patients with Zap70 deficiency suffer from a form of severe combined 

immunodeficiency characterized by a lack of peripheral CD8+ T cells and presence of 

dysfunctional CD4+ T cells. In contrast, the catalytic activity of Zap70 was not needed for 

signals promoting suppressive activity of regulatory T cells (11). In summary, it is clear 

that so called pseudokinases can transduce signals by connecting and assembling 

components of different signaling networks. These observations have changed our 

understanding of kinome function and reveal potential clinical applications of 

pseudokinases.     
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Despite the similarities in the signaling pathways that govern lipid metabolism in 

both brown and white adipose tissue, recent studies showed that they have distinct 

developmental origins. Lineage tracking experiments revealed that brown adipose tissue 

and skeletal muscles share common Myf5 positive progenitors. PRDM16 has been 

identified as a major regulator required for the control of brown fat / skeletal muscle 

switch (215). As mentioned earlier, PRDM16 expression was significantly decreased in 

BAT from Tyk2 -/- mice and Tyk2 -/- preadipocytes differentiated in vitro. Therefore, 

muscle- specific RNAs were measured in our stable cell lines. The results demonstrated 

augmented expression of muscle markers (MCK, Myg and MyoD) in Tyk2 -/- cells 

compared to wild type adipocytes. Interestingly, the expression of Tyk2KD or Stat3CA 

was much less effective in reducing the expression of muscle RNAs than Tyk2WT. These 

observations suggest that Tyk2 has two different functions during BAT development. 

One is to repress the expression of skeletal muscle genes, which takes place during the 

commitment phase of differentiation and seems to require the kinase activity of Tyk2, 

thus is poorly executed by Tyk2KD or Stat3CA. The other one is the induction of brown 

fat- specific gene expression, which is effectively accomplished by the expression of 

Tyk2KD or Stat3CA.  

Because PRDM16 is the master regulator of BAT development, we overexpressed 

it in the Tyk2 -/- preadipocytes using adenovirus and monitored the differentiation of the 

infected cells. The principal role of PRDM16 during BAT development is suppression of 

muscle- specific gene and induction of BAT- selective genes. PRDM16 expression 

decreased muscle- related RNAs in Tyk2- null preadipocytes, indicating that PRDM16 

functions properly in our system. Nevertheless, PRDM16 expression did not restore the 

differentiation in Tyk2 deficient preadipocytes or the expression of brown fat markers. 

These results indicate that the actions of Tyk2 and PEDM16 are on separate pathways or 

PRDM16 is functioning upstream of Tyk2 so overexpression of PRDM16 cannot 

overcome the defects caused by the absence of Tyk2. The fact that PRDM16 can inhibit 

the expression of muscle RNAs, but not induce the expression of BAT RNAs reinforces 

our hypothesis that these two events involved in BAT development can be experimentally 

separated.   
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Since Stat3CA rescued the differentiation in Tyk2 -/- preadipocytes we examined 

whether Stat3 was required for this process, using shRNA approach. Preadipocytes with 

Stat3 knocked down showed normal lipid accumulation, confirmed by the lack of 

changes in the expression of common adipogenic marker, such as PPARs or aP2. 

However, BAT- specific RNAs (UCP1, Cidea, Elovl3) were significantly decreased in 

the adipocytes expressing shRNA targeting Stat3, indicating that they did not acquire a 

brown fat phenotype during differentiation. Interestingly, the exact same phenotype was 

also presented in PRDM16 deficient cells (215), suggesting that Stat3 and PRDM16 may 

be involved in the same signaling cascade regulating BAT development. Additionally, 

PRDM16 has been recently shown to promote stem cell maintenance in various tissues 

(46). The role of Stat3 as one of essential stem cell transcription factors has been known 

for years (137). This also links these two proteins and suggests their mutual operation at 

the stage of progenitor cells, where PRDM16 is most need to commit Myf5 expressing 

cells towards brown adipocytes. 

Over past couple of years, the field of chromatin structure and epigenetic changes 

in the regulation of gene expression has been under intensive investigation. Chromatin 

can regulate transcriptional processes thorough modifications of both its components: 

DNA and histones. Genome- wide mapping of DNA methylation patterns at the 

promoters in mouse embryonic stem cells showed that most methylated genes are 

associated with differentiation (77). In mammalian cells DNA methylation has been 

demonstrated to be involved in genome stability, repression of endogenous retroviral and 

transposable elements, genomic imprinting and developmental gene regulation (77). 

Thus, defects in DNA methylation can lead to various diseases, ranging from imprinting- 

associated disorders, cancer, neurological problems and obesity (42, 188). DNA 

methylation and histones modifications are connected. Recent findings have shown that 

disruption of the histone H3 lysine 9- specific demethylase Jhdm2a causes obesity and 

hyperlipidemia in mice due to defects in brown adipose tissue and muscles. The absence 

of Jhdm2a results in reduced of  β- adrenergic- stimulated glycerol release and oxygen 

consumption in BAT, as well as decreased fat oxidation and glycerol release in skeletal 

muscles. Additionally, Jhdm2a directly regulates PPARγ and UCP1 expression (240). 

Several reports indicated that UCP1 expression in BAT is influenced by the DNA 
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methylation and chromatin remodeling (226). Since UCP1 and other BAT gene 

expression was ablated in Tyk2 -/- mice and cells, the epigenetic alterations within the 

promoters in these genes seemed to be a possible mechanism explaining the observed 

phenotype. Therefore, we examined whether expression of Tyk2 influences DNA 

methylation patterns of the UCP1 and Cidea promoters. Bisulfite sequencing analysis 

revealed that DNA within the entire promoters of both genes was hypermethylated in 

Tyk2- null preadipocytes. Moreover, the degree of methylation in the sequence adjacent 

to the C/EBPβ binding site was even higher in Tyk2 -/- cells. Since protein level and 

activation of C/EBPβ during differentiation was not affected in Tyk2 -/- cells in 

comparison to wild type cells, it is highly likely that C/EBPβ binding to the promoters of 

target genes is prevented due to their hypermethylation. Nevertheless, this assumption has 

to be confirmed by the chromatin immunoprecipitation assay.  C/EBPβ plays an 

important role during BAT development, working in the complex with PRDM16 (113). 

Additionally, C/EBPβ and Stat3 have been reported to function synergistically (172, 

189), thus we hypothesize that Stat3 in combination with PRDM16 and C/EBPβ are 

required at some stage of differentiation, possibly at the commitment phase. Interestingly, 

it has been indicated that a pool of Jak2 and Tyk2 are located within the nucleus and Jak2 

directly phosphorylates tyrosine 41 on histone H3, which displaces HP1α 

(heterochromatin protein1α) from chromatin and allows transcription (58, 197). It is 

possible that Tyk2 may work in similar manner, either directly phosphorylating histones 

or serving as a scaffold protein recruiting/activating other enzymes that modify histones, 

which affects gene expression. Figure 4.1 is a model that summarizes our present 

understanding of how the expression of Tyk2 mediates BAT differentiation.      
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Figure 4.1 Model of Tyk2 and Stat3 function in brown adipose tissue differentiation. 

WAT and BAT are derived from mesenchymal stem cells. However, they have different 

progenitors. WAT originates from adipoblasts while BAT and muscles share common 

Myf5 positive progenitors, which require PRDM16 and BMP7 for further differentiation. 

Our results indicate that expression of Tyk2 is also required for progenitors to become 

committed brown preadipocytes, where PRDM16 and BMP7 can perform their functions. 

Stat3 is needed for differentiation as well. The data are consistent with the possibility that 

Tyk2 -/- preadipocytes are differentiation- incompetent and are at the earlier stage in 

differentiation then wild type cells. We hypothesize that Tyk2 mediates the progression in 

the differentiation to a stage such that preadipocytes can be developed into BAT by 
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PRDM16 and C/EBPβ in combination with other proteins. We speculate that Tyk2 allows 

Stat3 to be activated (*Stat3), which permits progression of differentiation- competent 

preadipocytes. Tyk2- mediated activation of Stat3 probably does not involve tyrosine 

phosphorylation, but requires some other modification of the protein such as serine 

phosphorylation, acetylation or methylation, all of witch have been reported for Stat3 

(287, 293). It is possible that nuclear localized Tyk2 can phosphorylate histones (PY), 

which facilitates transcriptional activity of PRDM16 / C/EBPβ complex. Additionally, 

Tyk2 is needed to repress muscle- specific gene expression either in coordination with or 

independent of PRDM16.   

Because expression of constitutively active Stat3 restored the differentiation of 

immortalized Tyk2 -/- preadipocytes, we obtained a transgenic mouse that carries a 

Stat3CA, which can be activated by Cre recombinase. Stat3CA mice were crossed into 

Tyk2 -/- animals and then mated with aP2-Cre/Tyk2 -/- , which expresses Cre 

recombinase specifically in BAT. Expression of the Stat3CA transgene in BAT of Tyk2 -

/- mice increased the level of BAT- specific RNAs (UCP1, Cidea, PRDM16), which were 

significantly reduced in Tyk2 deficient mice. Additionally, the expression of adipogenic 

markers such as PPARγ, C/EBPβ and PPARα were also up regulated. Histology showed 

that BAT of Stat3CA expressing mice resembled tissue in wild type animals. More 

importantly, mice with Stat3CA expression in BAT exhibited significantly lower body 

weights than control mice at the age of 6 months, when normally Tyk2- null animals are 

grossly obese and show characteristics of metabolic syndrome. Furthermore, Stat3CA 

expressors had reduced plasma insulin levels, indicative of improved insulin sensitivity. 

These results demonstrate that the obese phenotype observed in Tyk2 -/- mice is most 

likely a result of a defect in BAT development occurring in these animals. Interestingly, 

improved BAT function has been previously reported to affect body weight in rodents. 

Cidea deficient mice are lean and resistant to diet- induced obesity due to increased 

metabolic rate and lipolysis in BAT. The lean phenotype of Cidea knockout mice is 

partially the result of direct suppressive action of Cidea on UCP1 activity (302). 

Surprisingly, it has been shown that lack of TNFα converting enzyme (TACE) causes 

elevated sympathetic activity, which leads to increased levels of UCP1 in BAT. 

Therefore, TACE- null mice display a hypermetabolic and lean phenotype (86). 
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Moreover, some studies indicated that recruitment of brown fat- like cells within white 

adipose tissue can influence energy balance and prevent weight gain. The manipulations 

leading to “creation” of BAT within WAT have been even proposed as a potential 

therapeutic approach in obesity treatment. Recent studies showed that administration of 

β3-adrenergic receptor agonist CL 316, 243 promotes thermogenesis and appearance of 

brown adipocytes in white adipose tissue in rats. This in turn can delay high fat diet- 

induced obesity and reverse already existing diet- initiated overweight (89). Genetic 

approaches such as transgenic expression of PRDM16 also leads to robust induction of 

brown fat cells in WAT in mice. These animals exhibit increased energy expenditure and 

decreased weight gain, as well as improved glucose tolerance in the response to high fat 

feeding (216).  

Therapeutic approaches to enhance the beneficial effects of brown adipose tissue 

in protecting against obesity and metabolic syndrome are now being seriously considered. 

It has been recently shown that depots of functional BAT can be found not only in 

newborns but also in adult humans. Moreover, BAT activity correlates with body weight 

in patients. Animal models provided multiple examples proving that brown adipose tissue 

influences the entire metabolic homeostasis. In order to apply our knowledge about 

brown adipose tissue to the clinic, signaling networks regulating its development and 

function have to be understood. To date there is no evidence that Tyk2 kinase has any 

role in the pathogenesis of obesity or brown adipose tissue differentiation. Therefore, the 

data presented in this dissertation add another piece into the puzzle of our understanding 

of energy balance.   
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STRESZCZENIE 

Otyłość jest chorobą ogólnoustrojową, która charakteryzuje się nadmiernym 

nagromadzeniem tkanki tłuszczowej, przekraczającym energetyczne potrzeby organizmu. 

Często prowadzi ona do rozwoju wielu stanów patologicznych takich jak: cukrzyca typu 

drugiego, nadciśnienie tętnicze, miażdżyca, choroby serca, zwyrodnienia kręgosłupa oraz 

niektóre typy nowotworów. Kombinacje powyższych zaburzeń powodują rozwój 

niezwykle niebezpiecznego syndromu metabolicznego.  

 Kinaza tyrozynowa Tyk2 zaliczana jest do niereceptorowych kinaz z rodziny 

Janus (JAK), biorących udział w wewnątrzkomórkowej ścieżce przekazu sygnału 

Jak/Stat. Kinaza ta została zidentyfikowana po raz pierwszy jako element niezbędny do 

odpowiedzi komórki na interferony typu I. Dalsze badania wykazały, iż Tyk2 jest 

aktywowana także przez wiele innych cytokin takich jak: IL-6, IL-10, IL-12 oraz IL-23. 

Ścieżka transdukcji sygnału Jak/Stat wykorzystywana jest także przez czynniki 

regulujące procesy metaboliczne takie jak leptyna oraz insulina. Zaburzenia w działaniu 

obu hormonów prowadzą do rozwoju otyłości, cukrzycy typy drugiego oraz w 

konsekwencji do zespołu metabolicznego. 

 Dotychczasowe badania z wykorzystaniem myszy Tyk2-/- wykazały 

nieprawidłowości w działaniu układu immunologicznego tych myszy w związku z rolą 

jaką kinaza Tyk2 pełni w działaniu interferonów oraz innych cytokin. Analiza 

metaboliczna wykonana w naszym laboratorium nieoczekiwanie pokazała, iż myszy 

Tyk2-/- posiadają także wiele cech zespołu metabolicznego takich jak: otyłość, 

insulinooporność oraz zaburzenia w metabolizmie cukrów i tłuszczy. Celem tej pracy 

było potwierdzenie powyższego fenotypu w różnych szczepach myszy Tyk2-/- 

różniących się podatnością na związane z otyłością choroby metaboliczne, oraz 

znalezienie mechanizmu odpowiadającego za rozwój otyłości. Wykazano, że masa ciała 

myszy Tyk2-/- zarówno szczepu C57Bl/6 oraz BALB/c była statystycznie większa niż 

myszy typu dzikiego. Ponadto, oba szczepy myszy z delecją Tyk2 posiadały zaburzony 

test tolerancji na glukozę, co świadczy o insulinooporności. Najnowsze badania pokazały, 

że nieprawidłowe funkcjonowanie brunatnej tkanki tłuszczowej prowadzi do rozwoju 
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otyłości. W niniejszej pracy wykazano, że ekspresja genów kodujących czynniki 

odpowiedzialne za prawidłowy rozwój i funkcjonowanie brunatnej tkanki tłuszczowej, 

była znacznie obniżona u myszy Tyk2-/- w porównaniu z myszami typu dzikiego. 

Zaobserwowane zmiany zostały potwierdzone przy użyciu modelu in vitro. Preadipocyty 

wyizolowane z brunatnej tkanki tłuszczowej myszy Tyk2-/- wykazywały tylko częściowe 

różnicowanie w warunkach in vitro w porównaniu do prawie całkowitego różnicowania 

komórek typu dzikiego. Różnicowanie preadipocytów Tyk2-/- zostało przywrócone 

poprzez ekspresję kinazy Tyk2 oraz konstytutywnie aktywnej formy białka Stat3 

(Stat3CA). Brak ekspresji czynników potrzebnych do prawidłowego rozwoju 

poszczególnych typów komórek związany jest często ze zmianami epigenetycznymi. 

Wzrost metylacji części regulatorowych genów wpływa hamująco na ich ekspresję. W 

przypadku preadipocytów z delecją Tyk2, analiza sekwencji DNA kodującego białka 

specyficzne dla brunatnej tkanki tłuszczowej wykazała zwiększoną metylację ich 

promotorów. Ponadto, największe różnice w poziomie metylacji zaobserwowano w 

obrębie sekwencji rozpoznawanej przez czynnik transkrypcyjny C/EBPβ, który 

odpowiada za regulację różnicowania preadipocytów w brunatnej tkance tłuszczowej. 

Zmiany zaobserwowane we wzorze metylacji DNA w komórkach Tyk2-/- sugerują 

spadek wiązania C/EBPβ do jego specyficznej sekwencji DNA, co w konsekwencji może 

powodować obniżenie ekspresji genów kodujących białka niezbędne do różnicowania 

brunatnych preadipocytów. Ponieważ konstytutywnie aktywna forma białka Stat3 

przywraca różnicowanie preadipocytów z delecją Tyk2 w warunkach in vitro, otrzymano 

również mysz transgeniczną Tyk2-/- z ekspresją Stat3CA w komórkach brunatnej tkanki 

tłuszczowej. Profil ekspresji genów wykazał statystycznie istotny wzrost poziomu 

czynników regulujących rozwój i funkcjonowanie brunatnej tkanki tłuszczowej u myszy 

z ekspresją transgenu Stat3CA. Ponadto, waga ciała sześciomiesięcznych zwierząt z 

ekspresja Stat3CA była znacznie niższa niż myszy kontrolnych. Otrzymane wyniki 

sugerują, że zaburzenia w brunatnej tkance tłuszczowej zaobserwowane u myszy Tyk2-/- 

prowadzą do rozwoju otyłości u tych zwierząt.   

Podsumowując, uzyskane w tej rozprawie wyniki wskazują na zupełnie nową rolę 

ścieżki przekazywania sygnału Jak/Stat w rozwoju brunatnej tkanki tłuszczowej, która 

może wpływać na regulację metabolizmu całego organizmu. Otrzymane dane sugerują, 
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że poprawa funkcjonowania brunatnej tkanki tłuszczowej jest w stanie zapobiec otyłości, 

występującej u myszy z delecją Tyk2. Dalszych badań wymaga kwestia molekularnego 

mechanizmu, który wyjaśniłby dokładnie w jaki sposób Tyk2 i Stat3 oddziałują z innymi 

białkami regulującymi różnicowanie brunatnej tkanki tłuszczowej. Być może pozwoli to 

w przyszłości na wykorzystanie białek Tyk2 oraz Stat3 w terapii farmakologicznej 

skierowanej przeciwko rozwojowi otyłości.  
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