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ABSTRACT 

Adipose tissue (AT) dysfunction is a hallmark of unhealthy obesity and 
links it to metabolic comorbidities. Dysfunctional AT exhibit inhibited 
adipogenesis, impaired lipid metabolism, and increased inflammation. 
However, we are still lacking a sufficient understanding of the mechanisms of 
adipocyte dysfunction and how they contribute to conditions such as insulin 
resistance, type 2 diabetes, non-alcoholic fatty liver disease, and cancers. MiR-
107, miR-221-3p, and thyroid hormone responsive protein (THRSP) have 
been shown to play a role in murine models of metabolic disease in AT or other 
tissues, but the data in human adipocytes was limited or function unknown. 
Increasing knowledge of adipocyte dysfunction is critical for the development 
of new approaches to treat obesity and prevent its metabolic comorbidities. 

 
This thesis investigates the differentiation and function of human 

adipocytes and how they are altered in metabolic disease. The aim was to 
modulate the expressions of miR-107, miR-221-3p, or THRSP and study how 
adipocyte differentiation and metabolic functions were affected.  

 
In study I, we revealed miR-107 to inhibit Simpson-Golabi Behmel 

syndrome (SGBS) adipogenesis and lipid storage. We showed that the 
differentiation defect is mediated via downregulation of cyclin-dependent 
kinase 6 (CDK6) and Notch3. In mature adipocytes, miR-107 impaired glucose 
uptake and triglyceride (TG) synthesis. Our results suggest that by distinct 
mechanisms, it promotes insulin resistance may contribute to ectopic lipid 
storage by impairing function of pre- and differentiated adipocytes. 

 
Study II focused on the role of miR-221-3p in terminal differentiation of 

adipocytes and in cancer-associated adipocytes (CAAs). We showed that it 
inhibited terminal differentiation and identified 14-3-3γ as a potential 
mediator of the differentiation defect. We measured the lipidome in miR-221-
3p overexpressing adipocytes and analyzed the mechanisms behind the 
alterations. MiR-221-3p inhibited de novo lipogenesis (DNL) of TG, but 
increased ceramide and sphingomyelin concentrations while reducing 
diglycerides (DG). MiR-221-3p is connected to many cancers; here we showed 
that miR-221-3p expression was elevated in tumor proximal adipose tissue 
from patients with invasive breast cancer. Moreover, conditioned medium 
from miR-221-3p transfected adipocytes increased invasion and proliferation 
of cancer cells in vitro. Taken together, we characterized the role of miR-221-
3p in adipocyte dysfunction and showed that the alterations in CAAs are 
relevant for cancer progression. 
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In study III, we found THRSP to be induced by insulin in humans by using 
the euglycemic insulin clamp technique in 36 subjects. We measured a 5- and 
8-fold increase in THRSP mRNA after 180 and 360 min of in vivo euglycemic 
hyperinsulinemia. We identified functions of THRSP by conducting a 
transcriptomic analysis of THRSP-silenced adipocytes. We measured 
mitochondrial respiration, oxidation of radiolabeled oleate, and uptake of 
glucose, observing that THRSP silencing impaired mitochondrial function. 
Lipidomic analysis of THRSP-silenced adipocytes exhibited decreased 
hexosylceramide concentrations, accompanied by altered expression of 
sphingolipid metabolism genes. In summary, THRSP induction is impaired in 
insulin resistance. Its downregulation in human adipocytes could promote 
mitochondrial dysfunction and impaired sphingolipid metabolism may 
contribute to metabolic dysfunction. 

 
In conclusion, these findings reveal and demonstrate different mechanisms 

of adipocyte dysfunction. Adipocyte differentiation and function are impaired 
by overexpression of miR-107 and miR-221-3p, and downregulation of THRSP 
expression. 
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1 INTRODUCTION 

Adipose tissue (AT) is a large organ that acts as the energy reservoir of the 
body but also has other functions, such as regulating maintaining body 
temperature, cushioning organs and many endocrine effects (Luo and Liu, 
2016). AT dysfunction, often associated with obesity, negatively impacts 
metabolic health. Obesity affects people worldwide and is caused by a larger 
intake than consumption of energy, leading to expansion and dysfunction of 
AT (Afshin et al., 2017; Longo et al., 2019). Obesity is associated with several 
co-morbidities, including insulin resistance, type 2 diabetes, non-alcoholic 
fatty liver disease, and cancer (Bjerregaard et al., 2018; Twig et al., 2016; 
Berrington de Gonzalez et al., 2010; Arnold et al., 2015; Adler and Schaffner, 
1979). Dysfunction of adipocytes links obesity to its metabolic co-morbidities. 
However, we still lack a detailed understanding of the mechanisms behind 
adipogenesis and adipocyte function and how they contribute to metabolic 
disease. Improving our knowledge of these processes is critical for finding 
solutions for treating obesity and preventing its comorbidities. 
 

 A large portion of AT consists of white adipocytes, or fat cells, which have 
developed complex machinery for taking up and storing energy upon feeding 
and releasing it from their lipid droplets when fasting (Kersten, 2001). To 
become able to store energy in the form of lipids, adipocyte precursor cells 
undergo a process called adipogenesis, where they differentiate to mature 
adipocytes. Disruption in the regulation of adipogenesis impairs AT function. 
The adipocyte differentiation process is a delicate interplay of gene expression, 
transcription factors, signaling pathways, hormonal cues, and microRNAs 
(miRNAs) (Ghaben and Scherer, 2019). MiRNAs are short non-coding RNAs 
that regulate gene and protein expression. Their abnormal expression is 
associated with various conditions, including disturbed adipogenesis (O’Brien 
et al., 2018).  

 
The present studies aim to delineate mechanisms by which miR-107, miR-

221-3p, and thyroid hormone responsive protein (THRSP) regulate human 
adipocyte function and adipogenesis. Moreover, we investigate the 
consequences of their dysregulation on metabolic health and breast cancer. 
The present studies use Simpson-Golabi-Behmel syndrome (SGBS) human 
adipocytes to model adipocyte differentiation and function. We overexpressed 
miR-107 or miR-221-3p and silenced THRSP to study their effect on 
adipogenesis and adipocyte function. We studied their impact on glucose 
uptake, de novo lipogenesis (DNL), triglyceride (TG) storage, mitochondrial 
respiration, inflammatory cytokine gene expression, lipid composition, and 
more. Moreover, in studies II and III, we study the expression of miR-221-3p 
and THRSP in humans in vivo.  
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This series of studies reveals how miR-107, miR-221-3p, and THRSP affect 

adipocyte function and what are their potential mechanisms of action. In the 
present studies, miR-107 inhibited the early differentiation of adipocytes in a 
cyclin dependent kinase 6-mediated (CDK6) manner. In mature adipocytes, it 
impaired lipid storage. We also showed miR-221-3p to play an inhibitory role 
in terminal adipogenesis and that it alters adipocyte lipid composition. 
Intriguingly, we showed that miR-221-3p is increased in cancer-associated 
adipocytes (CAAs) of breast carcinoma patients and that its up-regulation in 
adipocytes proximal to the tumor could promote tumor growth in vitro. We 
identified THRSP as an insulin-regulated gene in human subcutaneous AT 
(SAT) in vivo. We studied the function and pathways of THRSP-silenced SGBS 
adipocytes to understand alterations of dysfunctional, insulin-resistant 
adipocytes. In summary, we characterized novel mechanisms of adipocyte 
dysfunction, building knowledge for new therapeutic approaches of metabolic 
syndrome and cancer. 
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2 REVIEW OF THE LITERATURE 

2.1 INTRODUCTION TO ADIPOSE TISSUE 

AT, or fat tissue, is a large connective tissue that stores energy as lipids. It 
acts as the energy reservoir of the body and fuels other tissues when needed. 
Its other functions include synthesis and secretion of various hormones, 
controlling body temperature, and acting as a cushion for organs or in areas of 
high impact (Luo and Liu, 2016). The main features and functions of AT will 
be discussed below. 

 
Maintaining energy homeostasis is a critical process for all organisms. 

Mammals store the excess energy in AT, which can originate from both the 
neural crest and mesoderm (Billon et al., 2007). However, some species store 
lipids elsewhere: sharks in their liver and Caenorhabditis elegans in their 
bowel epithelium (Van Vleet et al., 1984; McKay et al., 2003). In addition, the 
distribution of AT between species varies: some species have predominantly 
subcutaneous adipose tissue, such as seals and whales, whereas reptiles 
accumulate theirs intra-abdominally. Humans and birds have fat in both 
locations (Esteve Ràfols, 2014).  

2.1.1 TYPES OF ADIPOSE TISSUE 
 
AT is categorized into two major, functionally different subtypes – white 

AT (WAT) and brown AT (BAT). WAT is the predominant type in humans and 
is the primary energy storage depot (Richard et al., 2020). This literature 
review focuses on WAT. White adipocytes have a sizeable single lipid droplet 
for energy storage, and the few cell organelles are pushed to the edges of the 
cell (Fig. 1b) (Cushman, 1970). The primary function of WAT is to store energy. 
Still, other parts include insulating the body from temperature, secreting 
hormones and other factors, and physically protecting organs by cushioning 
them from damage (Luo and Liu, 2016). WAT can be categorized based on 
location: subcutaneous AT (SAT) is located under the skin throughout the 
body. Visceral AT (VAT) is located in the abdomen, around the organs such as 
the kidneys, liver, and intestines. Other classifications include epicardial, 
mesenteric, and marrow AT, located between the heart and pericardium, 
connected to the intestine, or in the bone marrow, respectively. Additionally, 
white adipocyte depots are also found in the fat pads of the feet, surrounding 
the heart, some blood vessels, and ectopically such as in the liver or muscle. 
The AT depots around the body have distinct characteristics and metabolic 
roles. The adipocytes in the bone marrow largely resemble white adipocytes, 
but their functions remain unclear (Wronska and Kmiec, 2012).  
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BAT consists of brown adipocytes with many smaller lipid droplets and 

abundant mitochondria, giving brown adipocytes their color (Fig. 1c). BAT is 
metabolically very active tissue, and its primary function is to generate heat 
(Cannon and Nedergaard, 2004). It is abundant in infants and fetal life, but 
unlike previous understanding, it is also functional and present in adults, 
although in much lesser amounts. It is located in the neck area, upper back, 
around vertebrae, and the heart (Sacks and Symonds, 2013). BAT is activated 
by cold exposure and multiple studies have demonstrated sex differences in its 
activity. The activity and BAT mass are higher in female rodents, but in human 
the results are inconsistent (Kaikaew et al., 2021). BAT is also less active in 
obesity, and BAT activation is a promising strategy for treating metabolic 
disease (Leitner et al., 2017; Alcalá et al., 2019). Beige or “brite” adipocytes are 
white adipocytes located in the WAT with brown adipocytes characteristics. 
They are white adipocytes with some features of brown adipocytes and the 
capacity to generate heat when needed (Fig. 1c) (Pilkington et al., 2021; Xue et 
al., 2018). 

2.1.2 ADIPOSE TISSUE STRUCTURE AND DISTRIBUTION 
  
AT consists of adipocytes, endothelial cells, macrophages, neutrophils, 

lymphocytes, stem cells, and fibroblast-like preadipocytes. Adipocytes 
compose most of the AT by volume, and the estimates of adipocyte percentage 
vary from 15 to 93%, which may be explained by methodological differences 
(Tchoukalova et al., 2004; Esteve Ràfols, 2014). However, a recent report by 
Lens et al. determined adipocytes to comprise 74% of SAT based on the gene 
expression convolution (Fig. 1a) (Lenz et al., 2020). In AT, energy is stored in 
adipocyte lipid droplets that consist of a core of TGs and cholesterol esters, 
surrounded by a monolayer of phospholipids (PL), cholesterol, and various 
proteins (Fig. 1b) (Thiam and Beller, 2017). 

 
AT distribution varies based on age, genetics, sex, fat content, and energy 

balance (Schleinitz et al., 2014). In healthy adults, AT usually comprises 8-
24% of body weight for men and 21-35% for women (Gallagher et al., 2000). 
Women have more SAT, and the distribution is more gluteal-femoral. In 
contrast, men accumulate more fat viscerally, creating the android, or “apple” 
type body shape and also increasing the susceptibility to metabolic 
complications in comparison to the gynoid or “pear” shape (Krotkiewski et al., 
1983). The sex hormones heavily dictate the distinct fat distribution between 
the sexes; hence, age also influences the distribution (Goss et al., 2012). Fat 
distribution starts to diverge during puberty, and the amount of VAT increases 
with age, independent of body fat percentage, which is also more profound in 
males (Karastergiou et al., 2012). Declining estrogens in postmenopausal 
women lead to fat redistribution to the abdomen. Other endocrine factors 
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contribute to AT distribution as well. For example, cortisol in Cushing’s 
syndrome promotes the central AT distribution (Lé and Wajchenberg, 2000; 
Moyer et al., 1994). Although differences in AT distribution between males and 
females are mainly attributed to sex hormones, studies of mice embryos have 
suggested that the sex chromosomes also play a role. Before developing 
gonads, female mice and human embryos are smaller than male embryos 
(Burgoyne et al., 1995). Studies show that the number of X chromosomes 
increases the adiposity in mice, whereas the Y chromosome does not influence 
the body adiposity (Chen et al., 2012).  

 
The fat distribution is also determined by genetics, independently of body 

mass index (BMI). Bouchard and others demonstrated that over-feeding leads 
to a much higher fat distribution and weight gain similarity between young 
male monozygotic twins than in pairs (Bouchard and Tremblay, 1997). 
Another study estimated VAT heritability as high as 56% (Pérusse et al., 1996). 
Numerous genes are differentially expressed between SAT and VAT; 
presumably, genetic variants in these genes may alter the AT distribution 
(Schleinitz et al., 2014). Ethnicity strongly impacts the AT distribution. 
Martos-Moreno and others showed Hispanic children with obesity to have 
more severe truncal obesity than BMI-matched Caucasian children (Martos-
Moreno et al., 2020). The All of Us Research Program studied a large cohort 
and found substantial differences in the AT distribution between ethnic and 
gender groups, supporting previous observations (Karnes et al., 2021).  

 

 
Figure 1. SAT composition and types of adipocytes. a) Pie chart showing the cell type distribution in SAT 

depot: 74% adipocytes, 14.9% stem/stromal cells, 7.4% immune cells and 3.7% other cell types (n = 616). (Data 
from Lenz et al., 2020). b) White adipocyte structure. TGs are stored in a large lipid droplet, taking up most of the 
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cell size. Cell organelles are pushed to the side of the adipocyte. c) Brown and beige adipocytes. Brown adipocytes 
have a high thermogenic capacity due to their high number of mitochondria, giving the cells their brown color. 
Beige adipocytes have more mitochondria and a better thermogenic ability than white adipocytes. SAT, 
subcutaneous adipose tissue; TG, triglyceride. 

2.2 ADIPOCYTE FUNCTION 

2.2.1 LIPOGENESIS 
 

The primary function of adipocytes is to act as the energy reservoir of the 
body. Upon energy surplus, adipocytes store energy as neutral TGs and release 
fatty acids (FAs) during energy demand (Kersten, 2001; Lass et al., 2011).  
 

FAs for adipocyte lipogenesis are either taken up from the circulation or 
synthesized de novo from glucose within the cell. Both pathways are promoted 
by nutrition intake, although DNL can also occur during fasting. All cells are 
capable of DNL, but it primarily happens in the liver and AT. In basal 
conditions, DNL is relatively low in AT. However, in contrast to murine DNL, 
upon high carbohydrate intake, DNL in AT makes up most of the total DNL in 
human (Ameer et al., 2014; Kersten, 2001). 

 
 Circulating triglycerides are packaged into triglyceride-rich lipoproteins 

very low-density lipoprotein (VLDL) and chylomicrons in the liver and 
intestine, respectively. The packaged TGs are hydrolyzed to FA at the capillary 
endothelial lumen. This process is mediated by the lipoprotein lipase (LPL), 
an enzyme secreted by adipocytes upon glucose stimulation (Kersten, 2014). 
The FAs are taken up to the cell via fatty acid transporters, such as the fatty 
acid translocase (CD36) (Zhou et al., 2012). 

 
In de novo lipogenesis, acetyl-CoA is yielded from glucose oxidation and 

used for generating fatty acids. In the fed state, the cell takes glucose from 
dietary carbohydrates via glucose transporter 4 (GLUT4)(Moraes-Vieira et al., 
2016). In glycolysis, glucose is converted to glycerol-6-phosphate and further 
to pyruvate. Pyruvate derived by glycolysis is transported to the mitochondria 
and used for the tricarboxylic acid (TCA) cycle. In the cytosol, citrate is cleaved 
by ATP-citrate lyase (ACLY) to form acetyl-CoA, which is converted to 
malonyl-CoA by acetyl-CoA carboxylase 1 (ACC1). Next, fatty acid synthase 
(FASN) converts malonyl-CoA into palmitate, which can then be used for 
lipogenesis or the formation of more complex fatty acids and a variety of lipid 
species (Song et al., 2018). Finally, palmitate undergoes elongation and 
desaturation mediated by stearoyl-coA desaturase 1 (SCD1), for instance. 

 
FAs collected from lipoproteins or yielded from glucose are re-esterified to 

TGs in multiple enzymatic steps. They are converted to diglycerides (DGs) and 
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next, acyl CoA: diacylglycerol acyltransferases (DGATs) catalyze the covalent 
addition of fatty acyl chain to DGs, forming TGs (Song et al., 2018). DGAT2 is 
essential for TG synthesis in adipocytes: its deletion in mice impaired TG 
storage and was lethal (Stone et al., 2004). DGAT1 knock-out mice had 
reduced TG levels, but the synthesis was not completely ablated (Smith et al., 
2000). Moreover, a double knock-out of DGAT1 and -2 resulted in a severe 
lack of TGs in mice (Harris et al., 2011). Glucose-derived glycerol 3 -phosphate 
acts as a backbone for the esterification of the FAs to form TGs (Song et al., 
2018; Richard et al., 2020). 

 
Lipogenesis is elaborately regulated to respond to nutritional status by 

fluctuating gene expression and hormone levels. Circulating glucose acts as a 
substrate for lipogenesis, induces lipogenic gene expression, and increases 
insulin secretion from the pancreatic β cells while inhibiting glucagon release 
from the α cells (Cabrera et al., 2006). Insulin promotes glucose uptake and 
activates gene expression of various lipogenic genes, such as sterol regulatory 
element binding transcription factor 1 (SREBF1) in the liver and  peroxisome 
proliferator activated receptor γ (PPARγ) in AT (Song et al., 2018). Other 
genes that mediate the nutritional response are fatty acid synthase (FASN), 
THRSP/Spot14 and SCD (Clarke et al., 1990). They are induced in the liver 
after carbohydrate intake and promote lipogenesis, whereas their inhibition 
after FA intake suppresses lipogenesis. Thyroid hormone signaling promotes 
lipogenesis in AT as well: FA synthesis and oxygen consumption were higher 
in epididymal fat and liver of hyperthyroid rats compared to eu- and 
hypothyroid rats (Freake et al., 1989). Furthermore, adipocyte DNL was 
obstructed in hypothyroid mice (Guilherme et al., 2020). While animal studies 
have shown THRSP to play a role in adipocyte energy metabolism, its function 
in human is unclear. Overview of lipogenesis is presented in Fig. 2. 

2.2.2 LIPOLYSIS 
 

When there is a need for energy or the energy demand is high, for instance, 
during fasting, cold exposure, or exercise, adipocytes and other TG-rich cells 
mobilize the TG storage by a process called lipolysis. TGs are cleaved by lipases 
adipocyte triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and 
monoacylglycerol lipase (MGL) to form glycerol and FAs. The released FAs are 
exported to circulation to be used by other tissues (Ahmadian et al., 2010; 
Yang and Mottillo, 2020). 

 
Lipolysis is a highly regulated process and elaborately coordinated with 

lipogenesis. It is regulated by various hormones and the nervous system to 
maintain homeostasis. Perhaps the most critical regulator is insulin, 
suppressing lipolysis and promoting lipogenesis in the fed state. Insulin 
inhibits lipolysis by reducing the cyclic AMP levels (Richard et al., 2020; 
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Hücking et al., 2003). Adrenaline and noradrenaline can both promote or 
inactivate lipolysis. They induce lipolysis act via β1/2-adrenergic receptors and 
inhibit lipolysis by α2 receptors.  β1/2-adrenergic receptor activation is involved 
in increasing the cyclic AMP levels, eventually leading to HSL activation 
(Morigny et al., 2016). Other regulators of lipolysis include tumor necrosis 
factor α  (TNFα), glucocorticoids  and growth hormones (Nielsen et al., 2014). 

2.2.3 FATTY ACID OXIDATION   
 

During energy demand, FAs released from adipocytes are β-oxidized to 
yield ATP. Adipocytes can oxidize FAs in their mitochondria and peroxisomes, 
whereas the liver, heart, and muscle rely predominantly on FA oxidation. 
Mitochondria are responsible for the oxidation of short-, medium-, and long-
chain FAs, while peroxisomes are involved in the oxidation of of long-chain 
and very-long-chain FAs (Reddy and Hashimoto, 2003). Carnitine 
palmitoyltransferases (CPTs) facilitate the transport of FAs to the 
mitochondria. Each cycle of β-oxidation cleaves an acetyl-coenzyme A (CoA), 
NADH, and FADH2 molecules, which can then be used in the citric acid cycle 
and electron transport chain to produce ATP (Bódis and Roden, 2018).  

 
High levels of malonyl CoA during lipogenesis inhibit CPT1, resulting in 

inhibition of β-oxidation in the fed state. During fasting, circulating glucagon 
inactivates acetyl CoA carboxylase, lowering malonyl CoA levels and allowing 
mitochondrial uptake of FAs (Houten et al., 2016). 

 



 

25 

 
Figure 2. Lipogenesis and lipolysis in adipocytes. Insulin binds to IR, activating AKT1, which translocates 

GLUT4 to the plasma membrane. GLUT4 facilitates the transportation of glucose into the cell. Glucose undergoes 
glycolysis, yielding pyruvate, which is transported to mitochondria. In mitochondria, pyruvate is used for the TCA 
cycle for energy production or converted to citrate. Citrate is transported to the cytoplasm, where ACLY converts 
it to acetyl-CoA. Next, ACC1 converts acetyl-CoA to malonyl-CoA, which FASN uses to make palmitate. Palmitate 
can be further elongated to make other fatty acids. DGAT1 and -2 convert DG to TG. G3P can be used for 
lipogenesis by GPAT. FFAs can be taken up from the circulation by LPL and CD36 and used for lipogenesis. TG 
is broken down in lipolysis via hydrolysis by ATGL, HSL, and MGL. Lipolysis releases FFA and glycerol, which 
are released to other tissues. FAs can also be used for β-oxidation in adipocyte mitochondria. IR, insulin receptor; 
AKT1, AKT Serine/Threonine Kinase 1; GLUT4, glucose transporter type 4; TCA, tricarboxylic acid; ACC1, 
acetyl-CoA carboxylase; FASN, fatty acid synthase; DGAT1, -2, diglyceride acyltransferase; TG, triglyceride; 
DG, diglyceride; FA, fatty acid, LPL, lipoprotein lipase; G3P, glyceraldehyde 3-phosphate; G6P, glucose 6-
phosphate; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; MGL, monoacylglycerol lipase. 

2.2.4 ENDOCRINE FUNCTION   
 

AT is an essential endocrine organ, and knowledge about its endocrine 
function has increased drastically in recent decades. Now AT is known to 
synthesize and secrete signaling factors with paracrine and endocrine effects, 
thus regulating whole-body homeostasis. WAT and BAT can secrete 
hormones, also known as adipokines, RNA molecules such as microRNAs 
included in lysosomes, and bioactive lipids (Scheja and Heeren, 2019). Over 
1000 proteins secreted by WAT and BAT have been identified by proteomic 
approaches, approximately 10% being differentially regulated between WAT 
and BAT (Ali Khan et al., 2018).  

 
Adipokines can regulate AT function in a paracrine manner, influencing 

processes such as recruitment and differentiation of new adipocytes and 
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distribution of AT. Paracrine effects can target the brain, liver, vasculature, 
muscle, liver, pancreas, heart, and more. AT secreted molecules are essential 
regulators of satiety and appetite, thermogenesis, insulin secretion, 
inflammation, AT distribution, blood pressure, glucose, lipid metabolism, and 
insulin sensitivity. Disturbances in AT function and secretome may impact 
overall health, ectopic adipokine secretion being one of the hallmarks of 
metabolic disease (Vona-Davis and Rose, 2007; Mohamed-Ali et al., 1998). 
Lean and obese WAT have distinct secretory profiles. Functional annotation 
of adipocyte secretome revealed that 60% of adipokines were regulated by 
obesity (Dahlman et al., 2012). Therefore, functional characterization and 
delineating the regulation of adipokines are pivotal for understanding AT's 
contribution to the pathophysiology of different diseases.  

 
The discovery of leptin in 1994 marked a breaking point in AT research, 

sparking interest in endocrine functions of AT and identification of adipokines 
(Zhang et al., 1994). Leptin regulates satiety by increasing anorexigenic and 
decreasing orexigenic signaling. Therefore, leptin was previously considered 
for treating obesity. However, instead of leptin deficiency, high levels of 
circulating leptin has been detected in patients with obesity, accompanied with 
increased insensitivity to it. Gaining information about the mechanisms 
behind leptin resistance is important in order to treat obesity-related leptin 
resistance (Izquierdo et al., 2019). Adiponectin is another well-characterized 
adipokine. Although produced by adipocytes, its circulating levels are 
decreased in obesity. It has anti-inflammatory, insulin-sensitizing effects and 
promotes weight loss. Other important proteins secreted by AT are apelin, 
adipsin, resistin, and inflammatory cytokines and chemokines  (Turer and 
Scherer, 2012).  

2.3 ADIPOCYTE DIFFERENTIATION 

2.3.1 ADIPOCYTE TURNOVER 
 
Fat mass is determined mainly by adipocyte number and size; it can expand 

by hypertrophy (increasing the size of existing adipocytes) or by hyperplasia 
(increasing the number of adipocytes by differentiating new adipocytes) 
(White and Ravussin, 2019). Although AT is highly plastic, adipocyte number 
remains relatively stable throughout life. Spalding et al. showed that adipocyte 
number is determined during childhood and adolescence but stays constant in 
adulthood, even after weight loss. They studied the incorporation of 14C into 
genomic DNA, allowing them to determine the turnover of cells. The 14C 
originated from the Cold War nuclear bomb tests and staying stable once 
incorporated into the DNA, marking the time when the cell was generated. 
They used a large cohort of adults to show that fat mass is determined by both 
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cell number and size and found only a tiny variation of cell number within each 
BMI category. They found that in adults, only 10% of adipocytes are replaced 
annually, independent of BMI and age (Spalding et al., 2008). Findings in 
mice, however, suggest that during caloric excess, new adipocytes can be 
formed from fibroblast-like preadipocytes (Wang et al., 2013; Vishvanath et 
al., 2016). Similarly, in humans, pre-adipocytes from elderly subjects have 
been shown to have the capacity to differentiate (Hauner et al., 1989). 

2.3.2 ADIPOGENESIS 
 

Adipocytes derive from multipotent mesenchymal stem cells. To become 
lipid-filled adipocytes, the cells must undergo adipogenesis, or adipocyte 
differentiation. The process consists of two stages: commitment and terminal 
differentiation (Rosen and Spiegelman, 2006). The multipotent mesenchymal 
stem cell with the ability to differentiate into adipocyte, osteocyte, myocyte, or 
chondrocyte commits to adipocyte lineage and can no longer differentiate into 
other cell types. Thereafter, it accumulates lipids, gaining the adipocyte-like 
phenotype (Otto and Lane, 2005). 

2.3.2.1 Transcriptional regulation of adipogenesis 
 

The mesenchymal cell expresses adipogenic, such as CCAAT-enhancer-
binding protein α (C/EBPα) and PPARγ, or osteogenic signaling factors, such 
as runt-related transcription factor 2 (RUNX2), msh homeobox 2 (MSX2), 
Distal-Less Homeobox 5 (DLX5), and osterix, at low levels (Bennett et al., 
2005; Suh et al., 2006). The undifferentiated fibroblast state is maintained by 
a balance of adipogenic and osteogenic signals suppressing each other. Loss of 
balance between the two cascades by signaling from transcription factors leads 
to commitment to one of the cell types. For example, Runx2−/− cells commit 
to adipocytes, whereas the Pparγ+/− mice have an increased bone mass 
(Rosen and MacDougald, 2006; Jeon et al., 2003; Akune et al., 2004). PPARγ 
is the master regulator of adipogenesis, which is regulated by many pro- and 
anti-adipogenic factors (Rosen and MacDougald, 2006). For instance, bone 
morphogenetic proteins 2 and -4 (BMP2, -4) activate the sterile α motif 
domain containing 4  (SMAD4) transcription factor, which consecutively 
activates PPARγ (Huang et al., 2009; Bowers et al., 2006). Several other 
transcription factors have been identified as sensitizers of adipogenic 
signaling. Transcriptional regulation can differ between types of adipogenesis, 
such as fetal adipogenesis and adipose expansion during a high-fat diet 
(Ghaben and Scherer, 2019).  
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After the cells have committed to adipogenic differentiation, they undergo 
growth arrest. The growth arrest promotes PPARγ and transcription co-
activators C/EBPα and -β (Wu et al., 1999). They are the most critical players 
of adipogenic differentiation and are required for adipogenesis in vitro 
(Freytag et al., 1994). The initial accumulation of lipids promotes the 
expression of the adipocyte fatty-acid binding protein (FABP4/AP2) and 
GLUT4. Once differentiated and filled with lipid, the adipocytes express a 
distinct gene profile, including PPARγ, LPL, ATGL, perilipin-1 (PLIN1), and 
genes coding for secreted proteins like leptin and adiponectin (Ghaben and 
Scherer, 2019).  

 
Recent observations suggest that adipocytes do have a capacity to 

dedifferentiate back to the fibroblast state. It is postulated that mammary 
glands for lactating and dermis for wound healing are of adipogenic origin 
(Plikus et al., 2017; Wang et al., 2018). De-differentiation has also been 
observed in CAAs (Tang et al., 2021). However, it is unclear whether 
adipocytes can de- and redifferentiate to other cell types. 

2.3.2.2 Extracellular signals regulating adipogenesis 
 

Adipocyte differentiation is initiated by cues to store nutrients, such as 
high-calorie diet and childhood development (Ghaben and Scherer, 2019). 
Physiological stages that can disturb adipocyte differentiation include chronic 
inflammation, disturbances in the circadian rhythm, hypoxia, and generation 
of reactive oxygen species. Hypoxia inhibits the differentiation of new cells and 
hence, expansion of AT in areas where the vasculature is poor (Ghaben and 
Scherer, 2019).  

 
Adipogenesis is a complex physiological process, as suggested by the 

numerous signaling pathways involved in its regulation. Insulin signaling is 
one of the mechanisms by which nutrition intake promotes adipogenesis. The 
insulin receptor is required for adipocyte differentiation, and its gene 
inactivation in 3T3-L1 cells impairs adipogenesis (Accili and Taylor, 1991). 
Disruption of the downstream signaling cascade phosphoinositide 3-kinase 
(PI3K), AKT serine/threonine kinase (AKT) 1, and -2, and mechanistic target 
of rapamycin kinase (mTOR) was enough to inhibit adipogenesis in mice 
adipocytes (Tomiyama et al., 1995; Solheim et al., 2018; Park et al., 2014; Xu 
and Liao, 2004; Yeh et al., 1995). Other signaling cascades that have been 
shown to regulate adipogenesis include Hedgehog and Wnt pathways that 
suppress adipogenesis by inhibiting PPARγ (Spinella-Jaegle et al., 2001). 
Notch signaling has been demonstrated to regulate various adipogenic genes, 
and inhibition of Notch target genes promotes differentiation of mesenchymal 
stem cells. However, controversial reports on its role in adipogenesis imply 
that its levels may determine the effect (Nueda et al., 2018). Moreover, 
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retinoblastoma protein (Rb) was shown to positively regulate differentiation 
via C/EBPs (Chen et al., 1996). 14-3-3 protein family coordinate the 
transcriptional network of adipogenesis, but their functions remain poorly 
understood (Lim et al., 2015; Lim and Johnson, 2016; Gojanovich et al., 2016). 
The transforming growth factor β (TGFβ) signaling inhibits adipogenesis by 
inhibiting PPARγ via SMAD3 (Lakshmi et al., 2017). 
 

Adipogenesis is extensively regulated by circulating hormones. In addition 
to insulin, other endocrine hormones include glucocorticoids, growth 
hormones, sex hormones, and thyroid hormones (Carmean et al., 2014). 
Thyroid hormone signaling regulates many crucial processes involving 
adipogenesis, including fetal and childhood development, energy expenditure, 
lipogenesis, and thermogenesis. Triiodothyronine is an essential component 
of the in vitro differentiation of adipocytes. It directly regulates adipogenesis 
by thyroid response elements or by controlling important transcription factors 
such as PPARγ (Deslex et al., 1987; Lu and Cheng, 2010). In terminal adipocyte 
differentiation, lipid accumulation is regulated by thyroid receptors and 
THRSP (Ortega et al., 2010b; Mishra et al., 2010). Overview of adipogenesis is 
presented in Fig. 3. 

2.3.2.3 MicroRNAs as regulators of adipogenesis 
 

Despite the identification of numerous transcriptional regulators of 
adipogenesis, there remain still many regulatory mechanisms undiscovered. 
Many studies have established miRNAs as important regulators of adipocyte 
function and differentiation (Hilton et al., 2012). 
 

MiRNAs are short, 17-25 nt long non-coding RNAs that have emerged as 
important post-transcriptional regulators of gene and protein expression. 
They were first discovered in Caenorhabditis elegans in 1993; today, 
thousands of miRNAs have been identified (Lee et al., 1993; Jean-François et 
al., 2019). miRNAs are highly conserved in organisms, suggesting they are 
pivotal regulators of cell processes. They regulate gene expression usually by 
interaction with the 3′ untranslated region (3′ UTR) of target mRNA, resulting 
in translational inhibition. Their mechanisms of action are presented in Fig. 4. 
(O’Brien et al., 2018).  

 
Biogenesis of miRNAs can occur by two different mechanisms, canonical 

and non-canonical pathways. In the canonical pathway, RNA polymerase III 
transcribes primary miRNA (pri-miRNA) transcripts from exonic, intronic, 
and intergenic regions. This is followed by processing into precursor miRNAs 
(pre-miRNAs) by the microprocessor complex, consisting of RNAse III 
enzyme Drosha and the RNA binding protein DiGeorge Syndrome Critical 
Region 8 (DGCR8). The pre-miRNA is transported to the cytoplasm by 
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exportin 5 (EXP5), where the RNAse Dicer complex cleaves the pre-miRNA 
hairpin to the final length. The double-strand unwinds and the functional 
strand, called the guide strand, is loaded to the RNA-induced silencing 
complex (RISC), while the other strand is degraded. The RISC includes the 
guide strand, Argonaute (Ago) proteins, Dicer and transactivation response 
element RNA-binding protein (TRBP) which is involved in the assembly of the 
RISC components. The guide strand guides RISC to the target mRNA by 
sequence complementarity. The mRNA targets are largely determined by the 
initial bases of the miRNA, referred to as the seed sequence. Most of the 
miRNA binding sites are located in the 3’ UTR of the target mRNA. (Fig. 4.) 
(Winter et al., 2009; O’Carroll and Schaefer, 2012; Iacomino and Siani, 2017; 
Doench and Sharp, 2004). Additionally, miRNAs can also bind to the 5’ UTR 
or the open reading frame of the target gene. Interestingly, targeting of the 5’ 
UTR results in translational activation (Moretti et al., 2010; Ørom et al., 
2008). 

 
In non-canonical biogenesis, pre-miRNAs are formed from introns 

independently from Drosha/DGCR8 or Dicer. Several non-canonical 
pathways have been identified. For instance in the mirtron pathway, short 
hairpin introns are spliced and debranched to pre-miRNAs independently 
from Drosha/DGCR8 processing (O’Carroll and Schaefer, 2012; Annese et al., 
2020). Additionally, fragments of snoRNA and tRNA have been shown to 
enter the RISC complex (Ender et al., 2008; Babiarz et al., 2008). 
 

Numerous reports are showing fluctuating miRNA levels during adipocyte 
differentiation. Inhibition of RNAse III enzyme Drosha and Dicer, which are 
essential for the miRNA biogenesis, resulted in reduced adipogenesis of 
mesenchymal stem cells (Oskowitz et al., 2008). Moreover, adipogenesis was 
inhibited in 3T3-L1 cells upon Drosha inhibition (Wang et al., 2008). Ablation 
of Dicer in mouse fibroblasts inhibited adipogenesis (Mudhasani et al., 2010). 
These reports provide evidence for the involvement of miRNAs in regulating 
adipogenesis. However, they do not demonstrate the effect of specific miRNAs.  

 
High throughput technologies have identified numerous miRNAs and their 

role in the adipogenesis (Hilton et al., 2012). Depending on the target gene, 
miRNAs can promote or obstruct adipogenesis in any stage of differentiation. 
Hundreds of miRNAs have been connected to adipocyte differentiation, and 
only a  few of them are discussed below (Fig. 3.) miR-21 expression is increased 
in AT of subjects with obesity, and it promotes the differentiation of human 
mesenchymal stem cells by altering the TGFβ signaling (Jeong Kim et al., 
2009). The expression of miR-143 elevates during human and mouse 
adipogenesis, and miR-143 inhibition obstructed adipogenesis in vitro (Esau 
et al., 2004). Similarly, miRNAs 30a-e are upregulated during adipogenesis, 
and their inhibition dampens human adipocyte differentiation. miR-30a 
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overexpression targets RUNX2, promoting adipogenesis over osteogenesis 
(Zaragosi et al., 2011).  

 
Mir-103 levels increase during human and mouse adipogenesis, but there 

are inconclusive results on its paralog miR-107 levels (Ortega et al., 2010a; 
Esau et al., 2004). A computational study has predicted miR-103/107 to have 
multiple targets in the lipid metabolism pathway, complicating the 
comparison between observations in human and murine adipocytes. MiR-107 
is an essential regulator of insulin sensitivity (Trajkovski et al., 2011a). 
Adipocyte differentiation is a significant contributor of insulin sensitivity, but 
the role of miR-107 in the differentiation has not been systematically studied. 
Therefore, a study delineating the influence of miR-107 on human 
adipogenesis is needed. 
 

MiR-221 and -222 belong to the miR-21 family. MiR-222 levels decreased 
during differentiation and elevated in the adipocytes of human subjects with 
obesity (Skårn et al., 2012a; Xie et al., 2009; Ortega et al., 2010a; Meerson et 
al., 2013). Moreover, microarray profiling of SAT demonstrated miR-221 to 
correlate with BMI and fasting insulin levels. Many reports support that miR-
222/221 has a role in adipogenesis and adipocyte health, but the mechanisms 
remain unelucidated.  

 

 
Figure 3. Adipocyte differentiation and its regulators. BMP2, -4,  bone morphogenetic protein 2, -4; 

C/EBPα, - β, CCAAT-enhancer-binding protein α, -β; PPARγ, peroxisome proliferator activated receptor γ; TGFβ, 
transforming growth factor β; AP2, adipocyte protein 2; GLUT4, glucose transporter 4; LPL, lipoprotein lipase; 
ATGL, adipocyte triglyceride lipase; PLIN1, perilipin 1. 
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Figure 4. MiRNA biogenesis and function. MiRNAs can be produced by canonical or non-canonical pathways. 

In the canonical pathway, RNA polymerase III transcribes pri-miRNA transcripts from exonic, intronic, and 
intergenic regions. This is followed by processing into precursor miRNAs (pre-miRNAs) by the microprocessor 
complex, consisting of RNAse III enzyme Drosha and the RNA binding protein DiGeorge Syndrome Critical Region 
8 (DGCR8). In non-canonical pathway, intronic regions are spliced, debranched, or trimmed to pre-miRNAs 
without Drosha processing.  The pre-miRNA is transported to the cytoplasm by exportin-5, where the RNAse Dicer 
complex cleaves the pre-miRNA hairpin to the final length. The double-strand is unwinded by Argonaute (Ago), 
and the guide strand is loaded to the RNA-induced silencing complex (RISC) with Ago proteins, Dicer and the 
assembler protein TRBP. The guide strand guides RISC to repress the translation of or degrade the target mRNAs.  

 

2.4 ADIPOSE TISSUE IN METABOLIC DISEASE 

2.4.1 OBESITY AND CURRENT TREATMENTS 
 

Obesity is a heterogeneous disease characterized by an excessive amount of 
AT. It affects people worldwide and has nearly tripled since 1975, increasing at 
an alarming rate (Afshin et al., 2017). According to World Health 
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Organization, more than 1 billion people globally are obese (BMI ≥ 30 kg/m2). 
Changes in lifestyle and diet are the primary reasons for increasing rates of 
overweight (BMI ≥ 25 kg/m2) and obesity (WHO: Obesity and overweight). 
Excessive adiposity is a significant risk factor for numerous diseases, such as 
insulin resistance, type 2 diabetes, coronary artery disease, stroke, non-
alcoholic fatty liver disease, and several types of cancer (Bjerregaard et al., 
2018; Twig et al., 2016; Berrington de Gonzalez et al., 2010; Calle et al., 2003; 
Arnold et al., 2015; Anderson and Simon, 2020; Adler and Schaffner, 1979). 
In addition, obesity is a risk factor for severe outcomes of COVID-19 (Gao et 
al., 2021; Popkin et al., 2020). The term metabolic disease describes a 
clustering of these conditions occurring together. By 2025, 167 million adults 
and children are estimated to be affected by the comorbidities of overweight 
and obesity (WHO: World Obesity Day 2022 – Accelerating action to stop 
obesity).  

 
Obesity and overweight are mostly preventable (Bauer et al., 2014). The 

treatment by lifestyle and diet changes are effective yet challenging to 
maintain. Surgical intervention is an effective option for treating severe 
obesity but is invasive, and without lifestyle modifications, the long-term 
effects are inconsistent. In addition, bariatric surgery is not accessible to 
enough of people affected by obesity (Müller et al., 2021). At the time of 
writing, Europe has approved the use of orlistat, bupropion/naltrexone, and 
liraglutide for treating obesity (Williams et al., 2020). Although effective for 
some, they also come with various adverse effects. The latest glucagon-like 
peptide 1 (GLP1) agonist, Semaglutide, is a promising new drug therapy for 
treating type 2 diabetes and has also been shown to reduce weight effectively. 
A deeper understanding of AT dysfunction in obesity is needed to identify new 
treatments to treat the obesity epidemic (Müller et al., 2021). 

2.4.2 ADIPOSE TISSUE DYSFUNCTION 
 
Excessive fat accumulation is caused by overnutrition, resulting in an 

increased need for storage capacity and AT expansion. Distribution of AT plays 
a significant role in metabolic health, and apart from BMI, waist-to-hip ratio 
and adipocyte size are important risk factors for obesity-related comorbidities. 
Peripheral accumulation of fat is less harmful than visceral independent of 
BMI, and it is widely accepted that metabolic problems arise once SAT storage 
is limited (Longo et al., 2019). Hence, AT accumulation itself up to a limit is 
not metabolically harmful but rather the AT dysfunction that often arises from 
excessive AT expansion. AT dysfunction is characterized by hypertrophy, 
insulin resistance, lipotoxicity, local and systemic inflammation, hypoxia, and 
mitochondrial dysfunction (Fig. 5A), and their mechanisms are described 
below (Blüher, 2013). 
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AT expands by hypertrophy and hyperplasia up to its limits. Adipocyte size 
correlates with insulin resistance, dyslipidemia, and chronic inflammation 
and inversely correlates with the adipocyte differentiation (Yang et al., 2012; 
Permana et al., 2004). Conversely, adipocyte turnover and differentiation of 
new adipocytes associate with insulin sensitivity. In healthy AT, enlarged 
adipocytes secrete adipokines that promote the recruitment and 
differentiation of new adipocytes, although hyperplasia is limited in adults 
(Pellegrinelli et al., 2016). A plethora of mechanisms that induce inflammation 
in obese AT has been identified. They include mechanical and endoplasmic 
reticulum stress, hypoxia, hypertrophy, cell death, and mitochondrial 
dysfunction. These mechanisms trigger the activation of c-Jun N-terminal 
kinase (JNK) and nuclear factor-kappa B (NF-κB) signaling pathways, which 
promote the secretion of pro-inflammatory adipokines, such as TNFα, 
monocyte chemoattractant protein 1 (MCP1), and interleukin-6 (IL6). The 
inflammatory state induces insulin resistance in AT (Longo et al., 2019). Early 
mechanistic studies about AT insulin resistance in obesity demonstrated TNF-
α to impair insulin signaling via the inactivation of insulin receptor substrate 
1 (IRS-1) (Hotamisligil et al., 1993, 1995, 1996; Uysal et al., 1998). 
Furthermore, TNF-α neutralization improved the insulin sensitivity of obese 
mice (Hotamisligil et al., 1993). JNK, in turn inactivates IRS-1 by serine 
phosphorylation. NF-κB inflammatory pathway activation leads to nuclear 
translocation of NF-κB and increased expression of its target genes such as 
TNF-α and MCP-1 (Shoelson et al., 2006; Panahi et al., 2018). Impaired 
insulin signaling results in disturbed suppression of lipolysis in response to 
insulin. This elevates the plasma FA levels, leading to spillover of lipids to the 
liver, pancreas, and muscle that promotes systemic insulin resistance (Longo 
et al., 2019).  

 
Proinflammatory cytokines and increased apoptosis promote the 

macrophage and other immune cell infiltration into AT, forming crown-like 
structures and secreting pro-inflammatory cytokines (Lindhorst et al., 2021; 
Haase et al., 2014). Macrophage infiltration in AT signals the dysfunction to 
other organs, promoting secondary organ failure (Klöting and Blüher, 2014).  

 
As the AT expands, distance to vasculature increases, resulting in hypoxia 

of the distant adipocytes. Hypoxia induces oxidative and endoplasmic 
reticulum stress, contributing to inflammation and AT dysfunction. 
Furthermore, it elevates the hypoxia-inducible factor 1 alfa (HIF-1α), which 
promotes AT fibrosis. AT fibrosis has been shown to complicate weight loss 
and contribute to AT dysfunction by preventing AT plasticity (Debari and 
Abbott, 2020). 

 
Mitochondrial dysfunction caused by excessive adiposity in obese AT 

increases oxidative stress, cell death and metabolic disruption (Bournat and 
Brown, 2010). It strongly associates with comorbidities of obesity in human 
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and mice. Mitochondrial dysfunction involves reduced activity and copy 
number, observed in AT of individuals with obesity compared to lean controls 
(Heinonen et al., 2015; Xiao et al., 2014; Fazzini et al., 2021). 

2.4.3 LIPID PROFILE 
 

Lange and others demonstrated that lean and subjects with obesity have 
distinct SAT and VAT lipidomic profiles: they identified ceramides and 
polyunsaturated fatty acid-containing triglycerides and ceramides as 
hallmarks of obese AT and observed an accumulation of PLs, specifically 
plasmalogen phosphatidylcholine (PC) and plasmalogen 
phosphatidylethanolamine (PE) (Lange et al., 2021).  Several reports show 
ceramides to play a role in mitochondrial dysfunction, insulin resistance, and 
inflammation, therefore likely contributing to AT dysfunction as well 
(Chaurasia et al., 2020). Moreover, another study identified AT ceramides to 
correlate with reduced insulin sensitivity and indicate the early onset of 
metabolic dysfunction in human (Mousa et al., 2019). Interestingly, Chew et 
al. observed hexosylceramides to inversely correlate with BMI, while 
ceramides had a positive correlation (Chew et al., 2019). Adipocytes have a 
dynamic lipid metabolism that projects ongoing metabolic adaptations. In 
adipocytes, fatty acids act as the precursors for various lipids, including TGs, 
phospholipids, sphingolipids, sterols, and eicosanoids. Lipids have a 
fundamental role in homeostatic processes such as maintaining organelles, 
immune function, organ communication, cell survival, and energy metabolism 
(Ertunc and Hotamisligil, 2016). Apart from their regulatory role, the lipid 
profiles can also serve as a diagnostic tool; for instance, type 2 diabetes has 
been associated with a distinct lipid profile (Tulipani et al., 2016; Lapid and 
Graff, 2017). Hence, the function and role of different lipid classes affecting 
adipocyte metabolism and differentiation should be studied further.  

2.5 ADIPOSE TISSUE AND CANCER 

2.5.1 BMI AND INCIDENCE OF CANCER 
 
Incidences of both obesity and cancer have increased in the last decades. 

While the increased incidence of cancers is a consequence of advanced 
diagnosis and increased lifespan, there is also evidence that obesity is 
associated with an increased cancer rate. A large-scale study of 5.24 million 
UK adults demonstrated that high BMI predisposes to many site-specific 
cancers (Bhaskaran et al., 2014). Another study of 424,519 participants 
showed that overweight and obesity increase cancer mortality in populations 
of the Asia-Pacific region (Parr et al., 2010). Overweight and obesity are 
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associated with various types of cancers, but for some types of malignancies, 
the associations differ between sexes and ethnic origins. For instance, 
increased BMI associates with colon cancer more strongly in men than women 
and breast cancer more strongly in Asian-Pacific populations than in others 
(Renehan et al., 2008). On the other hand, increased BMI does not associate 
with all types of cancer: for instance, lung carcinoma is more common in 
people of lower BMI. However, it is to be noted that smoking is a significant 
confounder in this (Renehan et al., 2008). In addition, cancer cachexia results 
in extreme loss of AT and worsens the prognosis (Daas et al., 2018). For these 
observations, it is interesting to delineate the mechanisms by which abundant 
and possibly dysfunctional AT link with cancer and a worse prognosis.  

2.5.1 ADIPOSE TISSUE DYSFUNCTION PROMOTES CANCER 
 

The association between overweight or obesity and cancer incidence is 
attributed to AT dysfunction in obesity, and the metabolic co-morbidities 
associated with it. Likely mechanisms linking AT dysfunction to cancer include 
dyslipidemia and lipotoxicity, hyperinsulinemia, increased secretion of 
inflammatory cytokines and disturbed adipokine secretion from AT (Scully et 
al., 2021). Studies have extensively shown that especially breast, liver, 
colorectal, and endometrial cancers are increased in metabolic syndrome 
(Dibaba et al., 2018; Esposito et al., 2012; Liang et al., 2017). Interestingly, 
insulin-resistant women have a greater risk of developing breast cancer than 
insulin-sensitive women with similar BMI (Gunter et al., 2015). Similarly, 
insulin resistance has been shown to increase colorectal cancer independent 
of fat mass (Yoon et al., 2015; Murphy et al., 2016). Increased serum insulin 
and C-peptide levels increase cancer risk and cancer mortality (Hsu et al., 
2013). A higher risk of cancer has been identified in the time period before 
diabetes diagnosis, when insulin resistance and hyperinsulinemia are likely 
(Lega et al., 2016; Onitilo et al., 2012). Multiple mechanisms by which insulin 
increases cancer risk have been identified. Activation of insulin-like growth 
factor (IGF) signaling pathway is postulated to play a role in the tumor 
initiation by promoting epithelial-to-mesenchymal transition (EMT), cell 
division and glucose metabolism (Scully et al., 2021). Other mechanisms by 
which insulin can promote cancer incidence are altering the sex hormone 
levels, increasing the levels of circulating triglycerides and free fatty acids by 
enhancing hepatic de novo lipogenesis and AT lipolysis (Gallagher and 
LeRoith, 2015). Insulin receptor (IR) and IGF-1 receptor (IGF1R) are 
important regulators of healthy cellular processes, but also cancer growth. In 
rodent studies increased IGF-1 signaling promoted tumor growth and vice 
versa (Jones et al., 2006; Carboni et al., 2005; Wu et al., 2003) 

 
Studies have shown that dyslipidemia associates with increased risk of 

cancer (Jamnagerwalla et al., 2018; Pelucchi et al., 2011; Tian et al., 2015). A 
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cohort of 3,278 adults showed evidence of high VLDL and low HDL to 
associate with cancer incidence (Mainous et al., 2005). In addition, increased 
FA levels due to dysregulated lipolysis support tumor growth (Hoy et al., 
2017). 

 
Cancer cachexia is a multiorgan disorder affecting a majority of end-stage 

patients. It results in extreme dysfunction and loss of AT mass, decreasing the 
life expectancy and quality of life (Argilés et al., 2014; Neves et al., 2016). 
Cancer cachexia is characterized by sequelae of dysfunctioning metabolic 
pathways involving inflammation, skeletal muscle wasting and critically, 
mobilizing lipids to fuel tumor growth. In cachexia, WAT receives systemic 
signals, including from brain, tumor cells and muscle. It accumulates immune 
cells, mobilizes the lipids and starts browning. Adipocyte browning results in 
increased energy expenditure and lipolysis. Browning of AT and signals 
resulting from it contribute to the wasting of skeletal muscle mass (Petruzzelli 
et al., 2014; Kir et al., 2014). Understanding the complex role of AT in cancer 
and the signaling that occurs between the tumor and AT as well as from AT to 
muscle is necessary to restore AT function in late stages of cancer. While 
several mechanisms of cachexia have been delineated in murine models, it is 
important to demonstrate their relevance in human patients (Daas et al., 
2018). 

2.5.2 ADIPOCYTES IN THE TUMOR MICROENVIRONMENT 
  

Cancer originates from one or more cells that start growing uncontrollably. 
This arises via multiple mechanisms, including changes in the DNA. Some 
cellular environments are more favorable for these changes and can promote 
cancer initiation. Obesity and the associated comorbidities pre-condition the 
metabolic and cellular landscape affecting tumor initiation, growth, and 
response to treatment. Similarly, metastatic tumor cells metastasize to 
locations, where the microenvironment is favorable for growth, referred as 
seed and soil hypotheses (Ford et al., 2013; Iyengar et al., 2016).  

 
The infiltrated ecosystem around the tumor is referred as tumor 

microenvironment. It consists of immune cells, extracellular matrix, blood 
vessels, adipocytes, fibroblasts, and other cells. Tumor cells modify the 
function of surrounding cells significantly to support and facilitate tumor 
growth. Tumor microenvironment is an emerging entity and it is now known 
that it is involved in cancer progression (Anderson and Simon, 2020).  

 
Adipocytes are the primary components of certain tumor 

microenvironments such as breast cancer, hence their function plays a role in 
tumorigenesis and cancer progression (Fig. 5B). Cellular cross-talk has been 
detected between tumor cells and the adipocytes in the vicinity, also referred 
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to as cancer-associated adipocytes (CAAs) (Zhao et al., 2020a). Characteristics 
of CAAs include smaller, more fibroblast-like phenotype, small and scattered 
lipid droplets and a distinct expression profile, including altered miRNA 
profile, low expression of anti-inflammatory adipokines such as adiponectin, 
and an increased expression of collagen VI and inflammatory factors (Dirat et 
al., 2011a; Suárez–Nájera et al., 2018). The inflammatory factors include IL6, 
TNFα, MCP1, chemokine (C–C motif) ligand 2 (CCL2), vascular endothelial 
growth factor (VEGF), and leptin (Crake et al., 2019). The adipocytes have a 
distinct influence on tumor expansion based on whether the patient is obese 
or not. Breast carcinoma MCF-7 cells proliferated more when conditioned with 
the adipocyte secretome obtained from adipocytes of women with obesity, in 
comparison to the adipocyte secretome of lean controls (Wu et al., 2019).  

 
CAAs undergo a metabolic reprogramming upon interaction with tumor 

cells altering the metabolism of lipids, carbohydrates and amino acids 
(Munteanu et al., 2020). Lipids are transferred from adipocytes to cancer cells, 
as shown in breast, prostate, and ovarian cancer, fueling tumor growth or 
promoting chemoresistance (Bellanger et al., 2021; Laurent et al., 2016; Yang 
et al., 2019). The trafficking between CAAs and cancer cells is facilitated by 
exosomes. They are small types of extracellular vesicles that are produced in 
most cell types to contain secretory proteins, lipids, DNA and RNA (Yang et 
al., 2020). In breast cancer cells, the increased lipid transfer from adipocytes 
resulted in increased cancer cell fatty acid oxidation to produce ATP to 
promote tumor growth. Ketone bodies produced by fatty acid oxidation 
promote cell invasion by facilitating the TCA cycle (Wang et al., 2017; Balaban 
et al., 2017; Sun et al., 2019; Nieman et al., 2011). These results highlight the 
role of adipocytes in the tumor progression. 

 
Aberrant miRNA expression is known to regulate tumor initiation, 

progression, and metastasis. miRNAs associated with cancer are referred as 
oncomiRs (Esquela-Kerscher and Slack, 2006). miRNA dysregulation in 
cancer occurs via several mechanisms, such as amplification or deletion of the 
miRNA gene, transcriptional control, epigenetic alteration, or impaired 
biogenesis. MiRNAs can act as tumor suppressors, or their function may 
contribute to the cancer hallmarks (Peng and Croce, 2016). MiR-221/222 is a 
widely studied oncomiR and it affects cancer progression with various 
mechanisms in different cancer types. Its ectopic expression promotes cancer 
cell proliferation, metastasis, cell survival, chemoresistance and relapse (Song 
et al., 2019). Moreover, miR-221/222 is increased in various tumors and is a 
putative biomarker for breast carcinomas. Its expression in several cancers is 
associated with a poor prognosis (Liu et al., 2019a; Deng et al., 2017).  

 
MiRNAs are widely dysregulated in the other cells of the tumor 

microenvironment as well and promote cancer progression by impairing the 
healthy cellular function (Heyn et al., 2020). Ectopic miRNA expression in the 
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neighboring cells may be a response to the systemic effects mentioned before, 
or the miRNAs may also be transported from the cancer cells to proximal cells 
or vice versa by exosomes or diffusion (Gagliano et al., 2016; Liu et al., 2019b). 
As miRNAs play a role in adipocyte differentiation and cancer progression, it 
is likely that they may regulate important functions of CAAs as well, many of 
which are still unelucidated. 
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Figure 5. Adipocyte dysfunction and contribution to disease progression. a) Excessive energy intake promotes 

adipocyte dysfunction. AT hyperplasia is limited and excessive energy intake can lead to hypertrophy, accompanied 
with insulin resistance, inflammation, downregulation of adipokines and genes promoting adipogenesis and 
hypoxia. b) Cancer-associated adipocytes (CAAs) contribute to cancer progression. Adipocytes in the tumor 
microenvironment promote tumor growth by secreting adipokines and inflammatory cytokines, amino acids, 
metabolites, fatty acids (FAs) and oncogenic miRNAs. In contrast, cancer cells remodel their microenvironment. 
They secrete factors that induce de-lipidation of adipocytes, autophagy and senescence. Tumor growth also causes 
mechanical stress. These signals from the tumor promote epidymal to mesenchymal transition. 
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3 AIMS 

The aim of this thesis work was to study the mechanisms and consequences of 
adipocyte dysfunction by modulating the regulators miR-107, miR-221-3p and 
THRSP, which are connected to metabolic disease.  
 
 
The aims of the studies were: 
 

1. To study the role of miR-107 in human adipocyte differentiation and 
adipocyte metabolism (study I). 

 
2. To determine the effect of miR-221-3p on human adipocyte 

differentiation and lipid metabolism (study II). 
 

3. To determine miR-221-3p expression in breast cancer-associated 
adipocytes and their interaction with cancer cells (study II). 

 
4. To determine whether THRSP is regulated by insulin in AT in vivo 

(study III). 
 

5. To study how metabolic functions and lipidomic profile are altered in 
THRSP silenced human adipocytes (study III). 
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4 SUBJECTS AND METHODS 

4.1 SUBJECTS AND STUDY DESIGNS 

4.1.1 STUDY II 
 

In study II, women undergoing reduction mammoplasty for non-malignant 
reasons (n = 30) and from women undergoing surgery for breast cancer (n = 
47) were recruited. The subjects did not use any systemic hormonal therapy in 
4 weeks prior to the operation. Clinical information including height, weight, 
waist and hip circumferences, medical history, and medication use were 
recorded at the preoperative visit. Detailed information on the tumor 
pathology was collected from the medical records. 

 
SAT biopsies of 1 g were obtained during the reduction mammoplasty or 

mastectomy. Biopsies obtained from mastectomy were located ≤ 5 cm from 
the breast tumor. The samples were snap frozen in liquid nitrogen and stored 
in −80 °C. A written informed consent was provided by all study subjects. The 
study was approved by the Ethics Committee of Helsinki University Central 
Hospital. 

4.1.2 STUDY III 
 

In study III 36 subjects were recruited from the Helsinki City Hospital 
personnel. The inclusion criteria were: a) age 18 to 60 years; b) a body mass 
index (BMI) ≤ 40 kg/m2; c) no evidence of acute or chronic disease other than 
obesity based on history, physical examination, electrocardiogram, and 
standard laboratory tests (complete blood counts, serum creatinine, 
thyrotropin, and electrolyte concentrations); d) not pregnant or lactating, and 
e) no use of drugs potentially affecting glucose tolerance. All volunteers were 
women. 

 
The subjects arrived at the clinical visit after an overnight fast. Physical 

examination with body weight and height was performed and the subjects 
provided their medical history. The body fat percentage was determined by 
using a bioelectrical impedance analysis (BioElectrical Impedance Analyzer 
System Model #BIA-101A; RJL Systems, Detroit, MI, USA) and SAT volume 
by magnetic resonance imaging, as previously described in detail (Ryysy et al., 
2000). The fasting blood was drawn for the measurement of plasma glucose, 
serum insulin, and serum C-peptide concentrations. 
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The euglycemic hyperinsulinemic clamp technique was used to determine 

the subjects’ insulin sensitivity (DeFronzo et al., 1979; Westerbacka et al., 
2006; Yki-Jarvinen et al., 1984). The subjects were given an insulin infusion 
(Insulin Actrapid; Novo Nordisk, Denmark) at a rate of 1 mU/kg·min for 6 h. 
Simultaneously, plasma glucose was measured from the venous blood every 5 
min and the subjects were given 20% glucose infusion adjusted to a rate that 
maintained normoglycemia. The glucose infusion rate needed for maintaining 
normoglycemia from 30 to 360 min was used to determine the insulin 
sensitivity (M-value) of each subject. The subjects were grouped to insulin 
sensitive and insulin resistant groups based on the median M-value (DeFronzo 
et al., 1979). 

 
SAT biopsies were obtained with an aspiration needle before 

hyperinsulinemia and at 180 and 360 min after the start of the infusion. The 
biopsies were snap-frozen in liquid nitrogen and stored at −80 °C. All 
participants provided written informed consent. The study was approved by 
the Ethics Committee of the Hospital District of Helsinki and Uusimaa 
(Helsinki, Finland). 

4.2 METHODS 

4.2.1 CELL CULTURE 
 
All cells were cultured in 37 °C humidified incubator in 5% CO2. SGBS 
fibroblasts were cultured in DMEM-F12 (Gibco 11320033) supplemented with 
10% non-heat-inactivated fetal bovine serum, 2 mM L-glutamine (Gibco, 
25030-081), 100 U/ml penicillin and 100 µg/ml streptomycin (Millipore- 
Sigma), 17 µM pantothenate acid and 33 µM biotin. This medium will be 
referred to as full medium later in the text. Most of the experiments were 
performed in serum-free conditions. DMEM-F-12 with all the above 
supplements excluding fetal bovine serum will be referred to as 0F medium. 
 
SGBS preadipocytes were differentiated to adipocytes by growing the cells to 
70-80% confluency and then replacing the full medium by differentiation 
medium 1 on day 0 of differentiation. On differentiation day 4, the medium 
was replaced with differentiation medium 2 and differentiation was continued 
until day 13 or until mature. The compositions of full, 0F, differentiation 1 and 
-2 mediums are specified in Table 1. 
 
3T3-L1 mouse adipocytes were cultured Dulbecco’s Modified Eagle Medium 
(DMEM, Sigma-6429, Sigma-Aldrich, St. Louis, MO). Supplemented with 10% 
heat-inactivated fetal bovine serum, 2mM L-glutamine (Gibco, 25030-081), 
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100 U/ml penicillin and 100 µg/ml streptomycin (Millipore- Sigma). This is 
refered as full medium. 3T3-L1 differentiation with differentiation medium 1 
and -2 is specified in Table 1. 
 
MCF-7. Breast carcinoma cells were used to study adipocyte-cancer 
interaction in study II. Michigan Cancer Foundation 7 (MCF-7) cells were 
cultured with DMEM (Sigma D6429) supplemented with 10% fetal bovine 
serum, 10 mM L-glutamine and 100 U/ml penicillin and 100 µg/ml 
streptomycin. 
 

Table 1. Supplements used for SGBS and 3T3-L1 differentiation. 

 

SGBS 
differentiation 
medium 1 

SGBS 
differentiation 
medium 2 

3T3-L1 
differentiation 
medium 1  

3T3-L1 differentiation 
medium 2 

Incubation time  4 d ~10 d 72 h 4 d, replaced every 48 h 

Medium  oF oF DMEM full  DMEM full 

Transferrin 0.01 mg/ml 0.01 mg/ml   
Insulin 20 nM 20 nM 100 nM 100 nM 

cortisol 100 nM 100 nM   
T3 0.2 nM 0.2 nM   
Dexamethazone 25 nM  250 nM  
IBMX 250 µM  500 µM  
Rosiglitazone 2 µM  2 µM 2 µM 

 

4.3 GENETIC MODIFICATION 

4.3.1 MIRNA TRANSFECTION 
 
MicroRNAs’ expression was modified in study I and II. SGBS pre- and day 6 
adipocytes were transfected with 100 nM microRNA mimics for 48 h. Mature 
adipocytes were transfected with 200 nM mimic for 72 h. Transfections were 
done using RNAimax transfection reagent (Thermo Fisher Scientific; 13778-
150) according to the manufacturer’s protocol. In study I, the cells were 
transfected with miR-107 mimic (Qiagen, MSY0000104) and in study II, with 
miR-221-3p mimic (Qiagen MSY0000278) or anti-miR-221-3p (Qiagen 
MIN0000278). Non-targeting control (Qiagen, 1027280) was used as a 
control for both studies. 

4.3.2 GENE SILENCING 
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In study II, the 14-3-3-γ encoding gene YWHAG was silenced on day 6 of 
differentiation. THRSP expression in differentiated adipocytes was silenced in 
study III. Transfection of 100 nM YWHAG siRNA (Qiagen SI00100653), 200 
nM siRTHRSP (Ambion; AM16704, ID:12758) or Silencer Select™ non-
targeting control 2 (SS2; Thermo Fisher Scientific 4390846, Waltham, MA), 
was carried out by using the RNAiMax™ transfection reagent (Thermo Fisher 
Scientific; 13778-150). 

4.3.3 GENE OVEREXPRESSION 
 
In study III, THRSP was overexpressed in SGBS preadipocytes. The cells were 
infected with lentiviral particles expressing THRSP (THRSP oex; accession 
number BC031989) or control particles generated from an empty pENTR2B 
vector (oex ctrl). The cells were incubated with the viral particles in 0F with 8 
µg/ml polybrene for 24 h, followed by 48 h of selection by 20 µg/ml blasticidin 
(Invitrogen; R210-01) in full medium. 

4.4 WESTERN BLOT 

 
In all of the studies, protein levels in cell lysates were quantified by western 
blotting. Cells were lysed in RIPA lysis buffer (15 mM Tris-HCl, pH 7.4, 1% 
NP40 1%, 1.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1% sodium 
dodecyl sulphate [SDS], protease inhibitor cocktail [Complete; Roche, Basel, 
Switzerland; 04693132001]). Lysates were boiled and centrifuged at 10,000 g 
for 10 min to avoid intact cells and excess lipid. Total protein content was 
determined using Pierce BCA assay (23225, Thermo Scientific). Equal 
amounts of protein were loaded on 7.5-12 % SDS polyacrylamide gels (Fast 
Cast TGX Stain-Free, BioRad, Hercules, CA) and the proteins were blotted on 
PVDF membranes using the BioRad Transblot system. The membranes were 
incubated in 5% milk in Tris-buffered saline with 0.01% Tween-20 for 1 h at 
room temperature to block unspecific binding, followed by primary antibody 
incubation overnight at 4°C with gentle shaking. The blots were incubated with 
the horseradish peroxidase-conjugated secondary antibodies in the same 
blocking buffer for 1 h. Proteins were detected with enhanced 
chemiluminescence (Pierce ECL Western; Thermo Scientific, Waltham, MA; 
32106). The corresponding protein band intensities were quantified and 
normalized to total protein intensity using Image Lab (BioRad) software. 



Subjects and methods 

46 

4.5 QUANTITATIVE REAL-TIME PCR 

Gene expression in cells or tissues was measured by quantitative real-time 
PCR (qPCR). Total RNA was extracted using the Lipid Tissue Mini Kit (Qiagen; 
Gaithersburg, MD) for AT biopsies, RNEasy Mini Kit (74104; Qiagen) or RNA 
Mini Kit (Purelink) for cell lysates and miRNeasy® mini kit (Qiagen), for cell 
lysates when miRNA isolation was also required. All kits were used according 
to their manufacturer’s protocols. Reverse transcription of cDNA was done 
using the SuperScript® VILO™ synthesis Kit (Invitrogen, Carlsbad, CA; 
11754-050). mRNA and miRNA expressions were quantified by qPCR using 
Lightcycler® SYBR-Green® master mix (Roche Diagnostics, Mannheim, 
Germany; 04887352001) and a LightCycler 480 II Real-Time PCR system 
(Roche Applied Science, Penzberg, Germany). To determine relative 
expression, crossing point (Cp) values were calculated from amplification 
curves and normalized to the Cp values of the housekeeping genes succinate 
dehydrogenase complex subunit A (SDHA), ribosomal protein lateral stalk 
subunit P0 (36B4) or actin. Sequences of the primers used can be found from 
each publication. 

4.6 RNASEQ 

SGBS cells were lysed, and the RNA extracted using RNeasy mini kit (Qiagen; 
74104), followed by DNase I treatment, according to the manufacturer’s 
protocol. TruSeq Stranded mRNA kit (Illumina) was used to prepare the 
library and the sequencing was performed on the Illumina NovaSeq 6000 
platform using 2 x 100 bp paired-end reads for analysis. Detailed description 
of the method can be found in study III. Differentially regulated genes and 
affected pathways were determined based on the RNAseq. 

4.7 TRIGLYCERIDE MEASUREMENT 

TG content of the SGBS cells was measured from the protein lysates with an 
enzymatic GPO-PAP assay (Cobas, Roche/Hitachi, Tokyo, Japan) according to 
the manufacturer’s protocol. The measurement was done prior to 
centrifugation and the TG concentration was normalized to the protein level 
of each sample. 

4.8 MEASUREMENT OF THE OXYGEN 
CONSUMPTION RATE 

The mitochondrial respiration of the cells was measured with the Seahorse 
XF96 Extracellular Flux Analyzer (Agilent Technologies). SGBS were plated to 
XF96 cell culture plates (Agilent Technologies) and respiration measured at 
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pre-adipocyte stage or cells differentiated and transfected on the plates, 
followed by the OCR measurement. The cells were incubated in XF base 
medium (Agilent Technologies) supplemented with 10 mM D-(+)glucose 
(Sigma; 68769), 1 mM sodium pyruvate (Sigma; S8636), and 2 mM L-
glutamine (Gibco; 25030-024) for 1 h in a CO2 free incubator according to the 
manufacturer’s recommendation. Mitochondrial respiration was then 
measured using the XF Cell Mito Stress Test Kit (Agilent Technologies) 
according to the manufacturer’s protocol. Respiration rates were normalized 
to the cell count, counted by staining the cells with Hoechst (Thermo 
Scientific; 62249) and reading the cell number with Cytation 5 Cell Imaging 
Multi-Mode Reader (Biotek, Agilent Technologies). 

4.9 GLUCOSE UPTAKE 

The cells were washed carefully with phosphate-buffered saline (PBS) and 
starved in serum- and glucose free DMEM (Gibco, 11966025) for 24 h. Then 
the cells were indubated with 100 nM insulin for 20 min, followed by 5 min 
treatment of 50 nM deoxy-D-glucose and [3H] deoxy-D-glucose (0.5 µCi/well; 
Perkin Elmer; NET328A250UC). To terminate the glucose uptake, the cells 
were washed three times with ice-cold PBS and lysed with 0.1% SDS. 
Optiphase Hisafe 3 scintillation liquid (Perkin Elmer; 1200.437) was added to 
the samples and radioactivity measured using Wallac 1414 liquid scintillation 
counter.  

4.10 DE NOVO LIPOGENESIS 

 
DNL of cholesterol, DG and TG, was measured by [3H]acetic incorporation 
into lipids. The adipocytes were incubated with 1 µCi/ml of [3H]acetic acid in 
0F medium for 4 h, followed by scratching of cells to 2% NaCl. Total lipids 
were extracted using the Bligh and Dyer method (Bligh and Dyer, 1959). The 
lipids were analyzed by thin-layer chromatography on analytical silica gel glass 
plates (Merck, Kenilworth, NJ) in a running solution of hexane/diethyl 
ether/acetic acid/ water (70:45:1:0.25). The resolved TG, DG, and cholesterol 
were identified using triolein, diolein, and cholesterol ad standards. The lipids 
were visualized by iodine and scraped. The incorporation of acetic acid isotope 
was measured from each lipid spot by measuring the radioactivity as stated 
above. 

4.11 FATTY ACID OXIDATION 
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The SGBS cells were incubated in a substrate-limited medium (Glucose-free 
DMEM [Gibco, 11966025]; 1 mM L-glutamine [Gibco, 25030-081]; 0.5 mM 
glucose) for 24 h. After starvation, 3 h pre-treatment 1 mM L-carnitine or 50 
µM Etomoxir (EMD Millipore Corp. USA; 236020) was performed, followed 
by incubation with [3H] oleic acid (0.1 µCi/well; Perkin Elmer; 
NET289005MC) and albumin-bound oleic acid Sigma; 03008) in KH buffer 
(25.0 mM NaHCO3, 1.2 mM MgSO4*7H2O, 1.2 mM KH2PO4, 4.7 mM KCl, 118.1 
mM NaCl, 2.5 mM CaCl2*2H2O, 10 mM HEPES, pH7.4) for 2 h. The cells were 
lysed and incubation medium collected. The medium was passed through OH- 

ion exchange columns (Dowex 1X8-200 Ion Exchange Resin, 217425, Merck), 
and [3H]2O was measured from the flow-through. 

4.12 TRIGLYCERIDE SYNTHESIS 

The SGBS cells were incubated in 0F medium with 2% bovine serum albumin 
bound with either 1 µCi/ml [3H]palmitic acid (Perkin Elmer) or [3H] oleic acid 
Perkin Elmer; NET289005MC) for 2 h. Thereafter, the cells were washed with 
PBS and scratched with 2% NaCl. Lipids were extracted by the Bligh and Dyer 
method and [3H]TG was separated by TLC. Finally, radioactivity in each 
sample was measured by liquid scintillation counting.  

4.13 PROLIFERATION ASSAY 

 
The MCF-7 cells were incubated in the experimental conditions with 0.4 
µCi/ml [3H]thymidine for 4 h. The incubation was terminated with three 
washes with PBS, followed by incubation with 5% trichloroacetic acid for 10 
min and finally with 0.1 M NaOH for 10 min. The cells were scratched and 
[3H]thymidine incorporation was measured with a liquid scintillation counter 
as described above. 

4.14 INVASION ASSAY 

Invasion assays were performed on 6.5 mm diameter Transwell™ inserts 
(Corning Costar) with pore size of 8 µm. The membranes of the inserts were 
coated with 5 µg/cm2 human collagen IV and dried overnight. 50,000 MCF-7 
cells were allowed to migrate in 40% adipocyte conditioned medium in serum 
free medium towards medium containing 10% FBS and 40% of adipocyte 
conditioned medium for 24 h. Mitomycin C, (0.5 mg/ml; Sigma, M4287) was 
added in both lower and upper chambers to block proliferation. The migrated 
cells were fixed in 2% paraformaldehyde for 10 min and stained with 0.1% 
crystal violet in 20% methanol for 5 min, followed by rinsing with PBS. The 
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cells were counted at 40× magnification in eight microscopic fields in a 
straight line bisecting the membrane. 

4.15 LIPIDOMIC ANALYSIS 

Adipocytes were lysed with 0.5% SDS and total proteins were extracted by 
Bligh and Dyer method (Bligh and Dyer, 1959). Lipid species used as internal 
standards are specified in Study II and III. The analysis of the lipids was 
performed by direct flow injection analysis using a triple quadrupole mass 
spectrometer (FIA-MS/MS; QQQ triple quadrupole) and a hybrid quadrupole-
Orbitrap mass spectrometer (FIA-FTMS; high mass resolution). Detailed 
method and analysis description are found in the corresponding publications. 
Lipid concentrations were detected as concentrations per protein content. 

4.16 LIPID DROPLET STAINING 

The SGBS cells were differentiated on coverslips and fixed with 4% 
paraformaldehyde in PBS for 20 min. The lipid droplets were stained with 5 
nM Bodipy 493/503 (Molecular Probes/Thermo Scientific, Eugene, OR) at 
room temperature for 20 min. The coverslips were mounted with Mowiol 
(Calbiochem, La Jolla, CA) containing 50 mg/ml 1,4-Diazabicyclo-[2.2.2] 
octane (Sigma-Aldrich). 5 µg/ml DAPI (Thermo Scientific/Molecular Probes) 
was added to the mounting medium in order to stain the nuclei. In Study I the 
coverslips were imaged with Colibri laser (Zeiss, Oberkochen, Germany) and 
Zen 2 software (Zeiss), and in Study II the coverslips were scanned with 3D 
Histech Pannoramic scanner (3DHISTECH, Budapest, Hungary) and images 
taken with CaseViewer (version 2.2; 3DHISTECH). 

4.17 STATISTICAL METHODS 

Shapiro Wilk’s test was used to test the normality of the data when n < 50, and 
Kolmogorov-Smirnov was used for larger data sets. Normally distributed data 
were analyzed by the independent 2-sample 2-tailed Student’s t-test or by the 
one-way ANOVA when there were multiple groups. In contrast, non-normally 
distributed data were analyzed by the Mann-Whitney U or the Kruskal-Wallis 
test, respectively. Multiple tests were corrected for by the Bonferroni-Dunn 
method or FDR of 5%. Spearman’s correlation coefficient determined bivariate 
correlations. Statistical analyses were performed with GraphPad Prism 
(GraphPad Software, Inc., La Jolla, CA), SPSS (IBM SPSS Statistics for 
Macintosh, Armonk, NY), or R. Data was represented as mean ± SD, and a P 
value ≤ 0.05 was considered statistically significant. The methodology of the 
transcriptomic data and pathway analyses are discussed in study III original 
publication. 
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5 RESULTS 

5.1 EARLY-STAGE ADIPOGENESIS AND LIPID 
METABOLISM (STUDY I) 

5.1.1 MIRNA-107 INHIBITS ADIPOCYTE DIFFERENTIATION IN 
HUMAN SGBS PRE-ADIPOCYTES 

 
The miR-107 gene is upregulated in obesity and has been connected to insulin 
resistance. It has also been shown to influence adipocyte formation, although 
the results are inconsistent, and the mechanisms have remained unclear. We, 
therefore, sought to determine the effect of miR-107 on human SGBS 
adipocyte differentiation. SGBS preadipocytes were transfected with miR-107 
or non-targeting control (NT) siRNA for 48 h and differentiated for 13 days. 
Reduced adipocyte lipid accumulation was detected in miR-107 
overexpressing adipocytes (Publication I, Fig. 1A), indicating that miR-107 
inhibits adipocyte differentiation. Adipocytes with miR-107 transfected cells 
showed 33% lower total TG levels compared to those in control cells 
(Publication I, Fig. 1C). In comparison to controls, miR-107 transfected cells 
exhibited tiny lipid droplets, and the total lipid droplet area was reduced by 
53% (Publication I, Fig. 1B). 
 
Analyzing the expression of known adipocyte differentiation markers 
confirmed miR-107's ability to inhibit the differentiation. Differentiation 
hallmark genes adiponectin and perilipin 2 (PLIN2) were significantly reduced 
at the protein level (Publication I, Fig. 2B). In the transfected cells, the levels 
of several other adipocyte markers GLUT4, DGAT1/2, AP2 and LPL were also 
reduced (Publication I, Fig. 2A). 

5.1.2 MIR-107 IMPAIRS ADIPOCYTE DIFFERENTIATION BY 
INHIBITION OF CDK6 AND ITS TARGET GENES 

 
The miR-107 target CDK6 regulates adipocyte differentiation (Sarruf et al., 
2005; Varshney et al., 2014). In this context, it was interesting to determine 
whether miR-107 mediated adipogenesis inhibition occurs through CDK6. 
When miR-107 was transfected into SGBS preadipocytes, CDK6 expression 
was decreased significantly (Publication I, Fig. 3A–B). Preadipocytes 
transfected with miR-107 showed reduced Rb protein level (Publication I, Fig. 
3A–B). 
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In light of Notch3's role in adipogenesis recently identified by Sandel and 
colleagues (Sandel et al., 2018) and CDK6's known role in regulating Notch3 
(Pekkonen et al., 2014), it was interesting to determine if CDK6 regulated 
Notch3 and its targets. The expression of Notch3 and its target Hes1 were 
significantly decreased in miR-107 transfected preadipocytes compared to NT, 
as evidenced by western blotting (Publication I, Fig. 3A). 

5.1.3 MIR-107 MODULATES LIPID STORAGE AND GLUCOSE 
UPTAKE IN DIFFERENTIATED SGBS ADIPOCYTES 

 
Because miR-107 is increased in the liver of individuals with obesity and 
regulates insulin sensitivity (Trajkovski et al., 2011), we examined whether 
miR-107 enhances lipid accumulation in differentiated adipocytes. The total 
TG content, lipid droplet size, and number were measured 72 h after 
transfecting mature SGBS adipocytes with miR-107 or NT. The amount of total 
TG was reduced by 19% in miR-107 transfected cells (Publication I, Fig. 4A). 
Consistently, the average droplet size in miR-107 transfected adipocytes was 
33% smaller than that in the NT transfected control adipocytes (Publication I, 
Fig. 4B). On the other hand, an increase in the total number of lipid droplets 
was observed, which is indicative of an increased number of tiny lipid droplets 
(Publication I, Fig. 4C). This implies that miR-107 transfected differentiated 
adipocytes exhibit a defect in lipid droplet formation or growth.  
 
A decrease in glucose uptake and TG synthesis could explain the defective lipid 
storage in SGBS mature adipocytes. The glucose uptake (Publication I, Fig. 5A) 
was significantly reduced by 38% in miR-107 transfected adipocytes compared 
with NT transfected ones. Moreover, the incorporation of palmitic acid to TG 
was significantly decreased by 48% as compared to NT transfected control 
cells (Publication I, Fig. 5C). There was also a reduction in the incorporation 
of palmitic acid into DGs. However, the change was not statistically significant 
(Publication I, Fig. 5D). MiR-107 likely downregulates multiple genes in 
transfected cells, resulting in these defects. A decrease in GLUT4 mRNA and 
protein expression was observed in these cells. Furthermore, several genes 
involved in fatty acid and triglyceride synthesis were downregulated 
(Publication I, Fig. 5B), including FAS, DGAT1, DGAT2, CD36, and SREBF1. 
At mRNA level, the inflammatory markers TNFα and IL-6 (Publication I, Fig. 
5E) were upregulated, and adiponectin expression was reduced (Publication I, 
Fig. 5B). There was no statistically significant reduction in adiponectin protein 
concentrations, however a decreasing trend could be detected. 
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5.2 LATE-STAGE DIFFERENTIATION AND LIPID 
COMPOSITION (STUDY II) 

5.2.1 MIR-221-3P IMPAIRS LATE-STAGE DIFFERENTIATION OF 
HUMAN ADIPOCYTES 

 
The miR-221-3p has been reported to affect adipocyte differentiation when 
overexpressed during the early stages of the process. The mechanism involved 
in this effect on adipocyte differentiation, as well as its impact on the 
subsequent stages of differentiation, has not been investigated. We therefore 
aimed to examine the effects of miR-221-3p on terminal adipocyte 
differentiation and its mechanisms. On day 6 of differentiation, we transfected 
miR-221-3p, anti-miR-221-3p, or non-targeting control siRNAs into SGBS 
adipocytes and proceeded with differentiation until day 13 or 14 (Publication 
II, Fig. 1A). As a result of miR-221-3p overexpression, there was a 42% 
reduction in the TG content of adipocytes, whereas anti-miR-221-3p increased 
TG content by 44% compared to NT (Publication II, Fig. 1B), confirming the 
central role of miR-221-3p in adipocyte TG storage. In miR-221-3p 
overexpressing cells, the area of lipid droplets was reduced by 64% while anti-
miR-221-3p increased the lipid droplet area by 42%, although the increase was 
not statistically significant (Publication II, Fig. 1C, D). By analyzing gene and 
protein expression levels, we next wanted to confirm that miR-221-3p is 
responsible for the defect in differentiation. A parallel observation was that 
mRNA levels of genes associated with adipocytic differentiation and SCD1, 
GLUT4, FAS, DGAT1/2, AP2, ATGL and adiponectin were significantly 
decreased after miR-221-3p overexpression. Additionally, MOGAT and 
SREBF1C mRNAs exhibited a decreasing tendency, although not statistically 
significant (Publication II, Fig. 2A). Western blotting was used to confirm 
whether the effects of miR-221-3p are present at the level of the protein 
targets. Both SCD1 and adiponectin were significantly downregulated upon 
miR-221-3p mimic transfection (Publication II, Fig. 2B). 

5.2.2 DOWNREGULATION OF 14-3-3Γ BY MIR-221-3P 
OVEREXPRESSION MAY RESULT IN ADIPOCYTE 
DIFFERENTIATION DEFECTS 

 
Next, we sought to understand how miR-221-3p suppresses adipocyte 
differentiation. The 14-3-3 family of proteins is associated with the 
differentiation of a number of cell types, and 14-3-3d has been linked with 
adipogenesis (Lim et al., 2015). In light of this, we proposed that other 14-3-3 
isoforms might also be involved in adipocyte differentiation. The sequence of 
miR-222  is identical to that of miR-221-3p, which directly targets YWHAG's 
(encoding 14-3-3γ) 3'UTR (Publication II, Fig. 3A)(Chu et al., 2018). 
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Moreover, miR-221-3p is predicted (by miRWalk 2.0) to target 14-3-3γ 
(Dweep et al., 2011). When miR-221-3p was transfected during SGBS 
adipocyte differentiation, 14-3-3γ protein was reduced, whereas antimiR-221-
3p transfection resulted in increased expression of 14-3-3γ (Publication II, Fig 
3B). To explore whether reduction of 14-3-3γ would exert similar phenotypic 
effects as miR-221-3p overexpression, we knocked down 14-3-3γ. As a result, 
the TG content in SGBS adipocytes was reduced by 25%, and the lipid droplet 
area per cell by 46% (Publication II, Fig. 3C). Inhibition of the adipogenic 
differentiation was also reflected in the YWHAG/14-3-3γ silenced cells, which 
exhibited significantly reduced mRNA concentrations of adipogenesis 
markers SCD1, GLUT4, FAS and AHNAK (Publication II, Fig. 4A). We wanted 
to investigate whether YWHAG expression was correlated with adipogenic 
markers in human WAT, since YWHAG/14-3-3γ has not been extensively 
studied in human SAT.  To this end, human breast tissue biopsies from 30 
female subjects were analyzed by qPCR. Supporting the role of YWHAG/14-3-
3γ in adipogenesis, we observed that FAS, SCD1, and AHNAK mRNAs showed 
a strong positive correlation with YWHAG (Publication II, Fig. 4B, C, E). 

5.2.3 MIR-221-3P MODULATES ADIPOCYTE LIPID COMPOSITION 
 
In light of the association between miR-221-3p and adipose tissue dysfunction, 
characterized by an altered lipid composition and altered differentiation status 
of adipocytes (Mysore et al., 2016; Skårn et al., 2012b; Pietiläinen et al., 2011; 
Chaurasia et al., 2019), we sought to investigate the effects of miR-221-3p 
overexpression (72-h transfection; Publication II, Fig. 5A) on the SGBS lipid 
metabolism. The lipidome of mature SGBS adipocytes and the expression of 
differentiation markers in these cells were examined; Among the adipogenic 
mRNAs, SCD1, GLUT4, FAS, DGAT1, -2, and ATGL were significantly 
downregulated, while pro-inflammatory cytokines (visfatin, IL6 and MCP1) 
were induced considerably (Publication II, Fig. 5B). Adiponectin protein 
expression was significantly lower, consistent with the mRNA observation 
(Publication II, Fig. 5C). While the TG content of mature adipocytes showed 
some reduction, this failed to reach statistical significance (Publication II, Fig. 
5D). 
 
Lipidomic analysis was carried out on mature adipocytes transfected with 
miR-221-3p or NT. An increase in ceramides and sphingomyelin was observed 
after the miR-221-3p mimic transfection (Publication II, Fig. 6A). Significantly 
affected ceramide species were d18:1/22:0, d18:1/24:1, d18:1/20:0, 
d18:1/24:0, d18:1/18:0, d18:1/26:1; sphingomyelin species 36:1, 40:1, 40:2, 
38:2, 42:2, 42:1, 34:0, 36:2, and DG species 32:2, 34:2, 30:1, 32:1, 32:0, 34:1 
(Publication II, Fig. 6B). Previously, elevations of ceramides in white adipose 
tissue have been associated with obesity and insulin resistance in metabolic 
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disease (Chaurasia et al., 2016, 2019; Kolak et al., 2007; Candi et al., 2018). 
They have also been associated with the tumorigenesis (Sedger et al., 2016).  
 
The mechanism underlying the lipidome alterations observed in cell cultures 
transfected with miR-221-3p was studied. To determine how enzymes 
involved in DG, ceramide, or sphingomyelin synthesis or degradation were 
expressed, we measured mRNA levels by qPCR (Publication II, Fig. 7A). The 
results were following the hypothesis that miR-221-3p overexpression 
dampened the degradation of ceramide and sphingomyelin, as indicated by 
the suppression of acid ceramidases 1 and 2 (ASAH1, 2) and sphingomyelin 
phosphodiesterase 1 (SMPD1; Publication II, Fig. 7A). In addition, ASAH1 
expression was down-regulated at the protein level (Publication II, Fig. 7B). 
Based on DNL assays (Publication II, Fig. 7C), it seems most likely that 
reduced DG production results from either altered DNL or a salvage reaction 
from monoacylglycerol by monoacylglycerol O-acyltransferase (MOGAT). 
Cells expressing miR-221-3p showed significant suppression of the MOGAT 
mRNA (Publication II, Fig. 7A). As for the de novo pathway, we examined 
ATP-citrate lyase (ACLY), an emerging cardiovascular therapy target, which 
converts citrate into acetyl-CoA, the precursor for DNL (Ference et al., 2019; 
Burke and Huff, 2017).  Although no significant effects were observed on ACLY 
mRNA (P = 0.06; Publication II, Figure 7A), a western blot analysis indicated 
that ACLY protein expression was significantly downregulated (Publication II, 
Fig. 7B). These results identified candidate mediators of miR-221-3p impact 
on adipocyte lipid metabolism, namely, suppression of SMPD1 and ASAH1/2, 
which provide plausible explanations for the elevation of ceramide and 
sphingomyelin levels, as well as MOGAT and ACLY, which reduce DG levels. 
There is no evidence that miR-221-3p targets any of these four enzymes 
directly, but they are likely indirectly affected by the miRNA. 

5.3 DYSFUNCTIONAL ADIPOCYTES IN THE TUMOR 
MICROENVIRONMENT (STUDY II) 

5.3.1 MIR-221-3P EXPRESSION IS ELEVATED IN CANCER-
ASSOCIATED ADIPOCYTES 

 
MiR-221-3p is an oncomiR: a higher level of miR-221-3p has been found in 
several cancers (Azar et al., 2020; Chen et al., 2020; Marchionni et al., 2017). 
Our study examined the expression of miR-221-3p in the adipose tissue 
proximal to breast cancer, which is characterized by impaired lipid storage in 
tumor-associated adipocytes (Dirat et al., 2011b; Lee et al., 2017). MiR-221-3p 
expression increased with the carcinoma grading, grade III showing the 
highest miRNA expression (Publication II, Fig. 8A). MiR-221-3p showed a 
significant negative correlation with adiponectin expression (Publication II, 
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Fig. 8B), which exerts antiproliferative, antiangiogenic, and proapoptotic 
properties. Adipocytes derived from SGBS were cultured in cancer 
conditioned medium (Publication II, Fig. 8C) derived from MCF-7 breast 
cancer (adenocarcinoma) cells to examine whether breast cancer cells could 
control miR-221-3p expression in adipocytes within the tumor 
microenvironment. As a result, cancer conditioned medium significantly 
increased miR-221-3p expression in adipocytes (Publication II, Fig. 8E). When 
the SGBS miRNA synthesis was inhibited by actinomycin D (data not shown), 
the increase in adipocyte miR-221-3p expression was abolished, suggesting 
that the elevated miRNA levels are a result of the endogenous synthesis in 
SGBS, rather than from carry-over of the miRNA from the MCF-7 cells. As a 
result of incubation of SGBS adipocytes with cancer conditioned medium, 
genes encoding proinflammatory factors (visfatin; TIMP metallopeptidase 
inhibitor 1 - TIMP1; IL6 and MCP1) were up-regulated (Publication II, Fig. 
8F). In addition, the mRNAs for the adipogenic markers SCD1, GLUT4, 
DGAT1, ATGL, and adiponectin were suppressed significantly by the cancer 
conditioned medium treatment (Publication II, Fig. 8G). 

 
Table 2. Clinical characteristics of subjects undergoing reduction mammoplasty or mastectomy. 

 
Reduction mammoplasty (n = 30) Breast cancer (n = 47) 

Age, ya 46 (21–77) 65 (29–89) 

Postmenopausal, %b 45 (13) 68 (32) 

BMI, kg/m2a 28 (18–38) 25 (19–40) 

Waist-to-hip ratioa 0.88 (0.70–0.99) 0.87 (0.63–0.99) 

Hypertension, %b 17 (5) 30 (14) 

Hypercholerterolemia, %b 14 (4) 23 (11) 

Type 2 diabetes, %b 7 (2) 13 (6) 

aThe data are expressed as median (range). 
bThe data are expressed as percentages (n). 
 

5.3.2 BREAST CANCER CELL MIGRATION AND PROLIFERATION 
ARE PROMOTED BY SECRETOME OF DYSFUNCTIONAL 
ADIPOCYTES 

 
Since miR-221-3p expression increased with breast cancer progression, we 
tested whether miR-221-3p expression in adipocytes might affect proximal 
breast cancer cells. To this end, MCF-7 cells were cultured in miR-221-3p or 
NT transfected SGBS adipocyte medium (Publication II, Fig. 8D), and the 
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number of MCF-7 cells migrating and proliferating as endpoints of cancer 
progression were measured. Adipocyte conditioned medium from adipocytes 
transfected with the miR-221-3p mimic increased the migration rate of the 
cancer cells by 94% (Publication II, Fig. 8H) and proliferation rate by 24% 
(Publication II, Fig. 8I) when compared to the cells treated with the secretome 
of NT control transfected cells. It appears that miR-221-3p expression is 
elevated in tumor-proximal, phenotypically altered adipose tissue in a manner 
that promotes cancer progression. 

5.4 ADIPOCYTE FUNCTION REGULATED BY INSULIN-
INDUCIBLE THRSP (STUDY III) 

5.4.1 ADIPOCYTES UPREGULATE THRSP IN RESPONSE TO 
INSULIN 

 
Table 3. displays the clinical characteristics of the subjects (n = 36) undergoing 
hyperinsulinemic euglycemic clamp. For all subjects, the mean M-value was 
6.4 mg/kgBW/min, and the SD was 1.8 mg/kgBW/min. We observed insulin 
to induce THRSP expression in human SAT. The increase was time-dependent 
and stronger in more insulin sensitive subjects (Publication III, Fig. 1a). In 
addition, THRSP expression had a positive correlation with M-value, which is 
a measure of insulin sensitivity (r360 min = 0.62; P = 0.0001; Publication III, 
Figure 1a, c). Similarly, clinical features associated with insulin resistance, 
such as the waist-to-hip ratio, SAT volume, serum insulin and C-peptide 
concentrations, and fasting plasma glucose concentrations, correlated 
inversely with THRSP expression (Publication III, Fig. 1d). 

 
Table 3.Clinical characteristics of the participants subjected to euglycemic hyperinsulinemic clamp. 

  All (n = 36) Insulin 
sensitive 
(n = 18) 

Insulin 
resistant 
(n = 18) 

Age (years)a 40 ± 9 38 ± 8 43 ± 11 

Weight (kg)a 75 ± 15 69 ± 11 80 ± 16 

BMI (kg/m2)a 27.3 ± 5.0 24.9 ± 3.7 29.8 ± 5.0 

Postmenopausal (n) 6 1 5 

Waist-to-hip ratioa 0.9 ± 0.1 0.8 ± 0.0 0.9 ± 0.1 

fP-glucoseb (mmol/l)a 5.2 ± 0.6 5.0 ± 0.7 5.4 ± 0 ± 0.5 
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  All (n = 36) Insulin 
sensitive 
(n = 18) 

Insulin 
resistant 
(n = 18) 

fS-insulinc (mU/l)a 4.1 ± 1.6 3.5 ± 1.2 4.8 ± 1.7 

M-valued (mg/kgBW/min)a 6.4 ± 1.8 7.8 ± 1.1 5.0 ± 1.2 

Body fat (%)a 32.9 ± 7.2 30.1 ± 7.2 35.7 ± 6.2 

SAT by MRI (cm3)a 4111 ± 2189 2893 ± 1517 5328 ± 2103 

C-peptide (nmol/l)a 0.58 ±  + .18 0.51 ± 0.11 0.66 ± 0.20 

aData is represented as average ± SD. 
bfP, fasting plasma; cfS, fasting serum; dBW, body weight. 
 

We next treated human SGBS adipocytes with insulin in order to establish that 
THRSP induction occurs in adipocytes and to determine whether THRSP 
protein levels were affected. THRSP mRNA and protein levels in adipocytes 
increased significantly when treated with insulin (Publication III, Fig. 1e, f). 
Inhibiting PI3K with LY294002 (LY) abolished the THRSP induction, 
suggesting that insulin modulates THRSP in a PI3K-dependent manner 
(Publication III, Fig. 1f). We found that insulin induced THRSP in 3T3-L1 
adipocytes as well (Publication III, Fig. 1g, h). 

5.4.2 ADIPOCYTE METABOLIC PATHWAYS ARE ALTERED BY 
THRSP SILENCING  

 
Next-generation RNA sequencing of THRSP-silenced SGBS adipocytes 
allowed us to identify putative functions of THRSP. At the protein level, the 
silencing efficiency was 52%, and at the mRNA level it was 49% (Publication 
III, Figs. 2a, b). There were over 27,000 transcripts detected, of which 4174 
showed significant differential expression (Padj *< 0.05; Publication III, Fig. 
2c). Expression data for the differentially expressed genes can be found from 
the original publication. A gene set enrichment analysis (GSEA) of THRSP-
silenced cells revealed that multiple pathways involved in energy and lipid 
metabolism (cholesterol biosynthesis, fatty acid metabolism, citric acid cycle, 
steroid metabolism, and sphingolipid metabolism) had a negative normalized 
enrichment score (NES), indicating genes in those pathways to be mostly 
suppressed (Publication III, Fig. 2d). 

 
The discovery that THRSP is an insulin-inducible gene led us to further 
analyze the insulin-mediated functions in human SAT that are altered by 
THRSP silencing. The transcriptome profile of the THRSP-silenced SGBS 
adipocytes was compared with altered gene expression patterns identified in 
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AT during euglycemic hyperinsulinemia using a publicly available microarray 
database (GSE26637). The datasets share 128 common differentially 
expressed genes (DEGs) (Publication III, Fig. 3a and gene list in the original 
publication). The Reactome GSEA detected several pathways that are both 
common and inversely affected (Publication III, Fig. 3b). These pathways 
include steroid metabolism, cholesterol biosynthesis, fatty acid biosynthesis, 
and SREBP-regulated pathways, implying that THRSP is an essential 
mediator of insulin function in adipocytes. Publication III, Fig. 3c illustrates 
gene expression profiles for altered metabolic pathways.  

5.4.3 THRSP DOWN-REGULATION PROMOTES MITOCHONDRIAL 
DYSFUNCTION IN ADIPOCYTES 

 
As we had observed, the citric acid cycle, oxidative phosphorylation, and 
oxidation genes were significantly downregulated in THRSP-silenced 
adipocytes (Publication III, Fig. 4a, Additional file 1: Fig. S2c); we proceeded 
to test whether THRSP silencing impacts mitochondrial function. We found 
that fatty acid oxidation was significantly decreased in THRSP-silenced cells 
compared to SS2 controls (Publication III, Fig. 4b; P = 0.0037), determined 
by using radioactive oleate as a substrate. The Seahorse Mito Stress test 
demonstrated that silencing of THRSP in differentiated adipocytes resulted in 
a significant reduction in maximal mitochondrial oxygen consumption rate 
(OCR) (Publication III, Fig. 4c; P = 0.035). In contrast, overexpression of 
THRSP in preadipocytes increased OCR (Publication III, Fig. 4c; < 0.0001). 
The ratio of mitochondrial DNA to genomic DNA was not altered by THRSP 
silencing, indicating that the mitochondrial defect was not caused by 
decreased mitochondrial biogenesis (data not shown). 

 
We then measured radioactive glucose uptake in THRSP-silenced adipocytes 
to see if the dampened oxidative phosphorylation (as measured by OCR) 
parallels altered glucose uptake. THRSP silencing decreased glucose uptake 
compared to controls (P = 0.03), but this change was not observable when the 
cells were treated with insulin (Publication III, Fig. 4d). 

5.4.4 THRSP REGULATES ADIPOCYTE LIPID COMPOSITION 
 
Evidence showing that THRSP has lipogenic properties in various tissues and 
our observation of its role in mitochondrial function imply that THRSP 
regulates adipocyte energy metabolism. (Freake and Oppenheimer 1987; 
Jump et al. 1984; Kinlaw et al. 1995). Additionally, according to transcriptomic 
analysis, THRSP may be involved in cholesterol, phospholipid, 
glycerophospholipid, and sphingolipid metabolism (Publication III, Figs. 5a, 
33c).  Lipidomic analysis of THRSP-silenced adipocytes was performed, 
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revealing a significant reduction in the total concentrations of 
hexosylceramides compared to controls (Publication III, Fig. 5b). In 
particular, concentrations of hexosylceramide species 18:1; O2/16:0, 18:1; 
O2/18:0, 18:1; O2/22:0, 18:1; O2/22:1, 18:1; O2/24:0, and 18:1; O2/24:1 were 
reduced (Publication III, Fig. 5c, all lipid species shown in Additional file 1: 
Table S3). A transcriptomic analysis supported these findings by showing 
changes in genes governing glycerophospholipid metabolism and 
glycosphingolipid metabolism. Interestingly, we observed a reduced 
expression of the critical gene of the glucosylceramide pathway, UDP-glucose 
ceramide glucosyltransferase (UGCG), which catalyzes the glycosylation of 
ceramides to glucosylceramides. Additionally, downstream genes involved in 
converting glucosylceramides to further glycosphingolipids were inhibited. 
Furthermore, ceramide de novo synthesis genes were also inhibited, including 
the dihydroceramide desaturase gene (DEGS1) and ceramide synthases 1 and 
4 (CerS1; -4; Publication III, Fig. 6). In agreement with our observations in 
human adipocytes, we detected downregulation of sphingolipid metabolism 
genes in THRSP-silenced 3T3-L1 adipocytes as well (Publication III, 
Additional file 1: Figure S2c). Of note, an interesting finding was that 
exogenous glucosylceramides restored mitochondrial respiration in THRSP-
silenced adipocytes with hexosylceramide defects (Publication III, Additional 
file 1: Fig. S3). 
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6 DISCUSSION 

6.1 DIFFERENTIATION (STUDIES I, II) 

Adipocyte differentiation is necessary for the function of AT. Adipogenesis 
correlates with insulin sensitivity and is often impaired in obesity-related 
metabolic dysfunction. Adipogenesis is a complex process, and although 
widely studied, there is still a lack of knowledge of its regulation. There is a 
need to fill these gaps to develop more effective treatments and prevent obesity 
and its co-morbidities. To this end, we have selected two miRNAs, miR-107 
and miR-221-3p, that are upregulated in obesity and connected to 
adipogenesis and utilized them to study the mechanisms of adipocyte 
differentiation and dysfunction.  
 

MiR-107 was previously identified as a regulator of insulin sensitivity in 
mice via altering the liver metabolism (Trajkovski et al., 2011b). The 
expression of the paralog miR-103 increases during adipogenesis, but studies 
of miR-107 in human and murine models are inconclusive. In study I, we 
examined the effect of miR-107 on human adipocyte differentiation and 
function. We transfected human SGBS preadipocytes with miR-107 and 
differentiated them to observe the possible impact on differentiation. We 
observed an obstruction of adipogenesis and the formation of lipid droplets in 
miR-107 overexpressing cells. In addition to phenotypic changes, the 
expression of genes associated with differentiation (GLUT4, adiponectin, 
PLIN2, DGAT1 and -2, LPL, GLUT4, and AP2) was downregulated in 
differentiated adipocytes transfected with miR-107 mimic at preadipocyte 
stage.  
 

We hypothesized the differentiation defect by miR-107 to be mediated via 
CDK6, a validated target of miR-107, which has been connected to 
adipogenesis. CDK6 has also been noted as a multifunctional transcriptional 
regulator that plays a role in differentiating various cell types, heavily 
modulating the cell fate (Tigan et al., 2015). 

 
CDK6 protein level and the phosphorylation status of its target Rb were 

reduced by miR-107 transfection, demonstrating that miR-107 regulates 
CDK6 signaling during adipogenesis. CDK6 is a cell-cycle kinase that regulates 
the transition from the G1 phase of the cell cycle via Rb phosphorylation. 
Inhibition of CDK6 could lead to the extension of the G1 phase and cell cycle 
arrest (Pekkonen et al., 2014). Many reports show that blocking of the cell 
cycle at the G1-S transition inhibited the adipogenesis of 3T3-L1 adipocytes, 
even when given adipogenic stimuli (Kim et al., 2008; Ferguson et al., 2016; 
Auld and Morrison, 2006; Auld et al., 2007). Moreover, CDK6 increases 
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PPARγ activity, and absence of  PPARγ results in activation of the apoptotic 
pathway before the terminal differentiation (Choi et al., 2014; Zhao et al., 
2020b). Zhao et al. used a murine adipogenesis model to show that a 
molecular switch mediated by PPARγ is responsible for exit from the cell cycle 
to commit to terminal differentiation. 

 
Interestingly, they found that the extended G1 phase allows accumulation 

of PPARγ levels, leading to a larger proportion of cells exiting the cell cycle and 
terminally differentiating (Zhao et al., 2020b). However, it is to be noted that 
they attained G1 arrest by knockdown of cyclin-dependent kinase 1 (CDK1). 
CDK1 is not a predicted target of miR-107 in miRWalk 2.0, and there are no 
data showing miR-107 would regulate it. Moreover, PPARγ is activated by 
CDK6, whereas CDK1 is connected to decreased PPARγ action (Sarruf et al., 
2005; Fu et al., 2005; Lebovic et al., 2013). Although cell cycle arrest is needed 
for initiation of adipogenesis and in CDK1 knockdown mediated arrest, the 
terminal differentiation was enhanced, it is possible that miR-107 mediated 
cell cycle arrest acts by different mechanisms. In our cell model, miR-107 
inhibited adipogenesis and CDK6 expression, leading to a dephosphorylated 
state of Rb, perhaps because of low levels of PPARγ. In other words, it is likely 
that although G1 arrest is reached, the cells do not exit the cycle to terminally 
differentiate because the regulation by miR-107 and CDK6 disrupts the 
PPARγ-driven switch to differentiation. In the light of the recent findings by 
Zhao et al., it would be of interest to measure the levels of CDK inhibitor p21 
in miR-107 transfected adipocytes. Corroborating our observations, G2 phase 
markers are increased in the adipocytes in hyperinsulinemic subjects with 
obesity compared to lean and insulin-sensitive subjects with obesity, 
suggesting a connection between adiposity and cell cycle progression (Li et al., 
2021). Results of this study and by others indicate that regulation of the cell 
cycle has an integral impact on adipogenesis and that the effects extend to even 
in vivo observations in humans. Inhibition of CDK6/4 has been shown to 
induce cellular senescence in tumor cells (Tao et al., 2017; Bourdeau and 
Ferbeyre, 2016). Cellular senescence is a novel hallmark of adipocyte 
dysfunction. It is defined as an irreversible cell cycle arrest, leading to DNA 
damage and phenotypic changes. Compelling evidence suggests that adipocyte 
senescence is a significant contributor to adipocyte dysfunction, contributing 
to insulin resistance and type 2 diabetes (Burton and Faragher, 2018). 
Moreover, senescence in preadipocytes have been also shown to influence 
their microenvironment (Parvizi et al., 2021; Tchkonia et al., 2010) 

 
 
Next, we focused on the terminal differentiation of human adipocytes by 

modulating it with miR-221-3p (study II). The expression of miR-221/222 
decreased during adipogenesis in human adipocytes (Ortega et al., 2010a; 
Skårn et al., 2012c). Their role in early differentiation has been studied, and 
CDKN1B was postulated as a target gene responsible for the differentiation 
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defect (Skårn et al., 2012c). MiRNAs however have multiple targets and the 
expression of miR-221/222 continued to decrease in terminal differentiation 
as well. When overexpressing miR-221/222 at the initiation of adipogenesis, 
the regulation is disrupted in the early differentiation, especially when the 
targets include early regulators of adipogenesis such as the cyclins. As the miR-
221/222 expression continues to decrease in terminal differentiation, we 
wanted to delineate the role miR-221-3p has in the later stages of 
differentiation. To this end, we transfected SGBS human adipocytes with miR-
221-3p, its anti-miR and control at intermediate stage of differentiation. This 
allowed us to focus on the mechanisms disrupting lipid accretion without 
interfering with mechanisms of commitment.  

 
Previous studies suggested miR-221-3p to have an inhibitory effect on 

adipogenesis by targeting different regulators in a stage-dependent manner. 
Similarly, we observed a reduction in TG storage and adipogenic gene 
expression. We searched for predicted targets of miR-221-3p that could lead 
to the differentiation defect. 14-3-3γ was a predicted target of miR-221-3p, a 
validated target of miR-222 and exhibited increased expression during 
adipogenesis (Gojanovich et al., 2016; Chu et al., 2018). Moreover, other 
member of 14-3-3 protein family have been connected to adipogenesis. 
Isoform 14-3-3ζ was shown to coordinate visceral adipogenesis mainly by two 
distinct mechanisms. During early induction phase of differentiation, it 
regulates the mitotic expansion, whereas in latter stages of differentiation it 
promotes the stability and translocation of C/EBP-δ, resulting in activation of 
the PPARγ and C/EBP-α -driven master regulation of lipid accumulation in 
the terminal differentiation. 14-3-3ζ overexpression in mice also allowed a 
healthy expansion of adipocytes without insulin resistance or inflammation 
(Lim et al., 2015). We showed that miR-221-3p overexpression during 
adipogenesis decreased 14-3-3γ protein levels in adipocytes, suggesting 
perhaps a similar function to its isoform in terminal differentiation. The 
expression of 14-3-3γ is increased in AT of subjects with obesity, reflecting its 
significance in adipocyte expansion (Boden et al., 2008). Interestingly also 
miR-221-3p is increased in obesity, but its expression might increase only in 
dysfunctional adipocytes with already an inflammatory profile, and not with 
healthy expansion. Corroborating this hypothesis, Capobianco et al. proposed 
14-3-3γ to promote TG synthesis in an insulin sensitive manner. They 
observed an increased expression 14-3-3γ in VAT of female subjects with 
obesity in comparison to VAT of lean controls. They postulated Akt to 
phosphorylate the 14-3-3γ-binding protein AS160, resulting in its interaction 
with lipin 1 and increased TG synthesis (Capobianco et al., 2012).  

 
Overall, our findings regarding adipogenesis add to the knowledge of how 

early differentiation and terminal maturation of new adipocytes could be 
impaired in dysfunctional AT. Furthermore, our studies revealed novel 
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information on the function of miR-107 and miR-221-3p in the regulation of 
human adipogenesis. 

6.2 LIPID METABOLISM (STUDIES I, II, III) 

Unhealthy obesity is characterized by disturbed lipid and glucose metabolism. 
AT expansion by terminal differentiation is required to maintain insulin 
sensitivity and avoid hypertrophy and inflammation (Blüher, 2010). In this 
publication series, we studied the mechanisms of disturbed lipid metabolism 
in human adipocytes and revealed novel targets that regulate it. We observed 
that ectopic expression of miR-107, miR-221-3p, or THRSP has detrimental 
effects on the lipid metabolism of human adipocytes by interfering with 
glucose uptake, lipid storage, synthesis, metabolism, and composition. The 
mechanisms by which these alterations could contribute to metabolic 
dysfunction, as suggested by our results, are discussed below. 
 
Adipocytes transfected with miR-107 at a differentiated state exhibited a 
defect in TG storage, accompanied by downregulation of genes involved in 
glucose and FA transport, and TG synthesis. Although we did not observe a 
significant deficiency in the incorporation of FAs into DG, the expression of 
lipid metabolism genes suggests that miR-107 may impact lipid metabolism 
via multiple targets. Supporting this idea, a co-expression network analysis of 
differentially expressed miRNAs and mRNAs in the geese ovarian follicles 
showed that miR-107 is related to lipid metabolism. It had an inverse 
relationship with the expression of most lipid regulation-related protein-
coding genes, such as fatty acid elongase 1 and -4 (ELOVL1, -4), 1-acylglycerol-
3-phosphate O-acyltransferase 2 (AGPAT2), and apolipoprotein B (APOB) (Li 
et al., 2019). 

 
Similarly, adipocytes overexpressing miR-221-3p at a differentiated state 

had an altered expression of lipid metabolism genes. The altered expression 
profile did not lead to a significant reduction of TG content in 72 h. It is likely 
that in a more extended time period, miR-221-3p elevation could cause 
delipidation of adipocytes. Still, due to technical limitations, a longer 
experimental period was not possible in this cell model.  

 
Since miR-221-3p is elevated in the AT of subjects with obesity and obesity 

is associated with an altered lipidomic profile, we wanted to see if some of 
these alterations could be mediated by miR-221-3p (Lange et al., 2021). The 
lipidomic profile in miR-221-3p transfected adipocytes was analyzed, and the 
cells showed increased concentrations of ceramide and SM. At the same time, 
DG was decreased in comparison to adipocytes transfected with non-targeting 
control.  We studied whether the DNL of DG is responsible for the reduction 
of DG content and found that the incorporation of acetic acid into DG was 
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indeed reduced. Moreover, we found that miR-221-3p overexpression reduced 
ACLY mRNA and protein expression, which is responsible for converting 
citrate to acetyl-CoA (Feng et al., 2020). Its deficiency results in insulin 
resistance in mice (Fernandez et al., 2019).  Reduction in DG could also be 
partly mediated by reduced MOGAT expression, which catalyzes the synthesis 
of DG from monoacylglycerol (Yen et al., 2002).  

 
We studied the mechanisms of these lipid alterations by gene expression 

analyses, finding that ceramide synthases were not affected, whereas SMPD1 
and ASAH1 and -2 were downregulated. Hence, the ceramide accumulation 
may be a result of defective hydrolysis by ASAH1 and -2. Ceramides have 
detrimental effects on metabolism. In mice models, Asah overexpression 
reduced hepatic ceramide content, improving insulin sensitivity (Correnti et 
al., 2020; Xia et al., 2015). Women with obesity and high liver fat had an 
increased AT ceramide content and macrophage infiltration in comparison to 
equally obese counterparts, suggesting ceramides contribute to AT 
inflammation and insulin resistance (Kolak et al., 2007). Additionally, 
ceramide species including C14:0, C16:0, C16:1 and C18:1 are elevated in the 
AT of patients with obesity and diabetes (Chaurasia et al., 2016; Candi et al., 
2018). Moreover, C16:0 ceramide correlated with HOMA-IR in human SAT 
(Błachnio-Zabielska et al., 2012). Increased ceramide levels are associated 
with increased levels of inflammatory cytokines (Chaurasia et al., 2020). Here, 
the expression of anti-inflammatory adiponectin was reduced in miR-221-3p 
overexpressing adipocytes. Adiponectin concentrations are reduced in obesity, 
type 2 diabetes and insulin resistance. Adiponectin receptor 1 and -2 activation 
induces ceramidase activity, reducing the total ceramide content (Holland et 
al., 2017). Reduced adiponectin levels may hence contribute to an 
inflammatory state and additionally, contribute to ceramide accumulation.  

 
The increase of sphingomyelins in miR-221-3p transfected adipocytes 

could be a consequence of ceramide increase as ceramides are converted to 
sphingomyelins by sphingomyelin synthases (Huitema et al., 2004). A 
puzzling finding was, that DG, which is yielded from ceramide to 
sphingomyelin conversion, was reduced. Moreover, sphingomyelin 
phosphodiesterase SMPD1 which uses DG in conversion of sphingomyelins to 
ceramides, was downregulated. Hence it is likely that the accumulation of 
sphingomyelins is a result of reduced lipid turnover instead of increased 
synthesis. This notion is in accordance with observation of reduced lipid 
turnover in obesity (Arner et al., 2019).  

 
Aligning with our observations, a recent study postulated miR-221-3p to 

regulate genes of sphingolipid metabolism pathway (Ojeda-Rodríguez et al., 
2022). Furthermore, they demonstrated that during weight-loss intervention 
in pediatric patients, subjects more responsive to intervention had a prompter 



 

65 

reduction of miR-221-3p expression, highlighting the role of miR-221-3p in 
obesity (Ojeda-Rodríguez et al., 2022). 

 
Next, we progressed to study the function of differentiated adipocytes in 

relation to metabolic health. We focused on AT response to hyperinsulinemia, 
and identified that the lipogenic gene THRSP was induced by insulin and the 
induction was impaired in insulin-resistant subjects.  

 
In publication III, we studied the effect of THRSP silencing on adipocyte 

function, as THRSP induction by insulin was impaired in insulin-resistant 
subjects.  A transcriptomic analysis of THRSP-silenced adipocytes exhibited 
alteration of genes belonging to lipid metabolism and SREBP-activated 
pathways. A comparison to transcriptomic analysis of insulin-stimulated AT 
supported the reasoning that THRSP functions as a mediator of healthy 
adipocyte lipid metabolism in response to insulin. The lipidomic profile was 
analyzed, revealing a reduction of hexosylceramides(glucosyl- and 
galactosylceramides) in THRSP-silenced adipocytes. Obesity-related 
metabolic dysfunction has been previously connected to disturbed 
sphingolipid metabolism (Chaurasia et al., 2016; Green et al., 2021). 
Dysregulated sphingolipid metabolism has been reported to induce 
mitochondrial dysfunction (Knupp et al., 2017; Roszczyc-Owsiejczuk and 
Zabielski, 2021). Moreover, we observed a downregulation of several genes 
regulating the sphingolipid metabolism, including UDP-glucose ceramide 
glucosyltransferase (UGCG), the enzyme converting ceramide to 
glucosylceramide, as well as β-galactosidase (GLB1), neuraminidase 1 (NEU1), 
and hexosaminidase α (HEXA), which convert gangliosides back to 
glucosylceramide. Downregulation of these enzymes could result in 
accumulation of ceramides and GM1, -2, and -3 gangliosides. These 
sphingolipid classes have been reported to contribute to insulin resistance in 
different cell types (Demir et al., 2020; Haynes et al., 2012; Kajihara et al., 
2020; Lipina and Hundal, 2015; Sasaki et al., 2018; Yamashita et al., 2003; 
Wang et al., 2014). Although UGCG expression was reduced we did not 
observe an accumulation of ceramides. This may be due to the downregulation 
of ceramide synthases.  

 
Hexosylceramides and ceramides have been reported to have a distinct 

impact on metabolism: hexosylcermide concentration was shown to inversely 
correlate with BMI and HOMA-IR, while ceramides correlate positively with 
these parameters. Hexosylceramides have been shown to resolve 
inflammation in AT by acting as endogenous lipid antigens that regulate 
invariant natural killer T cell activation and response to inflammation (Lynch 
et al., 2012; Park et al., 2019; Rakhshandehroo et al., 2019; van Eijkeren et al., 
2018, 2020). Gene expression of lysosomal hydrolases or their regulators were 
altered by THRSP silencing. Reduction of these enzymes is observed in 
lysosomal storage disorders, which are characterized, similar to obesity, by 
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altered metabolism, fibrosis and mitochondrial dysfunction (Allende et al., 
2021; Monteith et al., 2016; Raj et al., 2020; Simonis et al., 2019; Tomanin et 
al., 2018; Trabszo et al., 2020; Mizunoe et al., 2019; Pshezhetsky, 2015). Both 
mice with high-fat diet and ob/ob mice exhibited lysosomal dysregulation 
(Mizunoe et al., 2017). Overall, data on lysosomal dysregulation in metabolic 
disease is limited, but current knowledge suggests the connection to be 
complex, likely dependent on the severity of obesity and AT dysfunction 
(Mizunoe et al., 2019).  

 
Overall, dysregulation of adipocyte lipid metabolism may occur through 

various mechanisms. Disturbances in miRNA or nuclear gene expression can 
mediate the alterations of lipid metabolism via various targets. Changes in the 
lipidomic profile can mediate various functions (Park et al., 2021). Our results 
on disturbed adipocyte lipid metabolism shed light on the whole-body impact 
of lipid profile, warranting further exploration on the topic. 

 

6.3 GLUCOSE METABOLISM AND MITOCHONDRIAL 
FUNCTION (STUDIES I, III) 

Cellular glucose uptake in response to insulin is critical for adipocyte 
function. A previous report by Trajkovski et al. demonstrated miR-107 
overexpression in obesity and that it impaired insulin sensitivity in obese 
mouse liver (Trajkovski et al., 2011b). Therefore, we wanted to study the 
glucose uptake in human adipocytes overexpressing miR-107. SGBS 
transfected at a differentiated state exhibited a reduced TG storage likely 
mediated by a reduction in glucose uptake and inhibited TG synthesis. 
Interestingly, there was a high number of very small lipid droplets, unlike 
when transfected at preadipocyte state when the lipid droplet formation was 
ablated. This supports the idea that lipid droplets were able to form until 
impaired glucose uptake mediated by miR-107, leading to starvation and 
mobilization of FAs from lipid droplets (Rambold et al., 2015). Our 
observations suggest that miR-107 contributes to insulin resistance. Insulin 
resistance and impaired glucose uptake contribute to mitochondrial 
dysfuntion. Moreover, in mice liver, miR-107 inhibited mitochondrial β-
oxidation in vivo, contributing to the impairment of glucose tolerance (Bhatia 
et al., 2016).  
 

We observed similar changes in THRSP-silenced adipocytes. A 
transcriptomic analysis showed THRSP silencing to impact key genes involved 
in mitochondrial function, oxidative phosphorylation, and oxidation 
pathways. It is widely accepted that mitochondrial function is impaired in 
obese, dysfunctional AT (Schöttl et al., 2015; Vernochet et al., 2014). 
Adipocytes subjected to THRSP silencing had impaired mitochondrial 
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respiration. Although genes regulating oxidative phosphorylation were 
altered, decreased oxygen consumption rate could partly be a result of lowered 
glucose uptake, which was observed in THRSP-silenced adipocytes. Thyroid 
hormone receptor signaling has been shown to promote FA trafficking to 
mitochondria (Sayre and Lechleiter, 2012). As THRSP is a T3-regulated gene, 
it may play a part in the process. Indeed, we observed reduced fatty acid 
oxidation in adipocytes transfected with THRSP siRNA. Emerging evidence 
shows that lipid composition may mediate various effects in adipocytes. The 
observed disturbances in sphingolipid metabolism could in part mediate the 
mitochondrial dysfunction in adipocytes (Knupp et al., 2017; Roszczyc-
Owsiejczuk and Zabielski, 2021). Data is sparse regarding on the impact of 
individual sphingolipid classes on mitochondrial metabolism. Although 
sphingolipids as a whole are thought to impair mitochondrial function, a 
recent study shows that UGCG increases glycolysis and oxidative 
phosphorylation (Schömel et al., 2020). Correspondingly, we observed that 
the decrease in mitochondrial respiration in THRSP-silenced adipocytes was 
rescued by addition of exogenous glucosyl ceramides. Although there are some 
limitations in this experiment because the exogenous glucosylceramides do 
not rescue all lipidomic changes resulting in THRSP silencing, the results 
suggest that hexosylceramide homeostasis has a role in mitochondrial 
function. Results from this publication propose an additional mechanism of 
insulin resistance-induced mitochondrial dysfunction. 

6.4 INFLAMMATION AND CANCER (STUDIES I, II) 

Metabolic dysfunction is widely reported as predisposing to cancer and 
adipocytes are present in the microenvironment of multiple cancers, including 
breast, colorectal and ovarian cancer (Huang et al., 2018; Zhao et al., 2020c; 
Zhang et al., 2021a; Esposito et al., 2012; Nieman et al., 2011; Wu et al., 2019). 
In this thesis work, we found alterations in adipocyte function that could 
promote oncogenesis or worsen the disease outcome. 

 
It has become clear that inflammation plays a role in all stages of cancer 

(Saha et al., 2017; Greten and Grivennikov, 2019; Lengyel et al., 2018). We 
observed up-regulation of inflammatory genes when we interfered with the 
healthy adipocyte function by miRNAs that disrupt metabolic pathways. MiR-
107 transfection in adipocytes elevated TNFα and IL6 expressions, 
contributing to AT dysfunction in obesity. Adipogenesis defect is connected to 
inflammation and insulin resistance (Gustafson and Smith, 2006; Gustafson 
et al., 2015). AT contains adipocytes and preadipocytes, and the obstructed 
differentiation of preadipocytes may contribute to the overall inflammation.  

 
As we observed miR-221-3p to impair adipocyte differentiation and lipid 

metabolism and it has been associated with several cancers, we measured its 
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expression in AT proximal to breast carcinoma. miR-221-3p was elevated in 
the AT of grade III invasive breast carcinoma patients. CAAs are characterized 
by inflammatory cytokine and disturbed adipokine secretion (Zhao et al., 
2020a; Almeida et al., 2019). Similarly, when we measured the adiponectin 
mRNA expression in the tumor-proximal AT of breast carcinoma patients, we 
observed a decrease, correlating inversely with miR-221-3p expression. 
Moreover, when SGBS adipocytes were transfected with miR-221-3p, the 
expressions of inflammatory cytokines IL6 and MCP1 were upregulated, 
suggesting that elevated miR-221-3p could mediate the inflammatory 
secretome of CAAs. 

 
G1 cell cycle arrest by a CDK6 inhibitor was shown to induce senescence in 

leukemia cells (Tao et al., 2017). Likewise, it is possible that miR-107 can 
induce adipocyte senescence via CDK6 inhibition. Emerging reports suggest 
senescence can promote obesity related metabolic comorbidities (Liu et al., 
2020). Senescent adipocytes can trigger dysfunction and inflammation in 
surrounding cells by paracrine manner, including inflammatory secretome 
(Campisi and D’Adda Di Fagagna, 2007; Ghosh et al., 2019). Therefore, while 
miR-107 has been shown to suppress tumor progression via CDK6 inhibition, 
in contrast senescence in the surrounding cells could promote tumor growth 
(Alspach et al., 2013; Takahashi et al., 2009; Chen et al., 2016). 

 
CAAs undergo delipidation and show impaired adipogenesis. MiR-221-3p 

overexpression during differentiation resulted in small, scattered lipid 
droplets and reduced TG content, resembling the phenotype of CAAs. This, in 
addition to the reduction of adipogenic genes, supports the idea that miR-221-
3p may be an important regulator of adipogenesis proximal to the tumor. 
Defective adipogenesis could in turn fuel tumor progression by routing fatty 
acids to the tumor cells (Andarawewa et al., 2005; Wen et al., 2017). Reduced 
AT mass around the tumor also offers more space for tumor expansion. 
Moreover, miR-221-3p has been associated with cancer cachexia, being in line 
with our observation of miR-221-3p being elevated in progressed breast cancer 
and disturbing lipid storage (Freire et al., 2019; Zhong and Zimmers, 2020). 
Consistently, elevated ceramides and disturbed sphingolipid metabolism 
contribute to cachexia in murine and human models (Morigny et al., 2020).  

 
We observed that conditioned medium from miR-221-3p transfected 

adipocytes promoted migration and proliferation of MCF-7 cancer cells. 
Conversely, conditioned medium from cancer cells increased adipocyte 
expression of miR-221-3p, mRNA of inflammatory cytokines, and reduced 
expression of adipogenic genes. This demonstrates communication between 
cancer cells and adipocytes in the vicinity that could promote tumor 
progression by remodeling adipocytes. 
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6.5 METHODOLOGICAL CONSIDERATIONS 

In the in vitro experiments, we mainly used SGBS adipocytes. It is a human 
cell strain that has not been transformed or immortalized. The cells originated 
from AT of a patient with SGBS (Wabitsch et al., 2001; Fischer-Posovszky et 
al., 2008). SGBS does not alter the adipocyte function of the patients 
(Simpson-Golabi-Behmel syndrome: MedlinePlus Genetics; Sajorda et al., 
2018). Although capable of obtaining some characteristics of brown 
adipocytes, SGBS are still a widely accepted model of white pre-adipocytes 
(Yeo et al., 2017). A limitation in our and many others’ studies in the field is 
the use of cells that are already committed to adipocyte lineage. Committed 
cells cannot be used to model the initial commitment steps of adipogenesis. 
For example, some inhibitors of adipogenesis may act by favoring 
differentiation to other cell types. 

 
Studying adipocytes in vitro allowed us to perform intricate experimental 

setups. However, adipocytes cultured in a monolayer culture do not develop a 
unilocular lipid droplet phenotype distinctive for a healthy human adipocyte 
in vivo. Modeling adipocyte growth and differentiation have been extensively 
studied to build three-dimensional models for adipocyte cultures that allow a 
more physiological phenotype. Three-dimensional models of adipocyte 
culturing that allow a more physiological phenotype, are being developed 
(Kokai et al., 2015).  
 

Cell culture with lipid-filled adipocytes imposes technical challenges. 
Adipocytes are redundant to transfection, do not tolerate many transfection 
methods, and some manipulations may affect the differentiation efficiency. 
We tested our transfection efficiencies by western blotting or qPCR and 
observed changes in the targets of the transfected gene or miRNA.   

 
My thesis supported our in vitro observations by using AT biopsies of 

human subjects. For the accessibility and study design, all of our biopsies were 
from SAT depots, while VAT has been proven to be more relevant for metabolic 
health. Hence, the results should be interpreted accordingly. A limitation of 
the studies was the lack of male subjects because the subjects with breast 
carcinoma were female, and in study III, subjects were volunteers who were 
all females. Due to the limited sample size, breast carcinoma subjects were not 
grouped based on more detailed diagnoses. The AT samples in both studies 
could also contain other cell types and pre-adipocytes that might interfere with 
the measured gene expression. However, we also measured many adipocyte-
associated genes and confirmed our observations using SGBS cells. 
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6.6 FUTURE PROSPECTS 

The results of this thesis suggest that obesity-associated altered adipocyte 
gene- or miRNA expression can result in adipocyte dysfunction by multiple 
mechanisms. Improving adipogenesis and inflammation might help maintain 
insulin sensitivity, healthy lipid metabolism, and secretome. These studies 
found information on the regulation of adipogenesis, suggesting potential 
targets for pharmacological intervention to prevent or treat metabolic 
diseases, including cancer. In the light of recent publications, new questions 
have emerged on the roles of miR-107, miR-221-3p, and THRSP. Of interest 
would be to study the role of miR-107 in cell cycle exit leading to terminal 
differentiation. Moreover, study of miR-107 in senescence and especially 
senescence of CAAs would be logical continuation of this work. The method of 
miR-221-3p transfer between cancer cells and adipocytes should be 
delineated. Lipidome of tumor-proximal adipose tissue would help us to 
understand the miR-221-3p-induced lipidomic changes and their role in 
adipocyte dysfunction and CAAs. As miR-221-3p is an oncogenic miRNA, it 
would be extremely interesting to study its expression in CAAs of other cancers 
as well. Likewise, lipidomic analysis of human subjects with down-regulated 
THRSP could help to understand the clinical relevance of our in vitro 
observations. 

 
Obesity and its comorbidities involving AT dysfunction are a global 

problem. Although tremendous progress in treating metabolic diseases has 
been made in recent decades, solutions for treatments are urgently needed. 
Until recently, there were no tolerable options for long-term treatments of 
obesity. GLP1R agonists have proven to be a promising strategy. Semaglutide 
and liraglutide have been accepted for weight loss and treating diabetes in the 
USA and diabetes in Europe; Semaglutide is proven effective in weight loss. As 
results from this series of work and research by others have shown, adipocyte 
dysfunction can be caused by changes in a single gene expression. Metabolic 
disease is a heterogenic condition with genetic, behavioral, metabolic, and 
endocrine causes, and a more personalized treatment would be beneficial 
(Müller et al., 2021). 

 
MiRNAs are potential therapeutic targets, and reports have suggested them 

as biomarkers, drug interventions, or modulators of drug resistance. Small 
RNA-based therapeutics are emerging rapidly. Some miRNAs are currently in 
clinical trials, and Saiyed et al. found 87,700 miRNA-related patents using 
“Google patent” (Saiyed et al., 2022). However, a challenge in miRNA 
therapeutics is the high number of targets that a single miRNA has, making 
specific targeting difficult (Zhang et al., 2021b). Overall, miRNAs have vast 
potential as diagnostic and therapeutic targets for various diseases. The 
development of non-invasive techniques will allow novel insights into the 
function of miRNAs in vivo (Wang et al., 2011). 
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To develop new pharmacological therapies, more information on adipocyte 

function is needed. Two-dimensional monolayer culture does not represent all 
aspects of adipocyte differentiation. Three-dimensional spheroid and 
organoid models have been developed better to understand adipocyte function 
in a more physiological setting. Other approaches include tissue engineering 
to mimic AT or a recent emerging organ-on-a-chip technology (Bahmad et al., 
2020). The studies on adipogenesis do not only benefit the prevention and 
treatment of obesity but several other diseases as well, such as wound healing 
or reproductive health. Like many different fields, adipogenesis research is 
moving towards personalized medicine (Bahmad et al., 2020). 
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7 SUMMARY AND CONCLUSIONS 

 
This series of publications deepened the understanding of the regulation of 

human adipocyte differentiation and function in metabolic diseases. The 
publications of this thesis work progressed on three levels: in study I, 
disturbed early adipogenesis is studied at a cellular level, using miR-107 as a 
disruptor of adipogenesis. In study II, we studied terminal adipocyte 
differentiation defect by miR-221-3p overexpression and progressed to 
studying how adipocyte dysfunction can impact the microenvironment and 
can contribute to oncogenesis. In study III, we studied adipocyte function at a 
systemic level, starting from insulin sensitive and resistant subjects and 
moving on to differing adipocyte mechanisms by using THRSP as a tool of 
approach. 

 
miR-107 had been identified as a regulator of insulin sensitivity and its 

ectopic expression was associated with obesity, however its function in 
adipocyte differentiation and metabolism is inconclusive. We demonstrated 
that overexpression of miR-107 inhibits adipocyte differentiation in SGBS and 
results in reduced lipid content. Our results suggest that miR-107 controls 
adipocyte differentiation via CDK6 and Notch signaling. Notch3 and its target 
gene Hes1 were downregulated in cells overexpressing miR-107. Function of 
mature adipocytes was disturbed by miR-107 overexpression: glucose uptake 
and TG synthesis were impaired. Our data shows that ectopic miR-107 
expression disturbs adipogenesis in preadipocytes and in differentiated 
adipocytes it impairs lipid and glucose metabolism. 

 
MiR-221-3p has been connected to metabolic dysfunction and cancer 

initiation and progression. Its role terminal differentiation of adipocytes was 
yet unclear. We transfected miR-221-3p or its antimir into adipocytes during 
differentiation or at a mature state. Then, we measured TG content and 
adipogenic gene expression and conducted a lipidome analysis. We 
investigated the mechanisms by which miR-221-3p may mediate its effects on 
adipocytes. MiR-221-3p overexpression inhibited SGBS adipocyte 
differentiation demonstrated by reduced TG content and adipogenic marker 
expression, while antimir-221-3p transfection increased the TG content. We 
observed that silencing of 14-3-3γ, which is a target gene of miR-221-3p, 
resulted in similar inhibition of adipogenesis suggesting that it mediates the 
functions of miR-221-3p. MiR-221-3p inhibited DNL and its overexpression 
resulted in accumulation of ceramides and sphingomyelins while reducing 
diacylglycerol content. The alterations in the lipidome were supported by the 
gene expression of enzymes regulating the signaling lipid metabolism. 
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MiR-221-3p being also associated with cancer, we analyzed the cross-talk 
of miR-221-3p overexpressing adipocytes and breast carcinoma cell, as well as 
its expression in AT samples proximal to the breast carcinoma tumors. Its 
expression was higher in the AT of patients with more progressed breast 
carcinoma. Conditioned medium of miR-221-3p transfected adipocytes 
promoted invasion and proliferation of breast cancer cells. Likewise, the 
secretome from the breast cancer cells increased miR-221-3p expression in 
SGBS adipocytes. Overall, miR-221-3p demonstrates the consequences of 
impaired lipid storage and differentiation and altered ceramide, 
sphingomyelin, and DG content. These changes are relevant for adipocyte 
dysfunction and promote metabolic diseases and cancer progression. 

 
The dysfunction of adipocytes was studied by delineating the role of 

lipogenic nuclear protein THRSP. It is highly expressed in murine AT, but its 
role in human was unclear. We determined its regulation by insulin in human 
AT biopsies and SGBS adipocytes. The insulin sensitivity of 36 subjects was 
measured using the euglycemic insulin clamp technique. AT biopsies were 
obtained at baseline and after 180 and 360 min of euglycemic 
hyperinsulinemia to measure THRSP mRNA concentrations. We observed 
that THRSP was induced by insulin in human SAT and that the induction was 
more robust in insulin-sensitive subjects. In vitro, insulin induced THRSP 
mRNA and protein expression in a PI3K-mediated manner.  

 
 We silenced THRSP in adipocytes and conducted a transcriptomic 

analysis. The transcriptome revealed alterations in mitochondrial functions 
and pathways of lipid metabolism, which were corroborated by significantly 
impaired mitochondrial respiration and fatty acid oxidation. Therefore, we 
studied the mitochondrial function in THRSP-silenced adipocytes by 
measuring the mitochondrial respiration, fatty acid oxidation, and glucose 
uptake, which were impaired. In addition, we studied the lipidome of THRSP 
silenced adipocytes, which demonstrated decreased hexosylceramide 
concentrations, supported by the transcript concentrations of enzymes 
regulating sphingolipid metabolism. 

 
Our results show that THRSP is regulated by insulin both in vivo in AT and 

in vitro in adipocytes. Its impaired induction in insulin-resistant subjects 
could contribute to adipocyte dysfunction by impairing mitochondrial 
function and sphingolipid metabolism. 
 

Overall, results from this thesis demonstrate different mechanisms of 
adipocyte dysfunction and suggest how they could contribute to metabolic 
disease. In conclusion, adipocyte differentiation and function are impaired by 
obesity-relevant alterations in miRNA and gene expression and restoring 
these alterations may improve metabolic health. This series of publications 
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presents knowledge that could provide new therapeutic approaches for 
metabolic diseases and cancer without compromising adipocyte function. 
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