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1. Introduction 

 

1.1 Obesity 

Obesity is defined by the world health organization (WHO) as a disease with “abnormal or 

excessive fat accumulation that may impair health” [1]. Overweight or obesity can be 

measured with the body mass index (BMI), which is calculated by the weight for height in 

kg/m². Obese people have a BMI greater or equal 30 kg/m2, whereas overweight people 

have a BMI equal or above 25 kg/m2 [1]. 

Obesity and its associated metabolic disorders are rapidly increasing worldwide [1]. In the 

last 40 years the prevalence for obesity has nearly been tripled. In 2016, 650 million adult 

people were obese and an additional 1.25 billion people were overweight. Obesity brings 

along metabolic disorders like type 2 diabetes mellitus or cardiovascular diseases, which 

are the number one cause for death worldwide [2]. Furthermore, childhood obesity is 

associated with a higher chance of premature death, obesity and disability in adulthood. In 

2018, 40 million of children under the age of 5 years were already overweight or obese [1]. 

From a physical perspective, obesity is based on an imbalance of energy intake and 

expenditure, whereby high amounts of visceral adipose tissue are associated with 

metabolic disorders such as cardiovascular diseases and diabetes type 2 [3,4]. The current 

methods for the prevention of obesity and its treatment fails in the long term [3]. 

Approaches aiming at reducing energy intake or increasing energy expenditure through 

exercise often fail due to low discipline and methods like bariatric surgery are not available 

for the majority of people due to insufficient healthcare or are just not affordable [3]. All 

these facts reveal obesity as a challenging pandemic disease which takes great influence 

on our society and healthcare system. 

 

1.2 Adipose tissue  

The adipose tissue is a connective tissue which inter alia consists of pre- and adipocytes, 

although macrophages, endothelial cells, fibroblasts and leukocytes can also be found [5].  

There are two distinct types of adipose tissues in mammals [5]. The white adipose tissue 

(WAT) and the brown adipose tissue (BAT). White adipocytes are mainly distributed in the 
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subcutaneous (sc) and visceral adipose tissue and can be recognized by an unilocular lipid 

droplet (Figure 1) [5]. Brown adipocytes are histologically distinguishable from white 

adipocytes by their large number of lipid vacuoles and a high density of mitochondria. 

Furthermore, brown adipocytes express the specific BAT marker uncoupling protein 1 

(UCP1) [5]. 

BAT can be found in the deep neck, supraclavicular, axillary, suprarenal, paravertebral, and 

peri-aortic region of humans [6–9]. Of note, there is a third type of adipose tissue, the beige 

adipose tissue which arises from WAT browning through cold exposure or β3 adrenergic 

stimulation [10,11]. However, without these stimuli, browning is also reversable, which is 

often referred as whitening [10]. Comparable to classical brown fat cells, beige adipocytes 

are also rich in mitochondria and express UCP1, but they have a distinct gene expression 

profile [10]. 

 

 

Figure 1: Morphology of different types of adipocytes. Left: White adipocyte with a unilocular lipid droplet. 
Due to certain stimuli like cold exposure or β3 adrenergic stimulation white adipocytes can undergo browning 
into beige adipocytes (middle), which have higher amounts of mitochondria and multilocular lipid droplets. 
However, browning is also reversable and often referred as whitening. Right: The morphology of brown 
adipocytes is characterized by small multilocular lipid droplets and high amounts of mitochondria. 

 

One important role of the WAT is the energy storage and supply of the body with free fatty 

acids and glycerol in case of need [12]. White adipocytes store surplus energy of the body 

in form of triglycerides and play therefore a crucial role in energy homeostasis and energy 

storage [4]. Of note, WAT is also an important endocrine organ which secretes adipokines 

acting on other organs like liver and muscle [4,5]. Adiponectin and leptin are just two 

important adipokines to mention [5]. Both are known to modulate metabolic pathways in 

peripheral tissues. BAT accounts only for about 4% of the total body fat mass in adults, 

whereby WAT is making up the other 96% [4]. In contrast to WAT, the primary function of 

BAT is not to store energy in form of triglycerides, but to produce heat by oxidizing fatty 
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acids and glucose from intracellular energy storages and the circulation [12,13]. This 

enables survival during nightly cold periods in winter as well as during cold stress after 

childbirth and possibly offers advantages with a reduced supply of macronutrients [13]. 

Furthermore, BAT plays an important role in thermoregulation of human newborns [14]. 

In mice, BAT is the key organ regulating body temperature and energy homeostasis [13]. 

These properties are attributed to the expression and activation of UCP1, the key factor of 

thermogenic capacity [13,15]. Importantly, recent findings suggest that BAT is relevant for 

adult humans as well [8]. For a long time, BAT was thought to be only present in small 

mammals and human infants, until 2007, when four independent studies revealed 

evidence for BAT in human adults  [6–9]. Compared to WAT there is just a small amount of 

BAT in humans, but it has the potential to have a high impact on thermoregulation and 

increasing energy expenditure [16–18]. 

 

1.3 Brown adipose tissue thermogenesis 

Non-shivering thermogenesis occurs in BAT depots and strongly depends on the activation 

of BAT [13,19]. It has been shown that non-shivering thermogenesis is dependent on UCP1, 

which is an intermembrane protein residing in the inner mitochondrial membrane of brown 

and beige adipocytes [13,20]. UCP1-deficient mice are not able to keep up their body 

temperature during cold exposure, revealing the high impact of UCP1 on thermoregulation 

[21]. A cold environment stimulates the activation of thermoreceptors on human skin, 

which send afferent signals to the hypothalamus which leads to a release of norepinephrine 

in sympathetic nerve fibers within the BAT [20,22]. Subsequently, norepinephrine binds to 

β3-adrenoreceptors on the adipocytes surface (Figure 2), activating adenylyl cyclase (AC). 

This activation triggers the production of cyclic adenosine monophosphate (cAMP), leading 

to the activation of protein kinase A (PKA) which further phosphorylates the hormone 

sensitive lipase (HSL) and perilipin A, followed by the hydrolysis of triglycerides into glycerol 

and free fatty acids which are transported into mitochondria. These free fatty acids change 

the conformation of UCP1, leading to its activation. UCP1 then uncouples the proton 

motive force by transporting protons through the inner mitochondrial membrane into the 

mitochondrial matrix. The energy of the cellular oxidation is then released as heat. The 

activity of UCP1 is generally inhibited by purine nucleotides [22]. 
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Under UCP1-inactivated conditions, the respiratory chain in the mitochondrial membrane 

generates a proton gradient to produce adenosine-triphosphate (ATP). The ATP synthase 

uses this proton motive force to recycle adenosine diphosphate (ADP) to ATP. If UCP1 is 

activated by free fatty acids, the proton motive force is uncoupled from ATP generation. In 

consequence, the cell compensates for the energy loss by increasing its respiratory chain 

activity. As a result, the oxygen consumption is increased and more energy supply from the 

citric acid cycle and β-oxidation is needed. Upon chronic activation, PKA leads to induction 

and stabilization of UCP1 mRNA expression in brown and beige adipose tissue via 

phosphorylation of cAMP-response-element-binding-protein (CREB) and p38 [23,24].  

 

 

Figure 2: Molecular mechanism of BAT activation: Norepinephrine (NE) or other β3-agonists bind to the β3 
adrenoreceptor on the adipocytes surface [22]. This activates the Gsα subunit of the G-protein Gs (Gs) which 
leads to cAMP synthesis by the adenylate cyclase (AC). Subsequent the protein kinase A (PKA) is activated, 
accompanied by the phosphorylation of hormone sensitive lipase (HSL), followed by the cleavage of 
triglycerides into free fatty acids and glycerin. These free fatty acids are transported into the mitochondria 
and activate the uncoupling protein 1 (UCP1). UCP1 sits in the inner mitochondrial membrane uncoupling the 
proton motive force by transporting protons through the membrane. The energy of the cellular oxidation is 
then released as heat. At the same time the cell tries to maintain adenosine triphosphate (ATP) production, 
thereby increasing oxygen consumption and demanding more energy from the citric acid cycle and β-
oxidation. 
Figure 2 is taken from P.G. Crichton, Y. Lee, E.R.S. Kunji, The molecular features of uncoupling protein 1 
support a conventional mitochondrial carrier-like mechanism, Biochimie. 134 (2017) 35–50. 
https://doi.org/10.1016/j.biochi.2016.12.016 with permission of Elsevier. 
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1.4 Relevance for brown adipose tissue in humans 

It has been shown in several rodent studies that activation of BAT has significant positive 

effects on metabolic health [10,25,26]. Rodents with chronically activated BAT were 

resistant to high fat diet, had lower blood glucose levels and higher insulin sensitivity 

[10,27]. Activation of BAT in rodents was achieved by exposing the animals either to chronic 

cold or treatment with β3 adrenoreceptor agonists. 

In humans, BAT was first described in the interscapular region of fetuses and newborns 

[27,28]. Until recently, it had been assumed that human adults are mostly devoid of 

functional BAT. However, the functionality was firstly described between 2007-2009 in four 

independent studies, where it was shown that biopsies taken from the deep neck and 

supraclavicular adipose tissue of human subjects are UCP1-positive [6–9]. Interestingly, the 

BAT mass correlated negatively with the BMI as well as percent-body fat mass in humans, 

suggesting that BAT is a regulator of body weight [6]. Further studies revealed that these 

BAT depots could be activated by cold as it was shown before in rodents [8,9,29]. Subjects 

exposed to acute cold showed a higher body temperature in the supraclavicular region and 

increased glucose and fatty acid uptake [6,9,30,31]. In addition, subjects with higher BAT 

mass had a significant overall higher glucose uptake rate, higher insulin sensitivity, and 

higher basal metabolic rate [17,29,32]. Active BAT is associated with a higher overall energy 

expenditure in humans and can therefore influence the energy homeostasis [8,9]. 

Interestingly, cold or β3-adrenergic stimulation led also to a significant increase in BAT mass 

and UCP1 expression in humans and rodents [10,26].  

However, it has also been shown that people lose BAT mass during ageing and that obese 

people have little to no BAT [30,31,33,34]. On the other hand, obese people without active 

BAT could restore its activity after weight loss due to bariatric surgery [33]. Moreover, cold 

acclimation in obese subjects led to an reappearance of BAT [35]. This indicates that BAT 

can still be recruited in adults, suggesting a relevant function. 
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1.5 Browning of the white adipose tissue 

Browning is defined by a significant increase in UCP1 expression in adipocytes within the 

WAT depots and was first described in 1984 in rodents [11,26]. Through chronic cold 

exposure or β-adrenergic stimulation, adipocytes within the WAT of rodents phenocopy 

brown adipocytes and are therefore referred to as beige adipocytes [12,13,26]. Many 

factors have been discovered so far, known to stimulate white adipocyte browning in 

rodents or in vitro. Activation of transcription factors like peroxisome proliferator activator 

gamma coactivator 1 alpha (PGC1α) and PR domain containing protein 16 (PRDM16) are 

known to trigger browning in white adipocytes. Furthermore, stimulation with extracellular 

factors like bone morphogenic proteins (BMP), thyroid hormones, transforming growth 

factor beta (TGFβ), and fibroblast growth factor 21 (FGF21) as well as natriuretic peptides 

have been shown amongst others to regulate browning [36–41].  

It is still controversially discussed if beige adipocytes occur in WAT due to 

transdifferentiation of white adipocytes or de novo differentiation [42–44]. Currently there 

are two different models discussed which are based on Cre-labeling studies in mice [42]. 

Myogenic factor 5 (Myf5) positive cells are known to be the precursor cells of the myogenic 

lineages. In the transdifferentiation model, myocytes, brown adipocytes and white 

adipocytes share the same origin, a multipotent Myf5 and Pax3-positive precursor cell, 

whereas PRDM16 controls the switch from myogenic to adipogenic differentiation [42,45]. 

Browning occurs then through transdifferentiation of mature white adipocytes. But it is still 

assumable that different lineages express Myf5 and Pax3 independently of each other [42]. 

The other model suggests that white and beige adipocytes have a common origin. Cells 

labeled for Prx1, a transcription factor selective for precursor cells of the scWAT and not 

for BAT or visceral WAT, revealed that beige adipocytes could emerge from the same 

precursors of sc WAT by de novo differentiation [42]. In rodents one can distinguish 

between the classical WAT, BAT, and beige adipose tissue [42]. Several marker genes have 

been identified, which were differently expressed between these types of adipose tissue 

[42]. In addition, the interscapular brown (iBAT) and the inguinal WAT (iWAT) are highly 

temperature sensitive and under housing and cold conditions one will observe white 

adipocyte browning in iWAT and distinct differences in morphology between the iBAT, 

iWAT, and perigonadal WAT (pgWAT) (Figure 3). In humans, the composition of adipose 

tissue found in the neck shows high inter-individual heterogeneity, which makes it much 
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more complicated to distinguish between the adipose tissue types [46,47]. UCP1-positive 

cells referred as brown adipocytes can be found most likely in the deep neck and 

supraclavicular region, but one will also find UCP1-negative cells within this tissue area. The 

deeper the adipose tissue region in the neck of humans, the more classical BAT was found 

[48]. In some studies, human brown adipocytes expressed markers, which fit to beige 

markers of rodents [49–51]. On contrary to that, other studies found similar expression 

patterns of human BAT to classical BAT of rodents [47,52,53]. 

These controversial results often lead to misunderstanding in the nomenclature in the 

context of browning, beige adipose tissue, BAT, and WAT [54]. As previously mentioned, 

browning is originally defined by an increase of UCP1 expression in the adipose tissue 

depots [26]. Therefore, the term browning includes both, the de novo differentiation and 

the transdifferentiation model. In the following, the term browning is used, when speaking 

of a shift from a white towards a beige or brown phenotype within the murine or human 

WAT. In this thesis, only the de novo differentiation model was considered for the in vitro 

experiments. As mentioned above, it is still not clear whether UCP1-expressing adipocytes 

from human WAT are beige or brown cells. Since this thesis focused on human adipose 

stromal cells (hASCs) from the sc WAT, terms such as “an adipogenesis towards a brown 

adipocyte phenotype” are used when a significant alteration in UCP1 expression was 

observed in these cells. 

Even if one cannot clearly distinguish between a beige and white adipose tissue depot in 

humans as it is seen in rodents under cold conditions, there is evidence for browning of 

white adipocytes in human sc adipose tissue [49,55,56]. The treatment with thyroid 

hormones in a subject suffering from papillary thyroid carcinoma led to the appearance of 

BAT marker genes in the sc tissue [57]. Furthermore, in patients suffering from 

pheochromocytoma, UCP1-positive cells were found in the omental adipose tissue [44]. It 

is assumed that high catecholamine levels secreted by the tumors induce browning in the 

WAT [44]. This was also seen in patients with severe adrenergic stress [58]. Increased 

mitochondrial density and the expression of UCP1 was observed in the sc WAT of patients 

suffering from burn injuries [58]. In another study sc adipose tissue biopsies of individual 

subjects were taken during summer and winter [55]. Interestingly, lean subjects had a 

significantly higher UCP1 expression during winter compared to summer, which suggests a 

potential for the induction of browning in human WAT [55].  
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Figure 3: Distribution of adipose tissue and its temperature sensitivity in mice. Under standard housing 
condition one can clearly distinguish between the different adipose tissue types in mice, shown by 
hematoxylin and eosin staining. It becomes even clearer after cold acclimation at 6°C. Multilocular lipid 
droplets are observed in the interscapular brown adipose tissue (iBAT), some in the inguinal white adipose 
tissue (ingWAT) and none in the perigonadal WAT (pgWAT). 
Figure 3 is taken from J. Sanchez-Gurmaches, C.M. Hung, D.A. Guertin, Emerging Complexities in Adipocyte 
Origins and Identity, Trends Cell Biol. 26 (2016) 313–326. https://doi.org/10.1016/j.tcb.2016.01.004 in 
agreement with Elsevier. 

 

1.6 Activation of brown adipose tissue and white adipocyte browning as a new 

therapeutic approach for obesity 

As current obesity treatment methods often fail in the long term, new approaches for 

weight loss should be found [59]. Since BAT activation in humans and browning of WAT in 

rodents showed positive effects on metabolic health and body weight, the topic came into 

focus as a new treatment approach for obesity [16,25,60,61]. Increasing the amount of 

energy expenditure in obese patients by activating BAT or browning would thus lead to a 

negative energy balance, weight loss, and improvements of obesity-related metabolic 

disorders like diabetes or arteriosclerosis.  

Several studies investigated the impact of BAT on overall metabolic health in humans over 

time [18,55,62–65]. Human subjects were either exposed to chronic mild cold or 

investigated during summers and winters. Cold exposition did not only lead to a higher BAT 

activation but also to an increase in total BAT mass, a higher loss of fat mass, and a higher 

glucose uptake rate compared to control groups [18,62–64]. However, a major problem is 
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that obese patients have almost none to no brown adipose tissue. It was shown that the 

positive effects of BAT activation on the metabolism by cold stimulation were blunted in 

obese individuals [30]. Several pharmacological, physiological, and nutritional compounds 

can activate BAT or induce browning in rodents or UCP1 in vitro in cultured human 

adipocytes but they were not tested or failed to activate BAT in humans so far 

[26,27,61,66]. Different β3 agonists failed because of their cardiovascular side effects by 

binding also to β1 and β2 receptors in humans [39,67–70]. Moreover, ephedrine failed to 

activate BAT in another study with human subjects [39]. Nevertheless, it was shown 

recently that human BAT activation can be induced by a selective β3 receptor stimulation 

with the FDA-approved drug Mirabegron [71–73]. Subjects which were treated with 

200 mg Mirabegron showed a significant increase in BAT activity and an increase of 

200 Kcal of resting energy expenditure per day [71]. Furthermore, chronical Mirabegron 

treatment increased human BAT as well as insulin sensitivity, and led to an increase of 

brown marker genes in the sc adipose tissue of individuals [72,73]. However, besides these 

positive effects, subjects had also a higher blood pressure and a higher heart rate. 

Pharmacological induction of browning in human WAT in order to increase energy 

expenditure represents another approach to target obesity. 

One approach is the treatment with thyroid hormones since they have already been shown 

to induce browning in a human patient [57]. Furthermore, triiodothyronine induced UCP1 

expression in the ingWAT of rodents and activation of the thyroid receptor led to browning 

and increased energy expenditure in mice [74,75]. However, thyroid hormones have similar 

side effects as β3-receptor agonists, namely a higher risk for heart failure and hyperthermia 

[76]. Another group of pharmacological compounds with high browning capacity are the 

thiazolidinediones (TZD), which are strong peroxisome proliferator activator gamma 

(PPARγ) agonists. PPARγ is the key regulator of adipogenesis [77]. Stimulation with TZDs 

induced UCP1 in vitro and in vivo [78,79]. Approved TZDs have been already used for 

treatment of type 2 diabetes but some of them have been banned by the FDA due to severe 

side effects like heart failure, weight gain and bone loss [80,81]. A promising browning 

therapeutic is FGF21. Mice treated with FGF21 showed a significant increase in UCP1 

expression in the ingWAT [82]. Moreover, FGF21 null mice showed a significant lower 

thermoregulation and an impaired response to cold. FGF21 is currently under investigation 

in clinical trials and FGF21 analogs (LY2405319 and PF-05231023) have already been shown 
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to decrease body weight and improve lipid profile in human obese subjects or subjects with 

type 2 diabetes after 25-28 days of treatment [83,84]. However, there are no studies on 

long term treatment in humans yet. Furthermore, mice treated with FGF21 or 

overexpressed FGF21 showed severe bone loss [82]. A significant reduction in markers for 

bone formation was also obtained in humans treated with PF-05231023, which doubts 

FGF21 as a suitable drug for overweight or its related metabolic disorders [84]. 

To date, no pharmaceuticals have been described in clinical studies that specifically induce 

browning in human WAT without severe side effects. New factors should be found for 

future pharmacological targeting to trigger WAT browning or an increase of BAT mass in 

obese humans and humans with related metabolic disorders.  

New approaches try to target the origins of the white or brown/beige adipocytes. Among 

other theories it is assumed that white and beige and even brown adipocytes have the 

same precursors, as all these cell types have a mesenchymal stem cell background and 

different factors can control the direction of differentiation [42]. Therefore, several groups 

isolated stromal cells from the deep neck adipose tissue and/or sc adipose tissue of humans 

and differentiated these cells in vitro [47,48,52,85,86]. Interestingly, differentiated cells 

derived from the deep neck (dn) or supraclavicular region showed a beige or brown 

phenotype, whereas cells from the sc tissue a white phenotype. Furthermore, to find 

potential targets, the expression patterns of the isolated hASCs were analyzed and 

compared [47,85,86]. This new approach revealed several targets which may be involved 

or important for the stimulation of an adipogenesis towards a brown adipocyte phenotype. 

Especially adipokines are of interest since it was already shown that secreted factors 

expressed in ASCs and adipocytes of the BAT (“batokines”) stimulate the thermogenic 

activity in an autocrine or paracrine manner [87]. For example, the TGFβ isoforms are 

secreted factors and have already been shown to either stimulate or inhibit UCP1 

expression in vivo and in vitro [36,88]. 

 

1.7 Transforming growth factor beta 

All TGFβ isoforms, i.e. TGFβ1, 2 and 3 are expressed in mammals and can be found in all 

tissues and cell types [89,90]. The active isoforms are homodimeric peptides activating the 

SMAD2/3 pathway [91]. The active TGFβ1 and TGFβ3 dimer bind to phosphorylated TGFβ 
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receptor2 (TGFβR2) on the cell surface, which then leads to recruitment and 

transphosphorylation of the TGFβR1 (Figure 4) [91]. The activated TGFβR1 subsequently 

phosphorylates SMAD2/3 intracellularly. This leads to binding of the Co-SMAD (SMAD4) to 

phosphorylated SMAD2/SMAD3 which localize as a complex into the nucleus, regulating 

gene expression. However, the TGFβ2 isoform has low affinity for TGFβR2, therefore using 

a coreceptor for SMAD activation [91]. The peptide binds at first to the TGFβR3, which then 

activates TGFβR2 and subsequently TGFβR1, which leads as well to SMAD2/3 pathway 

activation.  

 

Figure 4: TGFβ-SMAD signaling pathway 
The dimeric transforming growth factor β (TGFβ) 
peptide binds to the autophosphorylated TGFβ 
receptor2 (TGFβRII). This leads to the recruitment 
of TGFβ receptor 1 (TβRI), forming a heterodimeric 
complex. TβRI is then transphosphorylated by 
TβRII, activating it. Thereupon, the TβRI kinase 
phosphorylates SMAD2 and SMAD3 which 
activates intracellular signaling. Phosphorylated 
SMAD2/3 binds then to SMAD4, enabling the 
internalization into the nucleus, where they 
interact with other transcription factors, 
repressing or activating certain gene expression. 
Figure 4 is taken from E.H. Budi, D. Duan, R. 
Derynck, Transforming Growth Factor-β Receptors 
and Smads: Regulatory Complexity and Functional 
Versatility, Trends Cell Biol. 27 (2017) 658–672. 
https://doi.org/10.1016/j.tcb.2017.04.005 
in agreement with AAA 

 

The TGFβ isoforms control several vital processes, such as embryonic development, 

immune regulation, and inflammation [89]. Furthermore, these cytokines exert their 

regulatory role in a bifunctional manner, either inhibiting or stimulating cell proliferation 

and differentiation, dependent on the cell type [89]. Knockout mouse models revealed vital 

functions of all three isoforms in vivo. TGFβ1-deficient mice died within 3 weeks after birth 

due to severe inflammation [92,93]. On the other hand, TGFβ2 null mice had 

underdeveloped organs and died perinatally [94]. Moreover, TGFβ3-deficient mice died 

directly after birth due to lung dysfunction [95]. These results indicate a crucial role for 

TGFβ2 and TGFβ3 in early development and an important role for TGFβ1 in early immune 

response. 
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1.7.1 Transforming growth factor beta in the context of adipose tissue 

High circulating TGFβ levels are associated with obesity in mice and humans [96,97]. In 

human, there is a positive correlation between TGFβ1 and BMI [97]. In addition, overweight 

and obese individuals had significantly higher TGFβ1 plasma levels compared to lean [97]. 

In leptin deficient ob/ob mice, TGFβ is expressed 2.3 fold higher in the epididymal WAT 

(eWAT) compared to WT mice [98]. Furthermore, the levels of phosphorylated SMAD3 

(pSMAD3) was even 8-fold higher in ob/ob eWAT compared to WT [98]. 

Early on it was described that TGFβ1 plays a role in proliferation and subsequent adipogenic 

differentiation. It inhibits differentiation in murine 3T3-L1 cells, murine brown 

preadipocytes and in hASCs [36,96,98,99]. Of note, several studies suggested different 

mechanisms of the TGFβ/SMAD pathway influencing the adipogenesis. In NIH3T3 

adipocytes activated SMAD3 was bound to CCAAT/enhancer-binding protein beta (C/EBPβ) 

and C/EBPδ, thereby inhibiting their activity as a transcription factor for PPARγ expression 

and adipogenesis [100]. A study by Yadav et al. revealed new insights on the mechanism of 

TGFβ in adipogenesis [97]. They showed that phosphorylated SMAD3 binds to the PGC1α 

promoter in the nucleus, inhibiting its expression [97]. This suggests also a role for TGFβ in 

browning since PGC1α is known to be a regulator of PPARγ and an inducer of brown marker 

genes including UCP1 [101]. Indeed, browning and an increased mitochondrial biogenesis 

was obtained in the WAT of SMAD3-deficient mice and in mice treated with an anti TGFβ 

1,2,3 antibody [97,98]. Moreover, heterozygous TGFβR1-deficient mice had significant 

browning of the eWAT compared to WT mice [102]. Interestingly, SMAD3 null mice also 

had improved insulin sensitivity on high fat diet (HFD) and smaller adipocyte size compared 

to WT. In addition, mice lacking SMAD3 were protected from insulin resistance and obesity 

on HFD [103]. These mice had improved glucose tolerance and insulin sensitivity. The 

blockage of the TGFβ pathway with a TGFβ 1,2,3 antibody in ob/ob and diet-induced 

obesity mice (DIO) resulted in the protection from obesity and type 2 diabetes [97].  

A special property in connection with adipose tissue was shown for TGFβ2 [88]. Mice 

infused with recombinant TGFβ2 by an osmotic pump were resistant to high fat diet and 

showed a higher glucose tolerance and insulin sensitivity [88]. Furthermore, TGFβ2 

increased the UCP1 expression in murine brown adipose tissue and in in vitro differentiated 

human brown adipocytes [88]. This was not true for TGFβ1 and TGFβ3. A specific pathway 

for TGFβ2 on adipocytes was not discussed and is still unknown. 
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TGFβ bioavailability and signaling has an impact on adipogenic differentiation and 

browning of WAT. However, the bioavailability is strongly dependent on the presence of 

the latent TGFβ binding protein (LTBP) [104]. TGFβ1-3 are expressed as inactive pro-

peptides, which are secreted in a complex with LTBP, which is known as the large latent 

complex (LLC). The importance of LTBP for TGFβ bioavailability was shown in a study with 

mice, where a cysteine of the TGFβ1 propeptide, which is crucial for LTBP binding, was 

substituted by a serine [105]. These mice showed comparable phenotypes to TGFβ1 

knockout mice, inter alia a shorter lifespan. The strong dependency of TGFβ activity on 

LTBP suggests that LTBPs have an impact on the generation of a white or brown adipocyte 

phenotype. 

 

1.8 Latent transforming growth factor beta binding proteins 

LTBPs are crucial for TGFβ bioavailability and play an important role in extracellular matrix 

(ECM) modulation and stabilization [104,106,107]. In humans and rodents there are four 

members of the LTBP family: LTBP1, LTBP2, LTBP3, and LTBP4. All of them are known to 

interact with fibrillin in microfibrils [104]. LTBPs are expressed in a variety of cell types but 

mostly in cells with a mesenchymal origin, like the adipogenic, osteogenic, or myogenic 

lineages [108]. Structurally, all LTBPs contain calcium binding epidermal growth factor 

domains and 8-Cys type domains, some of which are TGFβ-binding domains [104,106]. It 

was demonstrated that LTBPs can bind intracellularly to TGFβ, by forming disulfide bridges 

with the inactive propeptide of TGFβ, also called latency-associated peptide (LAP) (Figure 5) 

[107,109]. When bound to LTBP, the mature TGFβ is cleaved off from its pro-form by furin 

in the Golgi vesicle, but still bound by disulfide bridges to it (small latent complex, SLC). The 

LTBP-SLC complex, called LLC is then secreted into the ECM where it incorporates by 

binding to fibrillin and/or fibronectin [104]. LTBP keeps the mature TGFβ in a latent state 

until proteases, integrins, or pH change leads to a release of the mature active TGFβ from 

the LLC. Although structurally similar, the LTBP isoforms have also different biochemical 

and functional properties [104,110]. Binding studies revealed that the affinity of LTBPs to 

TGFβ is different between the isoforms. Only LTBP1 and LTBP3 are able to bind TGFβ1, 

TGFβ2 and TGFβ3. LTBP4 can only bind the TGFβ1 isoform and LTBP2 is not able to bind 
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any of them [110] (Table 1). Until now there is no data published on any connection or 

correlation of LTBPs with obesity. 

 

Figure 5: Secretion of the large latent complex (LLC). The transforming growth factor beta (TGFβ) propeptide 
binds intracellular to the latent TGFβ binding protein (LTBP). This leads to structural changes and the mature 
TGFβ dimer is cleaved from its propeptide by furin in the Golgi-vesicle. However, the mature TGFβ is still 
bound by disulfide bridges to its propeptide, called small latent complex (SLC). The whole LTBP-SLC, also 
known as large latent complex (LLC), is then secreted into the extracellular matrix (ECM). The Mature TGFβ 
is then released by proteases, integrins, or pH change and can bind to its receptor. 
Figure 5 is taken from V. Todorovic, D.B. Rifkin, LTBPs, more than just an escort service, J. Cell. Biochem. 113 
(2012) 410–418. https://doi.org/10.1002/jcb.23385 in agreement with John Wiley and Sons. 

 

1.8.1 LTBP1 

Among all LTBP isoforms, LTBP1 is the best studied member of this family. It binds to all 

three TGFβ isoforms and incorporates into the matrix by binding with its N-terminal end to 

fibrillin [104]. In contrast to the other LTBP members, LTBP1 is also able to bind to 

fibronectin with its C-terminal end, which suggests an important role of fibrillin-fibronectin 

linkage [111,112]. So far, integrin-mediated TGFβ activation was only shown for LTBP1 

[113]. In the ECM, integrin can bind to the SLC and exerts force on LTBP1, which then 

releases the mature TGFβ from the LLC [104,114]. However, for integrin-mediated TGFβ 

release, the incorporation of LTBP1 into the matrix and binding to fibronectin is necessary, 
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since tension between the integrin and LTBP1 is needed [114]. Furthermore, in vitro studies 

with antibodies or siRNA against LTBP1 revealed that LTBP1 is important for the 

differentiation of endothelial cells [115]. The knockout of the long LTBP1 isoform in mice 

resulted in lethality after birth due to persistent truncus arteriosus, which can be attributed 

to a low TGFβ bioavailability [116,117]. On the other hand, the knockout of the short LTBP1 

form had no effect on the phenotype in mice. 

 

1.8.2 LTBP2 

LTBP2 is the only LTBP member which cannot bind to any TGFβ isoform [104,110]. 

However, LTBP2-deficient mice revealed important functions for LTBP2 in microfibril 

formation in the ciliary zones [118]. In addition, humans with LTBP2 null-mutations suffer 

from primary congenital glaucoma [119,120]. It is suggested that LTBP2 plays a crucial role 

for ECM modulation. LTBP2 binds not only to fibrillin in the matrix, but also to fibulin-5 

which supports elastin fiber assembly [121,122]. Furthermore, it was shown that LTBP2 can 

inhibit the maturation of BMP11 and secretion of myostatin intracellularly, thereby 

influencing the bioavailability of these TGFβ superfamily proteins [123,124]. 

 

1.8.3 LTBP3 

In contrast to the other LTBP isoforms, LTBP3 is only secreted if bound to the LAP of the 

TGFβ isoforms, suggesting that LTBP3 does not have any TGFβ-independent functions 

[125]. Mice lacking LTBP3 had premature ossification of the skull base or increased bone 

density indicating a TGFβ deficiency which was verified by a lower SMAD3 phosphorylation 

in the tissue [126,127]. Moreover, it was also shown that LTBP3 inhibits secretion of pro-

myostatin and maturation of pro-BMP11 by binding to the proprotein convertase 5/6A in 

the endoplasmic reticulum [123]. 

 

1.8.4 LTBP4 

LTBP4 has only low binding affinity for TGFβ1 [104,110]. However, LTBP4-deficient mice 

developed cardiomyopathies and rectal-anal tumors which are associated with low levels 

of TGFβ1 [128]. In addition, LTBP4 is assigned a role independent of TGFβ1. Studies 
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revealed that LTBP4 plays a crucial role in elastogenesis [129]. LTBP4 enhances fibulin 5 

deposition onto microfibrils, thereby potentially building a bridge between fibrillin and 

fibulin [104]. This integrates elastin into microfibrils which forms elastic fibers. The 

knockout of LTBP4 showed an impaired elastogenesis due to insufficient binding of fibulin 

to microfibrils [129,130]. 

Table 1: In vivo knockout phenotype and transforming growth factor β (TGFβ) binding properties of the latent 
TGFβ binding protein (LTBP) isoforms. 

 LTBP1 LTBP2 LTBP3 LTBP4 

Knockout 
phenotype 
in vivo 

▪ Lethality 

▪ Persistent 
truncus 
arteriosus 

▪ Lens 
luxation 

▪ Increased bone density 
 
▪ Premature ossification 

of the skull base 

▪ Cardiomyopathies 

▪ Rectal-anal tumors 

TGFβ 
binding 

▪ TGFβ1 

▪ TGFβ2 

▪ TGFβ3 

▪ None ▪ TGFβ1 

▪ TGFβ2 

▪ TGFβ3 

▪ TGFβ1 

 

1.9 Aim of the study 

Obesity is a severe problem of the western civilization, since it leads to several 

cardiovascular diseases, which are the number one cause of death worldwide [1,2]. Until 

now obesity treatment methods are very limited and often fail in the long term [3]. 

There is evidence for the presence of functional BAT in human adults [6–9]. Browning and 

the activation of BAT have been shown to significant increase overall metabolic health 

among others by higher glucose uptake and fatty acid uptake [17,29,32]. Recent clinical 

studies suggest that prolonged cold exposure leads to recruitment of BAT accompanied by 

body weight reduction and improvement of obesity-associated metabolic diseases like type 

2 diabetes [18,64,65,71]. Therefore, activation of BAT and stimulation of WAT browning 

has become a new approach as an anti-obesity treatment [16,25,60,61]. 

Until now the exact mechanism how ASCs differentiate either into brown/beige or white 

adipocytes is not completely understood. Thus, identification of factors driving these 

distinct types of adipogenesis is mandatory and could lead to the development of 

therapeutic targets. 

In a previous study by our group (Tews et. al) hASCs of paired adipose tissue samples from 

the sc and the dn region were isolated from patients undergoing neck surgery for 
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malignancies or nodular goiter [47]. These cells were ex vivo differentiated using identical 

differentiation protocols and the expression of white and brown marker genes was 

analyzed. Of note, adipocytes differentiated from cells derived from the dn region 

expressed higher levels of brown marker genes as compared to adipocytes differentiated 

from sc cells [47]. This was supported by other studies, which could also demonstrate that 

stromal cells isolated from different adipose tissue regions reveal differences in function 

and gene expression after in vitro differentiation [48,52,85]. To identify novel targets that 

are potentially involved in the generation of a brown adipocyte phenotype, the gene 

expression of the isolated hASCs was analyzed via microarray [47].  

It was shown that adipokines can act in an autocrine or paracrine manner to stimulate or 

inhibit the expression of brown marker gene UCP1 in vitro and in vivo [87]. Based on these 

findings and the introduced results by Tews et al. we hypothesize that factors differently 

secreted in the respective adipose tissues may play a role in stimulating or inhibiting an 

adipogenesis towards a brown adipocyte phenotype [47]. Therefore, the focus in this work 

was on secreted factors as potential targets to stimulate the adipogenesis towards a brown 

phenotype. The microarray analysis by Tews et al. revealed 422 genes which were 

significantly different expressed between dn and sc samples [47]. These were then ranked 

for fold-change expression and screened for secreted factors (see figure 6 for study design). 

 

Figure 6: Study design to identify new factors involved in the adipogenesis towards a brown adipocyte 
phenotype. Human adipose stromal cells (hASCs) were isolated from the deep neck (dn) and subcutaneous 
(sc) region of human subjects (1) [47]. These cells were then in vitro differentiated (2) and used for microarray 
analysis (3). 422 genes were significantly different expressed with a p-value below 0.05. This dataset was then 
screened for secreted factors which were ranked for the fold change expression between dn and sc. LTBP1, 
a secreted factor was 2-fold higher expressed in the hASCs derived from the dn compared to sc. Screening 
the literature revealed also other LTBPs differently expressed between brown and white hASCs [85]. 
Therefore, we decided to investigate the role of the LTBP family in the adipogenesis and their impact on the 
UCP1 expression in vitro. 

 



 

18 

 

Among the genes with a significant differential expression between dn and sc hASCs, LTBP1 

was found to be enriched in dn hASCs. Of note, members of this family have also been 

found to be higher expressed in brown compared to white hASCs in another study [85]. As 

mentioned previously, the LTBP isoforms are secreted factors and known to regulate TGFβ 

bioavailability. Several studies have been published on TGFβ and its role in adipogenesis 

and WAT browning (see 1.7.1). However, to date, the role of LTBP family members in 

adipogenesis and in the context of adipose tissue browning has not been addressed.  

Therefore, the aim of this thesis was to investigate the role of the LTBP family members 

in adipogenesis and their impact on UCP1 expression and metabolic function in vitro. 

 



 

19 

 

2. Material and Methods 

 

2.1 Material 

2.1.1  Chemicals, kits and reagents 

Name Company Order number 

Acetyl-CoA Sigma-Aldrich #A2056 

Agarose Sigma -Aldrich #A9539 

Ampicillin AppiChem #A0839 

Antimycin A Sigma-Aldrich #A8674 

BactoAgar BD #214010 

BactoTryptone BD #211705 

BactoYeast Extract BD #212750 

BamHI NE Biolabs #R0136S 

BfuAI NE Biolabs  #R0701S 

Biotin Sigma-Aldrich #B-4639 

Bolt 4-12% Bis-Tris Plus gels ThermoFisher 

Scientific 

#NW04125BOX 

#NW04122BOX 

#NW04120BOX 

Bolt LDS sample buffer, 4x ThermoFisher 

Scientific 

#B0007 

Bolt MES SDS running buffer, 20X ThermoFisher 

Scientific 

#B0002 



 

20 

 

Bolt sample reducing agent, 10X ThermoFisher 

Scientific 

#B0009 

Bradford protein assay concentrate, 5x Bio-Rad #5000006 

BSA Sigma-Aldrich #A7906 

BSA protein assay standard ThermoFisher 

Scientific 

#23209 

cOmplete protease inhibitor cocktail 

tablets 

Roche #04693116001 

Cortisol Sigma-Aldrich #H-0888 

Dexamethasone Sigma-Aldrich #D-1756 

D-Glucose Invitrogen #Q100-37 

Dibutyryl-cAMP Sigma-Aldrich #D0627 

Direct-zol RNA Miniprep Kit Zymo Research #R2052 

DMEM ThermoFisher 

Scientific 

#41966029 

DMEM base Sigma-Aldrich #D5030 

DMEM/F12 ThermoFisher 

Scientific 

#31330-038 

DMSO Honeywell #41641 

dNTP mix, 20 mM Amersham #27-2094-01 

DPBS ThermoFisher 

Scientific 

#14190094 

DTNB Sigma-Aldrich #D8130 
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DTT solution, 100 mM ThermoFisher 

Scientific 

#Y00147 

DuoSET ELISA Ancillary Reagent kit 1 R&D #DY007 

DuoSET ELISA Ancillary Reagent kit 2 R&D #DY008 

ECORI-HF NE-Biolabs #R3101S 

EDTA Carl Roth #8043 

Ethanol Honeywell #32205 

FCCP Sigma-Aldrich #C2920 

FCS ThermoFisher 

Scientific 

#10270106 

Formaldehyde solution, 37-38 % (w/v) AppliChem #131328 

Free glycerol reagent Sigma-Aldrich #F6428 

Gateway LR Clonase II plus enzyme mix ThermoFisher 

Scientific 

#12538200 

GeneArt Genomic Cleavage Detection Kit ThermoFisher 

Scientific 

#A24372 

GlutaMAX, 100x ThermoFisher 

Scientific 

#35050061 

Glycerol Carl Roth #7530 

Glycerol standard solution, ~2.8 mM Sigma-Aldrich #G7793 

HCl solution, 1 M Honeywell #35328 

HEPES, 1 M BioChrome #L1613 

Hexan Sigma-Aldrich #296090 

Human TGF-beta 1 DuoSET ELISA R&D #DY240 
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Human TGF-beta 2 DuoSet ELISA R&D #DY302 

Human TGF-beta 3 DuoSet ELISA R&D #DY243 

IBMX Sigma-Aldrich #I-5879 

Insulin Sigma-Aldrich #I-1507 

Isopropanol VWR #20842 

Janus Green B Carl Roth #7697 

Kanamycin ThermoFisher 

Scientific 

#11815024 

KCl Merck #104935 

L-glutamine solution, 200 mM, 100X ThermoFisher 

Scientific 

#25030024 

Lipofectamine2000 ThermoFisher 

Scientific 

#11668019 

MEM non-essential amino acids solution, 

100x 

ThermoFisher 

Scientific 

#11140035 

MgCl2 Merck #105833 

MgSO4 ∙ 7 H2O Sigma-Aldrich #230391 

Monarch DNA Gel Extraction Kit NE Biolabs #T1020S 

Monarch PCR & DNA Cleanup Kit NE Biolabs #T1030S 

Na2HPO4 AppliChem #A3567 

NaCl Merck #106406 

NAH2PO4 ∙ H2O Merck Millipore #106349 

NaN3 Sigma-Aldrich #S2002 
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Neon Transfection system 100 µl kit ThermoFisher 

Scientific 

#MPK10025 

Nile Red, 1 mg/ml Sigma-Aldrich #N3013 

Novex NuPAGE 3-8% Tris-Acetate-Protein-

Gels 

ThermoFisher 

Scientific 

#EA03752BOX 

Novex NuPAGE LDS sample buffer (4x) ThermoFisher 

Scientific 

#NP0007 

Novex NuPAGE Tris-Acetate-Running 

buffer 

ThermoFisher 

Scientific 

#LA0041 

Novex Tris-Glycin native running buffer ThermoFisher 

Scientific 

#LC2672 

Novex Tris-Glycin native sample buffer ThermoFisher 

Scientific 

#LC2673 

Oligomycin Sigma-Aldrich #04876 

Opti-MEM I ThermoFisher 

Scientific 

#31985047 

Oxalacetate Sigma-Aldrich #171263 

Panthotenat Sigma-Aldrich #P-5155 

Penicillin/streptomycin solution, 100x ThermoFisher 

Scientific 

#15140122 

peqGOLD DNA ladder mix VWR #25-2040 

peqGOLD Plasmid MiniPrep kit I VWR #12-6943-02 

phosSTOP phosphatase inhibitor cocktail 

tablets 

Roche #04906845001 
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PureLink HiPure plasmid MidiPrep kit ThermoFisher 

Scientific 

#K210005 

Puromycin Sigma-Aldrich #P8833 

Quick ligation kit NE Biolabs #M2200S 

Random Primers ThermoFisher 

Scientific 

#48190011 

Recombinant TGFβ1 Abcam #50036 

Rosiglitazone Cayman #71740 

Rotenone Sigma-Aldrich #R8875 

SB 431542 R&D #1614 

Seahorse XF base medium Agilent #103334-100 

Seahorse XF Calibrant solution Agilent #100840-000 

Seahorse XF glucose solution 1M Agilent #103577-100 

SeeBlue Plus2 pre-stained protein standard ThermoFisher 

Scientific 

#LC5925 

Skim milk powder Sigma-Aldrich #70166 

Sodium pyruvate solution, 100 mM ThermoFisher 

Scientific 

#11360039 

Sso Advanced Universal Probes Supermix Biorad #1725281 

SuperScript II Reverse Transcriptase Invitrogen #18064014 

T4 PNK NE Biolabs #M0201S 

TE Buffer ThermoFisher 

Scientific 

#12090015 
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Trans-Blot Turbo RTA 0.2µM PVDF Transfer 

kit 

Biorad #1704272 

#1704273 

Transferrin Sigma-Aldrich #T-2252 

Triglyceride reagent Sigma-Aldrich #T2449 

Triiodothyronine Sigma-Aldrich #T-6397 

Tris base Sigma-Aldrich #T1503 

Tris HCl Sigma-Aldrich #10812846001 

Triton   

Trypsin/EDTA solution, 0.05 %/0.02% Merck #L2143 

Tween 20 AppliChem #A1389 

Westar Nova 2.0 Western blot substrate 

solutions 

Cyanagen #XLS071 

XbaI NE Biolabs #R0145S 

 

2.1.2 Equipment 

Name Company Order number 

cell culture dishes, 10 cm Sarstedt #83.3902 

cell culture dishes, 6 cm Corning #353002 

cell culture flasks, 175 cm² Sarstedt #83.3912.002 

cell culture flasks, 175 cm² Corning #353112 

cell culture plates, 12 well Corning #353043 

cell scrapers Sarstedt #83.1830 

cell strainer, 70 µm Falcon #352350 
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cryotubes Sarstedt #72.379.992 

Finnpipette F2 Multichannel Thermo Scientific #4662020 
#4662040 

Finnpipette F2 single Thermo Scientific #4642090 
#4642010 
#4642020 
#4642060 
#4642080 
 

glass pipettes VWR #612-1701 

glass slides  VWR #631-1551 

Mr. Frosty freezing container Thermo Scientific #10110051 

Multipipette Eppendorf #EP4982000012 

multipipette tips, 0.5 ml, non-sterile Eppendorf #0030089421 

multipipette tips, 10 ml, non-sterile Eppendorf #0030089820 

multipipette tips, 5 ml Eppendorf #0030089669 

multipipette tips, 5 ml, non-sterile Eppendorf #0030089456 

PCR plates, 96-well, white shell/clear well BioRad #HSP9601 

pipette tips, 1250 µl Sarstedt #70.1186 

pipette tips, 20 µl Sarstedt #70.1116 

pipette tips, 200 µl Sarstedt #70.760.002 

plastic tubes with plug cap 13 ml Sarstedt #62.515.006 

plastic tubes with screwed cap, 15 ml Sarstedt #62.554.502 

plastic tubes with screwed cap, 50 ml Sarstedt #62.547.254 

plate sealing films Bio-Rad #MSB1001 

reaction tubes, 0.5 ml Sarstedt #72.704.400 
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reaction tubes, 1.5 ml Sarstedt #72.706.400 

reaction tubes, 2 ml Sarstedt #72.695.400 

seahorse XFe96 cell culture multiplate Agilent #101085-004 

serological pipettes, 1 ml Corning #357521 

serological pipettes, 10 ml Corning #4488 

serological pipettes, 25 ml Corning #4489 

serological pipettes, 5 ml Corning #4487 

sterile filter 0.2 µM GE Healthcare #10462200 

sterile filter units, 0.2 µM, 250 ml ThermoFisher 

Scientific 

#568-0020 

sterile filter units, 0.2 µM, 500 ml ThermoFisher 

Scientific 

#569-0020 

syringes, 20 ml BD #300629 

syringes, 50 ml BD #300863 

 

2.1.3 Devices 

Name Company 

Bolt Mini Gel Tank electrophoresis chamber ThermoFisher Scientific 

BZ-9000 microscope Keyence 

Chemidoc MP Biorad 

Infinite 200Pro multimode plate reader Tecan 

Min-Sub Cell GT Cell electrophoresis chamber Biorad 

NanoDrop 2000 spectrophotometer ThermoFisher Scientific 
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Neon Transfection system ThermoFisher Scientific 

peqStar 2X Universal Gradient thermocycler VWR 

Seahorse XFe96 analyzer Agilent 

Trans Blot Turbo Biorad 

 

2.1.4 Buffers and solutions 

Protein lysis buffer, pH 7.5     + 1% Triton X-100 

+ 10 mM Tris 

+ 10% glycerol 

+ 150 mM NaCl 

+ 2 mM EDTA 

in dH2O 

and ad 

+ 1 mM DTT 

+ 1X protease inhibitor 

 

TBS 10X, pH 7.6     + 200 mM Tris base 

+ 1.5 M NaCl 

in dH2O 

 

TBST       + 1X TBS 

+ 0.1% Tween 20 

in dH2O 

 

Antibody buffer     + 2.0% (w/v) BSA 

+ 0.02% (v/v) NaN3 

in TBST  

 

Western blot blocking buffer    + 5.0 % (w/v) milk powder in TBST 
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2.1.5 Bacteria and mammalian cells 

Name Company/Origin Order number 

One Shot TOP10 Chemically Competent E. coli Thermo Fisher #C404010 

One shot Stbl3 Chemically Competent E. coli Thermo Fisher #C737303 

Human SGBS cells [131] - 

 

2.1.6 Cell culture medium 

SGBS basal medium (0F)    + 100 U/ml Penicillin/streptomycin 
+ 17 μM Pantothenate 
+ 33 μM Biotin 
in DMEM:F12 (1:1) 
 

SGBS growth medium    + 10 % (v/v) FCS 
       In 0F Medium 
 
SGBS Differentiation medium I (Quick medium) + 0.01 mg/ml Transferrin 
(day 0 - day 4)      + 0.2 nM Triiodthyronine (T3) 

+ 100 nM Cortisol 
+ 2 μM Rosiglitazone 
+ 20 nM Insulin 
+ 25 nM Dexamethasone 
+ 250 μM IBMX 
in 0F Medium 
 

SGBS Differentiation medium II (3FC)  + 0.01 mg/ml Transferrin 
(day 4-day 14)      + 20 nM Insulin 

+ 100 nM Cortisol 
+ 0.2 nM Triiodthyronin (T3)  
in 0F medium 
 

Seahorse XF assay medium    + 1X glutamaxx 
       + 1 mM sodium pyruvate 
       + 10 mM glucose solution 
       + 1%(w/v) BSA 
       in Seahorse XF Base medium 
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2.1.7 Bacterial cell culture medium 

LB agar, pH 7.00     + 10 g/l BactoTryptone 
+ 5 g/l BactoYeast Extract 
+ 15 g/l Bacto Agar 
+ 10 g/l NaCl 
in dH2O 
 
Add either: 100 µg/ml Ampicillin 
or 100 µg/ml Kanamycin 

 

LB medium 5X, pH 7.00    + 50 g/l BactoTryptone 
+ 25 g/l BactoYeast Extract 
+ 50 g/l NaCl 
in dH2O 
 
Add either: 100 µg/ml Ampicillin 
or 100 µg/ml Kanamycin 

 

SOB medium      + 10 mM MgCl2 
+ 10 mM MgSO4 

+ 10 mM NaCl 
+ 2.5 mM KCl 
+ 5 g/l BactoYeast Extract 

       + 20 g/l BactoTryptone 
in dH2O 

SOC medium      + 20 mM glucose 
       in SOB medium 

 

2.1.8 qPCR and sequencing Primer 

Table 2: Primer used for qPCR or sequencing 

Gene Primer Sequence 5’→3’ 

Adiponectin forward 
reverse 

GGCCGTGATGGCAGAGAT 
CCTTCAGCCCCGGGTACT 

COX8 forward 
reverse 

TTTGTGGTGTACTCCGTGCCATCATGTC 
GTAAGCCCAACGGCCAATTCCATGATCC 

CPT1B forward 
reverse 

CATGGTGGGCAAGTAACTATGTGAGTGACTG 
GCACGTCTGTATTCTTGATGAGCACAAGG 
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DIO2 forward 
reverse 

CGATGCCTACAAACAGGTGAAATTGGGTGAG 
AGCCTCATCAATGTAGACCAGCAGGAAGTCAG 

GLUT4 forward 
reverse 

TTCCAACAGATAGGCTCCGAAG 
AAGCACCGCAGAGAACACAG 

HPRT forward 
reverse 

GAGATGGGAGGCCATCACATTGTAGCCCTC 
CTCCACCAATTACTTTTATGTCCCCTGTTGACTGGTC 

LTBP1 forward 
reverse 

CGAGCATCTGTAAAGTGACCT  
AAGATGGCAAATTACCACTCGG 

LTBP2 forward 
reverse 

AGCACCAACCACTGTATCAAAC 
CTCATCGGGAATGACCTCCTC 

LTBP3 forward 
reverse 

TCCCCAGGGCTACAAGAGG 
AGACACAGCGATAGGAGCCA 

LTBP4 forward 
reverse 

CTGCCCATTCTGCGGAACAT 
GCCGAGTAGTGGTAACCAGG 

NDUF8B forward 
reverse 

CCGCCAAGAAGTATAATATGCGT 
TATCCACACGGTTCCTGTTGT 

PGC1α forward 
reverse 

CTCAAATATCTGACCACAAACGATGACCCTC 
GTTGTTGGTTTGGCTTGTAAGTGTTGTGAC 

PPARG forward 
reverse 

GATCCAGTGGTTGCAGATTACAA 
GAGGGAGTTGGAAGGCTCTTC 

PRDM16 forward 
reverse 

TCTACATTCCTGAAGACATTCCGATCCCA 
CCGTCAGTATTTGCTCCCATCCGAAGTC 

SMAD4 forward 
reverse 

TACACCAACAAGTAATGATGCC 
AATCCTTTCCGACCAGCC 

TGFβ1 forward 
reverse 

CTAATGGTGGAAACCCACAACG 
TATCGCCAGGAATTGTTGCTG 

TGFβ2 forward 
reverse 

CCCCGGAGGTGATTTCCATC 
GGGCGGCATGTCTATTTTGTAAA 

TGFβ3 forward 
reverse 

GGAAAACACCGAGTCGGAATA 
GCGGAAAACCTTGGAGGTAAT 

TGFβR1 forward 
reverse 

ACGGCGTTACAGTGTTTCTG 
GCACATACAAACGGCCTATCTC 

TGFβR2 forward 
reverse 

GTAGCTCTGATGAGTGCAATGAC 
CAGATATGGCAACTCCCAGTG 

TGFβR3 forward 
reverse 

TGGGGTCTCCAGACTGTTTTT 
CTGCTCCATACTCTTTTCGGG 

UCP1 forward 
reverse 

GGAAAGAAACAGCACCTAGTTTAGGAAGCA 
CGTCAAGCCTTCGGTTGTTGCTATTATTCTG 
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UQCRC2 forward 
reverse 

TTCAGCAATTTAGGAACCACCC 
GGTCACACTTAATTTGCCACCAA 

M13+ (sequencing 

primer) 

forward ACGTTGTAAAACGACGGCCAGT 
 

 

2.1.9 siRNAs 

Table 3: Small interfering RNAs (siRNA) used for in vitro gene knockdown 

siRNA pool Sequence 5’→3’ 

Non-targeting control 1. UAAGGCUAUGAAGAGAUAC 
2. AUGUAUUGGCCUGUAUUAG 
3. AUGAACGUGAAUUGCUCAA 
4. UGGUUUACAUGUCGACUAA 

SMAD4 1. GUGUGCAGUUGGAAUGUAA 
2. GUACAGAGUUACUACUUAG 
3. GAGUAUUGGUGUUCCAUUG 
4. GUAAUGCUCCAUCAAGUAU 

 

2.1.10 Western blot antibodies 

Table 4: Antibodies used for Western blot 

Antigen clone host supplier Order number 

Anti Goat  Rabbit Santa Cruz sc-2768 

Anti Mouse 

520 nm 

 Goat Biorad #12005866 

Anti Mouse 

HRP 

 Goat Biorad #1706516 

Anti Rabbit 

520 nm 

 Goat Biorad #12005870 

Anti Rabbit 

HRP 

 Goat Biorad #1721019 
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GAPDH 

 

 Recombinant 

rhodamine labeled 

Biorad #12004168 

LTBP1 Monoclonal Mouse R&D MAB388 

LTBP2 Polyclonal Goat R&D AF3850 

OXPHOS Monoclonal Mouse abcam ab110411 

PPARG Monoclonal Rabbit Cell signaling #2443 

TGFβ1 Monoclonal Rabbit abcam ab179695 

TGFβ2 Monoclonal Mouse abcam ab36495 

TGFβ3 Polyclonal Rabbit abcam ab227711 

Tubulin 

 

 Recombinant 

rhodamine labeled 

Biorad #12004166 

UCP1 Monoclonal Mouse R&D MAB6158 

 

2.1.11 Single guide RNAs used for CRISPR/Cas9 mediated gene knockout 

Table 5: sgRNA used for CRISPR/Cas9 mediated gene knockout 

Target sgRNA Sequence 5’→3’ 

Empty vector (EV) Top 
Bottom 

ACCGGTCACCGATCGAGAGCTAG 
AAACCTAGCTCTCGATCGGTGAC 

LTBP1 Top 
Bottom 

ACCGGTGGAACTGTGGGTACCTCC 
AAACGGAGGTACCCACAGTTCCAC 

LTBP2 Top 
Bottom 

ACCGCAGGTGGCAGAACTTCCCGG 
AAACCCGGGAAGTTCTGCCACCTG 

LTBP3 Top 
Bottom 

ACCGCGGCGTTCGAGCTCTCAATG 
AAACCATTGAGAGCTCGAACGCCG 

LTBP4 Top 
Bottom 

ACCGCTGCGATCCTGGGTACCACG 
AAACCGTGGTACCCAGGATCGCAG 

TGFβ1 Top 
Bottom 

ACCGTTGATGTCACCGGAGTTGTG 
AAACCACAACTCCGGTGACATCAA 

TGFβ2 Top 
Bottom 

ACCGCGACGAAGAGTACTACGCCA 
AAACTGGCGTAGTACTCTTCGTCG 
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TGFβ3 Top 
Bottom 

ACCGATAAATTCGACATGATCCAG 
AAACCTGGATCATGTCGAATTTAT 

 

2.1.12 Plasmids 

Table 6: Plasmids used for cloning 

Name Supplier Order 

number 

Comment Properties 

pMuLE ENTR U6 

stuffer sgRNA 

scaffold L1-R5 

Adgene #1000000060 Kindly provided 

by Ian Frew 

For sgRNA 

insertion 

pMuLE ENTR U6 

stuffer sgRNA 

scaffold L4-L5 

Adgene #1000000060 Kindly provided 

by Ian Frew 

For sgRNA 

insertion 

pMuLE ENTR U6 

stuffer sgRNA 

scaffold L1-R5 

Adgene #1000000060 Kindly provided 

by Ian Frew 

For sgRNA 

insertion 

pMuLE ENTR CMV-

hCas9 L3-L2 

Adgene #1000000060 Kindly provided 

by Ian Frew 

Cas9 enzyme 

pMuLE ENTR CMV-

hCas9 L5-L2 

Adgene #1000000060 Kindly provided 

by Ian Frew 

Cas 9 enzyme 

pSBtet-GP Adgene #60495 Kindly provided 

by Eric Kowarz 

Sleeping Beauty 

recognition sites, 

eGFP, Puromycin 

resistance 

pLenti6.3/V5- DEST Thermo-

Fisher 

Scientific 

#V53306 
 Destination 

vector for LR 

Gateway cloning  



 

35 

 

 

2.1.13 Cleavage assay primer 

Table 7: Primer used for Gene Art Genomic Cleavage Assay 

Gene Cleavage primer Sequence 5’→3’ 
LTBP1 forward 

reverse 
GTGAGGGACAGCAGTGCTC 
CTCTTCCCCTGAGACAAAAAGTCCA 

LTBP2 forward 
reverse 

CAGGAAGGCAGGGGC 
GGCCCAGCTGTGCCG 

LTBP3 forward 
reverse 

AGCAAGCACGCCATCTACG 
AAGGAAAGGCAGATCCCGACT 

LTBP4 forward 
reverse 

GGGGGTTTAATCCAGAGGCC 
ATCTTGCCTCCCTGCTTC 

 

2.1.14 Software 

Name Version Company 

BZII Viewer and Analyzer 2.1 Keyence 

CFX Manager 3.1 Biorad 

Image Lab 6.0.1 Biorad 

Inkscape vector graphic 

editor 

0.92 Inkscape 

Office  365 Microsoft 

Prism 7.0 GraphPad 

pMuSE SB eGFP-

P2A-PuroR-DEST 

- - Cloned by Jan-

Bernd Funcke in 

our department 

Combination of 

pLenti6.3/V5- 

DEST and pSBtet-

GP [132,133] 

pCMV(CAT)T7-

SB100 

Adgene #34879 Kindly provided 

by Zsuzsanna 

Izsvak 

Sleeping Beauty 

transposase 
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SnapGene 4 GSL Biotech 

Wave 2.6 Agilent 
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2.2 Methods 

2.2.1 Cell culture 

Simpson-Golabi-Behmel Syndrome (SGBS) cells are hASCs isolated from the scWAT of a 3-

month old infant who suffered from SGBS [131]. In the following, the term SGBS 

preadipocytes will be used for this cell strain. These SGBS preadipocytes can be easily 

subjected to adipogenesis and reach a differentiation rate up to 95% [131]. In addition, 

they can be kept until the 30th generation without affecting differentiation [131]. 

SGBS preadipocytes were grown in T175 cell culture flasks with growth medium and split 

at latest before full confluence was reached. To prepare SGBS preadipocytes for seeding, 

cells were washed once with Dulbecco’s phosphate buffered saline (DPBS), subjected to 

2 ml trypsin and incubated for 5 minutes at 37°C, 5% (v/v) CO2. Subsequently, 

preadipocytes were resuspended in growth medium and centrifuged for 10 min at 

1100 rpm. Thereupon, supernatant was discarded, and cells were resuspended once more 

in 10 ml growth medium. Afterwards cell number was determined by counting the 

preadipocytes with a light microscope and a Neubauer cell counting chamber. 

For differentiation, SGBS cells were seeded into cell culture vessels and grown (37°C, 

5%(v/v) CO2) for 72 h in growth medium until full confluence was obtained (d0). Cells were 

then washed once with DPBS and growth medium was substituted with Quick medium. 

After another four days the medium was substituted with 3FC medium without a washing 

step. Cells were then kept for further ten days in the incubator until mature lipid laden 

adipocytes were obtained (d14). If not stated differently, cells were cultured based on this 

method in all experiments. Seeding densities are depicted in table 8. 

For prolonged storage of SGBS preadipocytes, up to 500.000 cells were resuspended in 1 ml 

growth medium containing 10 % DMSO and added to kryo tubes. These tubes were frozen 

in freezing containers (Mr. Frosty, Thermo scientific) at -80°C and on the next day 

transferred to liquid nitrogen for long term storage. 
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Table 8: Seeding densities for SGBS cell differentiation approach 

 

2.2.2 Differentiation rate and microscopic pictures 

Differentiation rate of mature adipocytes was determined on day 14 by counting the 

number of preadipocytes and adipocytes in three independent segments using a light 

microscope equipped with a net micrometer. If the cell contained at least 3 lipid droplets, 

it was considered to be an adipocyte. On the same day, pictures of mature adipocytes were 

taken at 10-fold magnification using a BZ-900 microscope (Keyence). 

 

2.2.3 Determination of triglyceride content 

Triglyceride accumulation in SGBS adipocytes was determined enzymatically on d14 by 

measuring the intracellular glycerol content. Therefore, triglycerides were isolated by 

washing the wells 2-times with 500 µl Hexan:Isopropanol (60:40 ratio). The solved 

triglycerides were then transferred into a microcentrifuge tube. This tube was incubated 

with an open lid overnight until solvent was completely evaporated. Samples were then 

stored at -20°C or resuspended in 100 µl isopropanol. Per sample and well 0.33 µl were 

Cell culture 

vessel 

Cell density/well 

followed by 72 h 

incubation 

Medium 

volume (ml) 

Usage 

12-well plate 20,000 1 

 

 

RNA isolation, generation of cell 

supernatant, determination of 

differentiation rate, 

determination of triglyceride 

content 

6 cm dish 150,000 5 Protein isolation 

96-well 

Seahorse XF96 

cell culture 

microplates 

2,500 0.1 Measurement of cellular oxygen 

consumption and extracellular 

acidification rate 



 

39 

 

then transferred into a 96-well plate. Ten µl of a glycerol standard (1250 µg/ml, 625 µg/ml 

312 µg/ml, 156.3 µg/ml, 78 µg/ml, 39 µg/ml diluted in isopropanol) was transferred into 

the 96 well plate as well. Subsequently, 160 µl/well triglyceride reagent to cleave 

triglycerides into glycerol and 40 µl/well glycerol reagent for detection of free glycerol were 

added to each well. After 15 minutes of incubation at room temperature (RT), the 

absorption was measured at 550 nm and triglyceride content was calculated using a linear 

standard curve. 

 

2.2.4 RNA isolation and qRT-PCR 

Total RNA of SGBS cells was harvested with TRIzol reagent and then either stored at -80°C 

or isolated subsequently with the ZYMO Direct-zol RNA Miniprep kit, according to the 

manufacturer’s protocol. RNA concentration was determined with a NanoDrop 2000 

spectrophotometer (Thermo fisher) measuring the wavelength at 260 nm and using the 

following equation: 

c=(A*ε)/b  

c= concentration (ng/µl); A= absorbance (AU); ε=40 ng*cm/µl; b= pathlength (cm) 

For cDNA synthesis 500-1000 ng of RNA was mixed with 1 µl Random Primer (3 µg/ml) and 

subjected to denaturation (85°C for 3 min). Afterwards samples were immediately stored 

on ice and each complemented with 10 µl of RT-PCR Master-mix, containing 1 µl 

Superscript II RT (200 units), 1 µl dNTP (10 µM), 1 µl H2O, 2 µl DTT (0.1 M) and 5 µl first 

strand buffer(5X). Samples were then subjected to a peqStar 2X Universal Gradient 

thermocycler using the following conditions: 

25°C for 15 min 

42°C for 50 min 

70°C for 15 min 

4°C until termination 

Afterwards samples were diluted with RNAse free water to a final concentration of 5 ng/µl 

cDNA. 
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For quantitative real time PCR (qRT-PCR) 1 µL Primer (5 µM), 5 µl Sso Advanced Universal 

SYBR Green Supermix and 3 µl H2O per well was pipetted in advance into a hard shell 96-

well PCR plate (Biorad). Thereupon 1 µl cDNA (5 ng/µl) was added per well. Finally, the PCR 

assay was performed in a CFX96 Real-time PCR detection System (Biorad) with the 

following conditions: 

30 s at 95 °C 

40 Cycles of 

5s at 95°C 

30s at 60°C 

Verification of the correct amplicon size was determined by analyzing the melting 

temperature of the PCR products. If not stated differently Hypoxanthine-Guanin-

Phosphoribosyltransferase (HPRT) was used as a house keeping gene and the expression 

was calculated either using the 2-ΔCt or the 2-ΔΔCT method for normalization. 

 

2.2.5 Protein isolation, separation and immunoblotting 

For protein isolation, cells in 6 cm dishes were washed once with ice cold DPBS and 

subjected subsequently to 100 µl of protein lysis buffer, followed by harvesting with a cell 

scraper and transferring into a microcentrifuge tube. Samples were then incubated for 

30 min on ice and centrifuged for 30 min at 14,000 g. Subsequently, supernatant was 

transferred into a new microcentrifuge tube and stored at -20°C for further experiments. 

To determine the protein concentration of the cell lysates a Bradford assay was applied 

according to the manufacture’s protocol (Biorad). Protein samples were pre-diluted 1:10 

and measured in duplicates. For concentration determination a bovine serum albumin 

(BSA) standard was used and previously diluted in dH2O to 500 µg/ml, 300 µg/ml, 200 

µg/ml, 100 µg/ml, 50 µg/ml and 0 µg/ml. Absorbance was measured at 550 nm using a 

multimoded plate reader (Tecan). 

Isolated protein samples (12-15 µg) were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using a Bolt Mini Gel Tank electrophoresis 

chamber. Samples were mixed with 4x sample buffer and adjusted with H2O to a final 

volume of 25-40 µl. For denaturation conditions, 10x reducing reagent was included in the 
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mix. Samples were then heated at 70°C for 10 min and transferred onto the gel. SeeBlue 

Plus2 pre-stained protein standard served as a reference. Different SDS-PAGE running 

conditions are depicted in table 9. 

Table 9: SDS-PAGE running conditions for different protein properties 
 (SDS: sodium dodecyl sulfate; MES: 2-(N-Morpholino)ethansulfonic acid; LDS: lithium dodecyl sulfate) 

Protein properties Type of Gel Sample Buffer Running Buffer Conditions 

Denatured/Native 

  

Mixed molecular 

weight 

Bolt 4-12% Bis-

Tris Plus gels 

(10-17 wells) 

Bolt LDS 

sample buffer 

Bolt MES SDS 

running buffer 

200 V 

25- 35 min 

Native 

 

High molecular 

weight 

NuPAGE 3-8% 

Tris-Acetate-

Protein gels 

(12-well) 

Novex Tris-

Glycine Native 

Sample Buffer 

Novex Tris-

Glycine Native 

Running Buffer 

150 V 

60 min 

 

Denatured 

 

High molecular 

weight 

NuPAGE 3-8% 

Tris-Acetate-

Protein gels 

(12-well) 

NuPAGE LDS 

Sample Buffer 

NuPAGE Tris-

Acetate SDS 

Running Buffer 

150 V 

90 min 

 

For Western blot, filter paper and nitrocellulose membrane were previously incubated for 

10 min in transfer buffer (Biorad). Proteins were then transferred on membrane using the 

Trans-Blot Turbo transfer system (Biorad) according to the manufactures protocol (2.5 A, 

19 V, 7 min) Hereinafter, the membrane was blocked for 1h in 1x tris-buffered saline with 

Tween 20 (TBST) with 5% (w/v) fat free milk powder and subsequently washed 3 times for 

10 min in 1xTBST. Afterwards membrane was incubated with the primary antibody 

overnight at 4°C. Thereupon the membrane was washed again 3 times for 10 min in 1x TBST 

and then incubated for another hour with the secondary antibody (in 5% milk TBST) 

followed by another three washing steps á 10 min in TBST. Depending on the sensitivity of 

the primary antibody, secondary antibodies with either fluorescent or horse radish 
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peroxidase (HRP) labeling were used and detected by fluorescence or enhanced 

chemiluminescence (ECL), respectively. Membranes were analyzed using a ChemiDoc MP 

Imager (Biorad). 

 

2.2.6 Citrate synthase assay 

To measure the citrate synthase activity as a surrogate for mitochondrial content, a kinetic 

assay was performed. Citrate synthase catalyzes citrate from oxaloacetate and acetyl CoA 

thereby reducing CoA. This reduced form transforms 5,5’ dithiobis 2 nitrobenzoic acid 

(DTNB) into 2-nitro-5benzoic acid (TNB). The activity of citrate synthase can then be 

assessed by the absorbance of TNB at 412 nm. 

The following reaction media was prepared per 96-well and sample: 

4 µl of 5 mM DTNB 

6 µl of 10 mM acetyl CoA 

19 µl of 1M Tris HCl pH 8.1 

151 µl of H2O 

This solution was added to 5 µg of protein sample in 10 µl H2O. Each sample was then 

transferred to a 96-well plate. The 96-well plate containing the samples and reaction media 

was then subjected to a multimoded plate reader (Tecan) with the following measurement: 

-Baseline: 7 cycles measurement with an absorbance at 412 nm 

-Injection: Injection of 10 µl/well oxaloacetate solution (10 mM) 

-Reaction: 7 cycles measurement with an absorbance at 412 nm 

Citrate synthase activity was calculated with the following equation 

Units (µmol/min/mg) =   
ΔA412/min ∗ V(ml)

ε ∗ L(cm) ∗ mg protein
 

ΔA412 /min= The absorption at 413 nm/min at baseline activity subtracted from the 

absorption at 413 nm/min at the endogenous activity. 

V(ml) = sample volume (0.2 ml) 



 

43 

 

ε (mM-1cm-1) = extinction coefficient (13.6 for TNB) 

L(cm) = pathlength (0.625 cm for 96-well plate) 

 

2.2.7 Determination of the cellular oxygen consumption rate 

To measure the cellular oxygen consumption rate (OCR) of SGBS adipocytes, an 

extracellular Flux Analyzer (Seahorse XF96, Agilent) was used. Therefore, mature 

adipocytes in 96-well Seahorse XF96 cell culture microplates were washed twice with 0F 

medium on the day before measurement (for seeding and differentiation see 2.2.1) and 

200 µL/well of Seahorse XF Calibrant solution was added to a Flux plate and subsequently 

incubated at 37°C, no CO2. On the day of measurement, cells in the 96-well plate were 

washed once with 100 µl/well Seahorse assay medium and finally 155 µl assay medium was 

added. The plate was then incubated for 1h at 37°C, no CO2. The Seahorse Flux plate was 

prepared for injection with 0.5 mM/well dibutyryl cyclic adenosine monophosphate 

(cAMP), 2 µM/well Oligomycin, 4 µM/well carbonylcyanide-p-trifluoro-

methoxyphenylhydrazone (FCCP) and 1.5 µM/well Antimycin A and Rotenone (Ant/Rot) 

according to the manufacture’s protocol. Cellular oxygen consumption rate was then 

measured in the 96-well plate with following parameters: 3-5 cycles basal; 10-12 cycles 

after cAMP injection, 5 cycles after Oligomycin injection, 3 cycles after FCCP injection, 3 

cycles after Ant/Rot injection. 

 

2.2.8 Normalization for lipid content and cell density 

To normalize for lipid content, cells were stained with Nile Red, a lipophilic dye which 

incorporates into neutral lipids and can be detected by its fluorescence. After the 

measurement of the OCR, cells in the 96 well plate were fixed in 4% PFA/PBS (100 µl/well) 

for a minimum of 20 min and then washed with DPBS. Subsequently 100 µl of 10% 

DMSO/0.1% Nile Red in DPBS was added per well and incubated for 20 min, protected from 

light. Afterwards Nile Red staining was analyzed using a Tecan plate reader at 550 nm 

excitation and 640 nm emission. Afterwards the plate was washed again once with DPBS 

and subsequently 25 µl of a 0.3% Janus green solution was added per well, followed by 30 

min incubation time. Thereupon, the plates were washed with water and then tapped on 

a paper towel until the plate was dry. 100 µl of a 0.5 M HCl solution was added per well 
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and incubated for further 10 min. Subsequently, the Janus green staining was measured 

using a Tecan plate reader at 630 nm absorption. The data was used to normalize the 

measured OCR data to lipid content (NileRed) or cell content (JanusGreen) of the individual 

well and as a determination for differentiation rate or cell amount. 

 

2.2.9 siRNA Transfection 

For siRNA transfection SGBS preadipocytes were seeded as described before (2.2.1) and 

transfected with the siRNA after 24 h of cell growth and incubated for 48 h until d0 was 

reached (see 2.2.1). For transfection of a single 12 well, 1 µl siRNA (20 µM) was added to 

49 µl of OptiMEM and mixed with 2.5 µl lipofectamine 2000, previously added to 47.5 µl 

OptiMEM. This stock solution was incubated for 20 min and subsequent pipetted drop by 

drop on SGBS preadipocytes to a final siRNA concentration of 20 nM.  

 

2.2.10 Multiple Gateway cloning for CRISPR/Cas gene knockout in vitro and transposase 

mediated stable transfection 

CRISPR/Cas9 system has become the gold standard for stable genetic modification in cells. 

The Cas9 protein, discovered in the bacterial immune system is a RNA guided DNA 

endonuclease allowing specific gene manipulation [134,135]. A convenient way to clone 

CRISPR/Cas9 knockout constructs is the multiple lentiviral expression system (MuLE) [136]. 

This has been frequently used as a flexible tool to recombine up to four different ENTRY 

vectors containing e.g fluorescent proteins, resistance genes, the Cas9 gene or the 

designed single guide RNAs (sgRNA) into a destination vector (Figure 7). The recombination 

is achieved by LR Gateway cloning. In this thesis the system was used to recombine up to 

four entry vectors with different sgRNAs and the Cas9 into a destination vector [136,137]. 

Designing the intended sgRNA is achieved by public online tools e.g. the broad institute. By 

typing in the target gene, the program suggests several options for sgRNA sequences 

ranked for lowest off target effects and highest specificity in gene targeting calculated by 

algorithms [138,139]. 

The final constructs for CRISPR/Cas9 mediated knockout are named multiple sleeping 

beauty expression vector (MuSE). These vectors contain an enhanced green fluorescent 

protein (eGFP) under the control of a RPL13A promoter which is used for visual transfection 
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control. Under the control of the same promotor a puromycin resistance (PuroR) gene for 

selection of transfected cells is encoded. Furthermore, a cytomegalovirus (CMV) promoter 

controls the Cas9 and a U6 promoter the intended sgRNA. The complete cassette is flanked 

by inverted repeats (ITR), which are Sleeping Beauty (SB) transposase recognition sites.  

The usage of SB transposase system offers a way for stable gene integration into 

mammalian cells [140]. Originally the sleeping beauty transposase was discovered as an 

inactive gene in fish [141]. Genetic modification of this sequence created a new synthetic 

transposon system. Through further modification of the gene a high activity was achieved, 

enabling the generation of stable transgenic cell lines [140]. The SB transposase works 

according to the cut and paste principle. It recognizes the ITRs which flank the transposon 

(genes of interest). This transposon ends are then brought together by the SB transposase 

and subsequent excised. Afterwards, the transposon is integrated by the SB transposase 

into the host genome at TA dinucleotide sites. Compared to a common lentiviral 

transfection, the SB transposase reveals a faster and safer way for a stable host gene 

integration with high molecular weight plasmids [140]. 

Figure 7: LR Gateway cloning 

with multiple fragments. 

Multisite gateway cloning is a 

powerful tool for rapid and easy 

recombination of up to 4 

different entry vectors. By using 

the multiple lentiviral expressing 

system (MuLe) two (A) and up to 

four fragments (B) can be 

recombined and cloned into a 

destination vector within 16 h. 

Specific attL and attR sites 

mediate the recombination step.  

CMR=Chloramphenicol-

resistance 

 ccdB=ccdB toxin gene. 
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For cloning of CRISPR/Cas9 constructs, partially modified plasmids of the multiple lentiviral 

expression (MuLE) system kit (Adgene) were used [132,136]. The respective plasmids used 

for cloning are listed in 2.1.12 table 6 and the related sequences and vector maps of 

products are attached in the appendix (Figure S1 and S2) 

 

1) Digestion of pMuLE ENTR plasmids 

For preparation the pMuLE ENTR U6 stuffer sgRNA scaffold plasmids (see 2.1.12) were 

digested for 2 h at 50°C using the restriction enzyme BfuAI with NEBuffer 3.1 according to 

the manufacture’s protocol. Digested plasmids were then subjected to an agarose gel 

electrophoresis (1% (w/v) agarose, 120 V, 30 min) to separate the insert from the 

backbone. The plasmids backbone was then cut from the gel and extracted using the 

Monarch DNA Extraction kit (NEB) according to its protocol. The product contained the 

purified linearized plasmid, ready for insertion of the intended sgRNA. 

 

2) sgRNA design 

For Crispr/Cas 9 knockout constructs the respective sgRNA for the target gene was 

designed using the broads institutes analysis tool [142], which assures maximal on-target 

and minimal off-target effects using approved scoring models for sgRNA prediction [138]. 

The top and the complementary bottom sgRNA flanked by restriction sites for further 

ligation, was then synthesized at Biomers GmbH (see 2.1.11 for sequences). 

 

3) Phosphorylation and annealing 

The first step of cloning was the annealing and phosphorylation of top and bottom sgRNA 

with the following formula: 

1 µl sgRNA top (100 µM) 

1 µl sgRNA bottom (100 µM) 

1 µl T4 DNA Ligase reaction buffer (10X) 

6.5 µl H2O 

0.5 µl T4 PNK (10 U/µl) 
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All reagents were mixed in a microcentrifuge tube and incubated in a peqStar 2X Universal 

Gradient thermocycler at: 

37°C  30 min 

95°C  5 min 

95°C to 8°C with 5°C/min cooling 
 

4) Ligation of sgRNA duplexes into the opened entry vector 

sgRNA duplexes were then diluted 1/200 in H2O to a total concentration of 50 nM and 

ligated into the corresponding entry vector. For each ligation, the following approach was 

pipetted into a microcentrifuge tube, followed by 10 min incubation at room temperature: 

Digested pMuLE ENTR U6 stuffer sgRNA scaffold   50 ng 

sgRNA duplex (50 nM)      1 µl 

Quick ligase reaction buffer (2X)     5 µl 

Quick ligase        1 µl 

H2O         fill up to a total of 11 µl 

 

5) Transformation of ligated plasmids into TOP10 E. coli 

For the amplification of the plasmid, the ligated plasmids were transformed into TOP10 

E. coli bacteria. For this purpose, the bacteria were thawed 5-10 min on ice and then 7 µl 

of the plasmid solution was added to the bacteria and incubated for 30 min on ice. The 

bacteria were then heat shocked for 1.30 min at 42°C in a water bath. Subsequently, the 

tubes with bacteria were incubated on ice for 2 min and 250 µl SOC medium was added to 

each sample and shaken for 1h at 37°C, 220 rpm. Thereupon, each batch was plated on 

agar plates with kanamycin (50 µg/ml) and incubated for 12-18h at 37°C.  

 

6) Control digest and sequencing 

Bacterial cultures were inoculated into liquid LB medium containing 100 µg/ml kanamycin 

and were shaken overnight at 37°C. As a backup, 500 µl of each batch was mixed with 250 µl 

glycerol and frozen at -80°C. The plasmids were isolated according to the instructions of 
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the peqGOLD miniprep kit. DNA concentrations were measured with a NanoDrop 2000 

spectrophotometer (Thermo fisher) and afterwards a control digest was prepared. 

Therefore 250 ng plasmid was mixed with 2.5 µl Cut smart buffer (10x) and 0.5 µl EcoRI-HF 

enzyme and digested for 1-2 h at 37°C. Samples were subsequently mixed with loading dye 

(6X) and applied to a 1% agarose gel (120 V, 400 mA, 100 W, 30 min) and analyzed with the 

ChemiDoc MP imager. 

To exclude mutations and to verify correct insertion, the entry vectors containing the 

respective sgRNA were sent to Sanger sequencing (Eurofins genomics) using a M13+ 

forward primer.  

 

7) Gateway LR reaction 

The entry vector with the sgRNA was then recombined with the entry vector containing the 

Cas9 and cloned into the destination vector using LR gateway cloning [137]. For 

recombination of single sgRNA constructs see table 10. Table 11 depicts the recombination 

for a TGFβ1-3 KO plasmid containing three sgRNAs.  

The destination vector contains a puromycin resistance, GFP and the recognition sites for 

the sleeping beauty transposon. For the LR reaction 1 µl entry sgRNA vector (10 fmol) was 

added with 1 µl entry Cas9 vector (10 fmol) and 1 µl destination vector (20 fmol) to a PCR 

tube and filled up to 5 µl with TE buffer. 2 µl LR Clonase II Plus Enzyme Mix (5x) was then 

added to each sample and incubated for 24 h at 25°C. After that, the reaction was stopped 

by adding 1 µl Proteinase K (10X), incubating for 10 min at 37°C.  

 

8) Transformation in Stbl3 E. coli, plasmid isolation and control digestion 

7 µl of the LR reaction tube was used for transformation of Stbl3 E. coli bacteria as described 

above (5). Agar plates and liquid LB medium for inoculation contained 100 µg/ml Ampicillin 

instead of Kanamycin. Plasmids were isolated as described before (6) and 500 ng of DNA 

was digested for control, using 2.5 µl NEBuffer 3.1 and 0.5 µl BamHI at 37°C for 2 h. Samples 

were mixed with loading dye (6X) and applied to a 1% Agarose gel (120 V, 400 mA, 100 W, 

30 min) and analyzed with the ChemiDoc MP imager. 
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9) Midiprep DNA isolation 

Bacteria containing the correct plasmids were inoculated from kryopreserved glycerol 

stocks in an Erlenmeyer flask containing 100 ml liquid LB medium with 100 µg/ml 

Ampicillin. Flasks were shaken at 37°C overnight with 220 rpm. Plasmids were then isolated 

with the PureLink HiPure Plasmid Midiprep Kit adhering to the manufacture’s protocol. 

DNA pellet was eluted with 100 µl TE buffer. 

Table 10: Plasmids used for LR Gateway cloning for single CRIPSR/Cas9 knockout constructs 

sgRNA ENTRY vector Recombined with… 

(LR Gateway cloning) 

Product 

LTBP1 

LTBP2 

LTBP3 

LTBP4 

TGFβ2 

TGFβ1 

pMuLE ENTR U6 stuffer 

sgRNA scaffold L1-R5  

-pMuLE ENTR CMV-

hCas9 L5-L2 

-pMuSE SB eGFP-P2A-

PuroR-DEST R1-R2 

pMuSE SB CRISPR/Cas9 

sgRNA 

(LTBP1/LTBP2/LTBP3/ 

LTBP4/TGFβ2/ TGFβ1) 

 

Table 11: Plasmids used for LR Gateway cloning for triple CRIPSR/Cas9 knockout construct 

sgRNA ENTRY vector Recombined with… 

(LR Gateway cloning) 

Product 

TGFβ1  pMuLE ENTR U6 stuffer 

sgRNA scaffold L1-R5  

 

-pMuSE SB eGFP-P2A-

PuroR-DEST R1-R2 

-pMuLE ENTR CMV-

hCas9 L3-L2 

 

 

 

-pMuSE SB 

CRISPR/Cas9 TGFβ1-3 

TGFβ2  pMuLE ENTR U6 stuffer 

sgRNA scaffold L4-L5 

TGFβ3  pMuLE ENTR U6 stuffer 

sgRNA scaffold R3-R4 
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2.2.11 Electroporation 

For transfection of SGBS cells with CRISPR/Cas9 knockout constructs a Neon 

electroporation transfection system (Invitrogen) was used. 10.5 µg of Plasmid DNA per 

knockout construct was mixed with 500 ng pCMV(CAT)T7-SB100 and adjusted to a final 

volume of 110 µl with R buffer (Neon kit). Neon transfection system was prepared 

according to the manufacture’s protocol. SGBS preadipocytes were trypsinized as 

described before (see 2.2.1) and 1.1x106 cells were used for one transfection approach, 

added into a 1.5 ml microcentrifuge tube and centrifuged for 5 min at 300g. Hereinafter, 

the supernatant was discarded and cells resuspended in 110 µl plasmid-buffer solution. 

Subsequently, 100 µl of this cell-plasmid-buffer suspension was taken up with a Neon 

pipette (Neon kit) and the electroporation was performed according to the manufacture’s 

protocol. Cells were electroporated at 1400 V with a pulse of 3x 10 ms. A mock control 

containing no plasmid DNA was also subjected to electroporation and later used as a 

selection control. After electroporation, cells were placed in a 10 cm dish with 10 ml 

antibiotic free growth medium and incubated at 37°C, 5% CO2 (v/v). On the next day 

medium was changed to normal growth medium, additionally containing 5 µg/ml 

puromycin to start the selection process. When the mock control cells were completely 

dead (after 7-10 days), medium was changed to normal growth medium without 

puromycin. Cells which underwent selection were then transferred into T175 flasks, 

cultivated and prepared for seeding or freezing (see 2.2.1). 

 

2.2.12 Genomic cleavage assay 

To control for DNA deletion in target gene regions of CRISPR/Cas9 mediated LTBP knockout 

SGBS cells, a genomic cleavage assay was performed using the GeneArtGenomic cleavage 

detection kit (Thermo). To address this, the genomic DNA regions which were assumed to 

be mutated were amplified, denatured and re-annealed. A specific enzyme detects 

mismatches in the re-annealed DNA strands and breaks it. A positive control was done to 

verify successful amplification and cleavage. A cleavage exhibits a reduction of parental 

DNA and cleaved bands compared to the control (NC), indicating a mutation in this DNA 

region. The designed cleavage assay primers are listed in table 7. 
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2.2.13 Generation of SGBS supernatant 

To generate FCS free supernatant of SGBS preadipocytes the LTBP knockout cells and 

control cells were seeded in 12 well plates as described previously (2.2.1). After 72 h in 

growth medium, the medium was aspirated, and cells immediately washed once with 

DPBS. Afterwards cells were subjected to 0F medium (1 ml /well) and incubated for further 

4 days at 37°C 5% CO2 (v/v) before the supernatant was transferred into microcentrifuge 

tubes and stored at –20°C. 

 

2.2.14 TGFβ ELISA 

Enzyme linked immunosorbent assays (ELISAs) were used to determine TGFβ1, TGFβ2, and 

TGFβ3 content of SGBS supernatants. To measure also bound TGFβ the supernatant 

samples were previously heated for 5 min at 80°C to activate TGFβ. ELISAs were then 

performed adhering to the manufacture’s protocol.  

 

2.2.15 Statistics 

GraphPad Prism 7 software was used for statistical analysis. Students t-test was applied to 

compare two groups with a two-tailed calculation and assumption of Gaussian distribution. 

When groups were normalized to control an unpaired t-test was used, otherwise a paired 

t-test was applied. For more than two time points a two-way ANOVA was applied with 

multiple comparison and tukey correction. For correlation analysis linear regression was 

applied. A p-value of <0.05 was considered as statistically significant. 
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3. Results 

Based on the previously introduced study by Tews et al., we hypothesized that hASCs 

respective of the adipose tissue region, secrete different factors which act in an auto- or 

paracrine manner, stimulating or inhibiting a differentiation towards a brown adipocyte 

phenotype [47]. We identified LTBP1 as a factor higher expressed in hASCs derived from 

the dn vs sc, suggesting a role in the adipogenesis towards a brown adipocyte phenotype. 

The LTBP protein family has 4 members [104]. Screening the literature revealed that LTBP3 

and LTBP1 were also higher expressed in isolated brown hASCs vs white hASCs in another 

study [85]. Furthermore, LTBP2 and LTBP3 were differently expressed as well, when 

comparing murine ASCs from BAT vs WAT [86]. Therefore, the expression of all four LTBP 

members (LTBP1, LTBP2, LTBP3, LTBP4) were characterized during adipogenesis of in vitro 

differentiated hASCs from mamma tissue and in SGBS preadipocytes. The SGBS cell strain 

is commonly used as an in vitro model for human white preadipocytes [131,143]. These 

cells can be easily subjected to adipogenesis and represent an excellent model to study any 

effect on the UCP1 expression and metabolic function [79,144,145]. In a next step, we 

aimed to establish CRISPR/Cas9 mediated LTBP knockout SGBS preadipocytes to study the 

impact of LTBPs on adipogenic differentiation, mitochondrial content, UCP1 expression and 

metabolic function.  

 

3.1 The role of LTBPs in adipogenesis and their impact on UCP1 expression in vitro 

 

3.1.1 LTBP1, LTBP3 and LTBP4 are enriched in hASCs from the deep neck adipose tissue 

In order to validate the array findings by Tews et al., the cDNA samples of the isolated 

hASCs derived from the dn and sc region of human adipose tissue were used to determine 

the mRNA expression of LTBPs [47]. Indeed, LTBP1 was 2.5-fold higher expressed in dn vs 

sc (Figure 8). LTBP2 was equally expressed between dn- and sc-derived samples. However, 

LTBP3 (1.8-fold) and LTBP4 (10-fold) were also significantly higher expressed in hASCs 

derived from the dn region compared to sc.  
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Figure 8: Expression of LTBP family members in isolated human adipose stromal cells (hASCs) from 
subcutaneous (sc) and deep neck (dn) adipose tissue. mRNA expression of all 4 members of the LTBP family 
was determined by qPCR in isolated hASCs derived from the dn and sc adipose tissue. HPRT served as a 
reference gene. Mean values +SEM of n=6 from paired patient samples are shown. *p<0.05, paired student’s 
t-test 

 

3.1.2 LTBP expression is decreased during adipogenic differentiation 

To characterize the expression of LTBP isoforms in human WAT samples and in isolated and 

in vitro differentiated hASCs of WAT, tissue samples and hASCs were derived and isolated 

from mammary adipose tissue of patients who underwent plastic surgery. All LTBPs, except 

LTBP4 showed comparable regulation during adipogenesis in hASCs (Figure 9), i.e. high 

expression levels in hASCs and decreased levels in mature adipocytes (hASC adip).  

 

 

Figure 9: Expression of LTBP isoforms in human adipose tissue and in isolated and in in vitro differentiated 
human adipose stromal cells (hASCs). Samples of human adipose tissue are derived from mamma adipose 
tissue of n=28 patients which underwent plastic surgery. Mean age±SD = 45±15 years, Mean BMI±SD = 
28.2±4.9 kg/m². These samples belong to our in-house biobank. hASCs have been isolated in a previous study 
from mamma adipose tissue [79]. LTBP mRNA expression in human mamma adipose tissue and in isolated 
hASCs and in vitro differentiated adipocytes (adip.). Mean values +SEM n=28 (tissue) and n=9 (hASCs), 
***p<0.001, ****p<0.0001, two-way ANOVA, multiple comparison.  

 

Interestingly, tissue expression varied between LTBP isoforms compared to hASCs. LTBP1 

expression was equally in tissue compared to isolated stromal cells. In contrast, LTBP2 

expression was lower compared to hASCs and LTBP3 was significantly higher in adipose 

tissue compared to isolated stromal cells. Furthermore, LTBP4 was 100-fold higher 

expressed in tissue samples. Of note, the expression levels of isolated mamma ASCs were 
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in line with the levels seen in isolated hASCs derived from supraclavicular sc adipose tissue 

(Figure 8). 

Primary cells are not suitable for prolonged experiments due to senescence after a few 

passages in vitro. Therefore, the human SGBS preadipocyte cell strain was used to 

investigate the function of LTBP family members in adipocytes. SGBS cells were subjected 

to adipogenic differentiation (Figure 10). Before (d0) and at early stages of differentiation 

(d2), the cells have a fibroblast like morphology (Figure 10A). Commencing from d4, the 

incorporation of intracellular lipid droplets can be observed, which is steadily increasing 

during the time course (d7, d10, d14). After d14, more than 70% of the total cell population 

represents mature, lipid laden adipocytes. The expression of adipogenic marker genes was 

significantly upregulated, e.g. PPARγ, adiponectin and glucose transporter 4 (GLUT4) 

(Figure 10B). Furthermore, UCP1 was abundantly expressed in SGBS cells with increasing 

amount during adipogenesis. All LTBP family members were expressed in SGBS cells, with 

LTBP4 showing the lowest abundance (Figure 10C). All LTBPs showed similar expression 

patterns during adipogenesis, with a rapid increase during early adipogenesis (d0-d2) 

followed by a decrease until mature adipocytes were observed (d14). Of note, the LTBP 

expression pattern and levels during adipogenesis are similar to that of in vitro 

differentiated hASCs (Figure 9), which underlines the SGBS cells as a suitable cell model for 

in vitro studies.  
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Figure 10: Expression of differentiation marker and LTBP members in SGBS cells during adipogenesis. SGBS 
preadipocytes (d0) were subjected to adipogenic differentiation for 14 days. (A) Microscopic picture of SGBS 
cells on different timepoints during adipogenesis. (B) mRNA expression of the differentiation marker PPARγ, 
adiponectin, GLUT4 and UCP1 during adipogenic differentiation were measured by qRT-PCR. (C) Expression 
of LTBP1-4 mRNA on different days during adipogenesis. HPRT served as a reference gene. Mean +SEM n=3; 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; two-way ANOVA vs. d0. 
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3.1.3 CRISPR/Cas9 mediated knockout of LTBPs in SGBS cells 

To elucidate the role of LTBPs in adipocytes, SGBS preadipocytes deficient for LTBP1, LTBP2, 

LTBP3 and LTBP4 were generated using the CRISPR/Cas9 system. SGBS cells were 

transfected in the preadipocyte state with the final vectors containing the Cas9 and the 

sgRNA targeting either LTBP1, LTPB2, LTBP3, or LTBP4, and were then subjected to 

puromycin selection for 7 days. 

SGBS cells can be kept in culture until the 30th generation without affecting the 

differentiation rate [131]. However, these cells are not immortalized and have a prolonged 

doubling time of 38.4 h [131]. Thus, the generation of single cell clones was considered to 

be not possible and bulk cultures were studied instead. Successful knockout of the target 

gene was proven by cleavage assay, mRNA expression and Western blot. Each LTBP 

knockout strain showed a reduction in DNA product of the target gene region compared to 

the NC and a cleaved band smaller in size (Figure 11A). Furthermore, a significant decrease 

in mRNA expression of LTBPs compared to empty vector control (EV) was observed in each 

knockout bulk culture of SGBS preadipocytes (Figure 11B) and in mature adipocytes after 

14 days of adipogenesis (Figure 11C). A stable downregulation of at least 80% was 

measured in pre- and adipocytes. Deficiency of LTBP1 and LTBP2 was also confirmed by 

Western blot, where protein in knockout cells was almost diminished compared to EV 

control (Figure 11D and E). LTBP3 and LTBP4 antibodies were tested for Western blot but 

both LTBPs could not be detected properly. 
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Figure 11: Transfection with CRISPR/Cas9 knockout constructs leads to stable downregulation of LTBPs in 
SGBS cells 
After stable transfection of SGBS preadipocytes with LTBP CRIPSR/Cas9 constructs, the cells were controlled 
for specific LTBP knockout. (A) Agarose gel of DNA products after GeneArt genomic cleavage assay to detect 
DNA mutations. PS = positive control; NC = negative control, Cleav. = Cleaved DNA. (B) LTBP mRNA expression 
of the respective knockout and empty vector control (EV) SGBS preadipocyte strain and (C) in adipocytes. 
Mean +SEM, n=4-5, ****p<0.0001, student’s t-test. (D) Western blot analysis of EV and LTBP1 knockout cells 
with α-Tubulin as loading control. (E) Western blot in EV and LTBP2 knockout cells with α-Tubulin as loading 
control. 
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3.1.4 LTBP deficiency does not alter the adipogenesis and mitochondrial content in 

SGBS cells. 

LTBPs are crucial for TGFβ secretion into the extracellular matrix [109]. TGFβ is known to 

play a role in the regulation of adipogenic differentiation [36,96,98,99]. Furthermore, LTBPs 

themselves can modulate the extracellular matrix composition which is known to have 

influence on the adipogenesis as well [104,146]. 

Deficiency of LTBPs in SGBS cells had no effect on the morphology of mature adipocytes, 

shown in Figure 12A by microscopic pictures. Moreover, there were no significant changes 

in the differentiation rate between knockout strains and EV control (Figure 12B). In line 

with this, the triglyceride content (Figure 12C) as well as the fluorescence after staining 

with Nile Red, a lipophilic dye incorporating into neutral lipids (Figure 12D), was 

comparable to the EV control as well. This was also confirmed by measuring the mRNA 

expression of key adipogenic marker genes PPARγ, adiponectin and GLUT4 (Figure 12E), 

which were comparable in the different cell strains. The only exception was adiponectin, 

which was slightly, but statistically significant increased among LTBP1 knockout compared 

to EV control. Browning of WAT is commonly accompanied by an increase in mitochondrial 

mass in vivo [13]. mRNA expression of genes involved in mitochondrial metabolism were 

not significantly altered between LTBP knockout adipocytes and empty vector (EV) control 

(Figure 12F).  

To further investigate mitochondrial content, protein expression of genes involved in the 

respiratory chain were assessed by Western blot. Again, there were no significant 

differences seen in LTBP-deficient SGBS cells, assured by densitometric analysis (Figure 

12G, one representative is shown). Determination of citrate synthase (CS) activity serves as 

a marker of intact mitochondria and mitochondrial content. CS activity was significantly 

reduced by 15% in LTBP2-deficient adipocytes compared to the EV, whereas the other 

LTBPs showed no significant alterations (Figure 12H). 
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Figure 12: Reduced LTBP expression has no effect on adipogenic differentiation and mitochondrial content. 
LTBP-deficient cells were subjected to differentiation until lipid laden adipocytes were observed. Different 
adipogenic and mitochondrial markers were measured to draw conclusions on the differentiation rate and 
mitochondrial content. (d14). (A) Microscopic pictures of LTBP knockout adipocytes and empty vector (EV) 
control with 10-times magnification. (B) Differentiation rate was counted on d14. Fold change compared to 
EV is shown. (C) Triglyceride content of mature adipocytes, n=3 (D) Nile Red staining of mature adipocytes, 
fold change of intensity compared to EV, n=4-5. (E) mRNA expression of key adipogenic marker was assessed 
by qRT-PCR. Fold change compared to EV control is shown. (F) Mitochondrial marker genes on d14 assessed 
by qRT-PCR. HPRT served as a reference gene and fold change to EV control is shown n=4 (LTBP2, LTBP3, 
LTBP4) n=5(LTBP1) (G) OXPHOS genes of the respiratory chain were assessed by Western blot. One 
representative is shown. (H) Citrate synthase activity was measured spectrophotometric by substrate 
conversion. Fold change to control is shown. Mean +SEM of, *p<0.05, students t-test vs. EV control. 
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3.1.5 Deficiency of LTBP2 and LTBP3 leads to a decrease in browning marker UCP1 

The overall aim of this study was to identify potential targets which are involved in the 

generation of UCP1-expressing cells. To address this, the mRNA expression of marker genes 

known to be higher expressed in brown or beige adipocytes compared to white adipocytes 

were determined.  

 

Figure 13: LTBP2 and LTBP3 deficiency leads to a decreased UCP1 expression 
After 14 day of adipogenesis different adipocyte marker genes were analyzed. (A) mRNA expression of 
markers known to be upregulated in brow adipocytes versus white adipocytes. HPRT serves as a reference 
gene and fold change to EV control is shown n=4 (LTBP2, LTBP3, LTBP4) n=5(LTBP1). (B) Representative 
Western blot is shown and densitometric analysis was performed in n=3-5 independent experiments, GAPDH 
serves as a loading control. Fold change to EV is shown n=3 (LTBP3) n=4 (LTBP2, LTBP4) n=5(LTBP1). Mean 
+SEM, *p<0.05, ***p<0.001, ****p<0.001 students t-test vs. EV control. 
 

The UCP1 expression was checked on mRNA and protein level, since browning is defined 

by a significant upregulation of UCP1 [26]. A significant reduction of UCP1 was observed in 

LTBP2-deficient cells (35%) and a 37% reduction in LTBP3-deficient SGBS adipocytes 

compared to EV (Figure 13A). Brown marker genes type II iodothyronine deiodinase (DIO2) 

and the transcription coregulator PR domain containing 16 (PRDM16) were not altered 

compared to control cells (EV) (Figure 13A). However, PGC1α expression was 1.3-fold 
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upregulated in LTBP3-deficient SGBS adipocytes compared to EV cells. In line with the 

mRNA expression, LTBP3 deficiency led also to downregulation of UCP1 protein expression 

assessed by Western blot and densitometric analysis (Figure 13B). Of note, UCP1 protein 

was reduced by 45% compared to EV control. PPARγ protein expression was equal 

indicating no changes in differentiation. On the contrary to LTBP3 deficiency, the UCP1 

protein expression was not altered in LTBP2-deficient cells compared to the EV cells. 

 

3.1.6 LTBP deficiency leads to metabolic alterations in SGBS adipocytes 

 

To address if the changes in UCP1 expression influence the metabolic function in LTBP-

deficient cells, the oxygen consumption rate (OCR) was measured with an extracellular flux 

analyzer (seahorse). A schematic graph of a seahorse plot and how different values are 

calculated is depicted in figure 14. 

To mimic beta-adrenergic stimulation cells were treated with cAMP during the 

measurement. cAMP induces lipolysis in the cells and the resulting free fatty acids activate 

UCP1 which then should result in a higher oligomycin-insensitive OCR. Through this, one 

can draw conclusions on the activity of UCP1. Indeed, there was a decrease in OCR after 

stimulation with cAMP in LTBP2- and LTBP3-deficient cells compared to the control (Figure 

15B and C). Basal respiration after cAMP injection was 22% lower in LTBP2- and 18% lower 

in LTBP3-deficient cells. In addition, the response of the cellular respiration to cAMP 

stimulation was reduced by 43% in LTBP2- and 44% reduced in LTBP3-deficient adipocytes. 

This is in line with the UCP1 mRNA expression of LTBP2- and LTBP3-deficient adipocytes. 

Interestingly, LTBP1 deficiency resulted in a significant increase in OCR after cAMP 

stimulation (Figure 15A). Basal respiration before (1.2-fold) and after cAMP injection (1.2-

fold) was significantly increased. However, there were no significant changes in UCP1 

mRNA and protein expression or on the mitochondrial content in LTBP1-deficient cells. 

Diminishing LTBP4 had no effect on the OCR in SGBS adipocytes (Figure 15D). 

To address changes in ATP production and proton leak of LTBP-deficient cells compared to 

EV, cells were treated with oligomycin (Oligo) which inhibits the ATP synthase. The 

corresponding OCR values of LTBP3-deficient cells after oligomycin treatment were 

significantly lower, indicating a significantly lower ATP production (11%) (Figure 15C). In 

contrast, ATP production was 1.4-fold higher in LTBP1-deficient cells compared to EV cells 
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(Figure 15A). Moreover, FCCP treatment led to complete uncoupling of the proton motive 

force and resulted in maximum respiration (Max. resp.). Only LTBP1-deficient cells showed 

alterations upon FCCP treatment. The OCR was 1.1-fold higher compared to control 

adipocytes, suggesting an increased mitochondrial content in these cells (Figure 15A), 

which could not be confirmed by the gene expression data (Figure 13). 

Summarizing these data, the deficiency of LTBP2 and LTBP3 exhibits a significant decrease 

of UCP1 expression. Furthermore, metabolic function was changed inter alia by a lower 

response to cAMP, supporting the gene expression data.  

 

Figure 14: Schematic view of a seahorse plot. An example of the oxygen consumption rate (OCR) over time 
is shown in red. Through induction of lipolysis with dibutyryl-cyclic adenosine monophosphate (cAMP), 
inhibition of ATP synthase with oligomycin, full uncoupling of the proton motive force by carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP), and inhibition of the respiratory chain by antimycin A and 
rotenone, the non-mitochondrial oxygen consumption, basal respiration (resp.), cAMP response, ATP 
production, proton leak, and maximum respiration (Max. resp.)  can be calculated. Colored boxes represent 
these values and demonstrate how these are calculated. 
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Figure 15: LTBP deficiency alters the metabolic function of SGBS adipocytes 
CRISPR/Cas9 mediated LTBP-deficient SGBS cells were subjected to adipogenesis. On day 14 of differentiation 
the oxygen consumption rate (OCR) was measured with an extracellular flux analyzer and normalized with 
Nile Red to the amount of lipid content. (A) LTBP1 KO, (B) LTBP2 KO (C), LTBP3 KO, (D) LTBP4. To calculate 
basal and maximum respiration, as well as ATP production, proton leak and cAMP response, cells were 
treated with dibutyryl-cyclic adenosine monophosphate (cAMP), oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin/rotenone (Ant/Rot). Mean +SEM of n=4 (LTBP2, 
LTBP3, LTBP4) and n=5 (LTBP1) is shown. **p<0.01, ***p<0.001, students t-test vs. EV control. 
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3.1.7 LTBP3 correlates positive with UCP1 expression in human subcutaneous adipose 

tissue 

The in vitro data suggests a role for LTBP2 and LTBP3 in the regulation of brown marker 

gene UCP1. To elucidate any connection of LTBPs to adipocyte browning in human WAT, 

the UCP1 and LTBP expression was examined in human sc mamma adipose tissue of n=28 

patients (age=45±15 years, BMI=28.2±4.9 kg/m²), which underwent plastic surgery. There 

was no correlation of LTBP1, LTBP2 and LTBP4 mRNA expression with UCP1 (Figure 16). 

However, a significant positive correlation for LTBP3 and UCP1 mRNA expression was 

observed in human WAT (p=0.0382), using a linear regression.  

 

 

Figure 16: LTBP3 correlates significant positive with UCP1 mRNA expression in human subcutaneous 

adipose tissue. mRNA expression of LTBPs and UCP1 was determined in human sc adipose tissue samples 

derived from mamma tissue of n=28 patients which underwent plastic surgery. LTBP mRNA expression was 
plotted against UCP1 mRNA expression and a linear regression was applied. Adipose tissue samples belong 
to our in-house biobank. Mean age±SD = 45±15 years, Mean BMI±SD = 28.2±4.9 kg/m². P<0.05 is considered 
as statistically significant. 
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3.2 The role of TGFβ in SGBS adipogenesis 

The absence of LTBP2 and LTBP3 in SGBS adipocytes resulted in alterations in UCP1 

expression and metabolic function, but the mechanism remained to be investigated. To 

examine whether the observed effects of LTBP deficiency are dependent on TGFβ signaling, 

it was investigated if the TGFβ ligands TGFβ1, TGFβ2 and TGFβ3 are co-expressed with 

LTBPs and whether the TGFβ receptors are present in SGBS pre- and adipocytes. 

 

3.2.1 TGFβ2 and TGFβR3 are co-expressed with LTBPs during adipogenesis of SGBS cells 

The TGFβ isoforms are differentially regulated upon adipogenesis in SGBS cells 

(Figure 16A). TGFβ1 is the most abundant ligand and downregulated during adipogenesis. 

Interestingly, comparison of the expression data to that of the LTBPs during adipogenesis, 

revealed an overlapping expression pattern only for TGFβ2 with a peak on day 4 of 

adipogenesis (Figure 17A and 10C). In contrast, TGFβ3 expression was low in preadipocytes 

with a steady increase until day 14. Tracing the receptor expression during the time course 

of adipogenic differentiation revealed different regulation patterns in between the 

receptor isoforms (Figure 17B). TGFβR1 expression was stable during the whole 

adipogenesis, whereas the expression of TGFβR2 reached a peak on day two of 

differentiation and decreased during adipogenesis until d14. Of note, TGFβR3, which is 

exclusively involved in TGFβ2 signaling, was highly expressed on the first days of 

adipogenesis, with similar expression to TGFβ2 and the LTBPs (Figure 17 and 10C). 

Additionally, the expression of TGFβ ligands and their receptors was examined in hASCs 

derived from the dn and sc adipose tissue (Figure 18). Of note, expression of ligands as well 

as of receptors was not significantly altered comparing dn vs sc samples as it was seen 

before with LTBP1, LTBP3, and LTBP4 (Figure 18 and Figure 8). In SGBS cells as well as in 

primary cells, TGFβ1 is the highest expressed ligand (Figure 18). In contrast, TGFβ2 and 

TGFβ3 were less expressed. TGFβ receptors were abundantly expressed in isolated hASCs. 

In line with the data from SGBS cells, all three receptors and ligands are expressed in hASCs 

to a similar extent as compared to SGBS preadipocytes (Figure 17 and 18). 
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Figure 17: TGFβ ligands and TGFβ receptors are expressed during adipogenesis of SGBS cells. 
SGBS preadipocytes (d0) were subjected to adipogenesis for 14 days until lipid laden adipocytes were 
observed (d14). (A) mRNA expression of TGFβ ligands and (B) TGFβ receptors (TGFβR) during adipogenic 
differentiation measured by qRT-PCR. Mean +SEM n=3; *p<0.05; **p<0.01;****p<0.0001; ANOVA vs. d0 

 

 

Figure 18: TGFβ ligand and receptor expression of isolated hASCs from dn and sc adipose tissue 
Expression of TGFβ ligands and receptors was investigated in the samples which were previously isolated and 
used in the study by Tews et al.[47] (A) mRNA expression of TGFβ ligands and (B) TGFβ receptors (TGFβR) in 
isolated hASCs derived from dn and sc adipose tissue. Mean values +SEM of n=7 paired patient samples are 
shown. 
 

It was reported that LTBP3 is able to bind all three TGFβ ligands and it was shown in several 

studies that these ligands and their mediated pathway influences browning [88,96,102]. 

Since LTBP3 deficiency led to a decrease in UCP1 expression and all three ligands are 

expressed in SGBS preadipocytes, we were interested whether the inhibition of the TGFβ 

pathway results in a similar UCP1 expression compared to the LTBP3-deficient adipocytes. 

Therefore, in a first step a knockout of TGFβ1, TGFβ2, and TGFβ3 at the same time was 

generated in SGBS preadipocytes. 
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3.2.2 TGFβ1-3 deficiency leads to a decrease of UCP1 in SGBS adipocytes 

 

After transfection of SGBS preadipocytes with the triple knockout construct, stable bulk 

cultures were generated by puromycin selection. TGFβ mRNA was reduced by more than 

75% in pre- and more than 60% in adipocytes (Figure 19A and B). Protein expression of 

TGFβ1-3 was almost diminished in SGBS bulk cultures (Figure 19C). Inhibition of TGFβ 

ligands by blocking antibodies or the knockout of a TGFβ pathway in vivo resulted in 

browning of WAT [96,97,102]. Therefore, the expression of brown marker genes and the 

metabolic function in EV control and TGFβ1-3-deficient SGBS adipocytes was examined in 

this approach. 

 

Figure 19: Transfection with CRISPR/Cas9 triple knockout construct leads to stable downregulation of TGFβ  
ligands in SGBS cells during adipogenesis. 
After stable transfection of SGBS preadipocytes with CRIPSR/Cas9 TGFβ1-3 knockout construct, the cells were 
controlled for TGFβ ligand specific knockout. (A) mRNA expression of TGFβ ligands in triple knockout and EV 
SGBS preadipocytes (B) and in adipocytes. Mean +SEM, fold change with n=4, ***p<0.001, ****p<0.0001, 
student’s t-test. (C) Representative Western blot of n=3 independent experiments with GAPDH as loading 
control. Mean +SEM, fold change, **p<0.01, ****p<0.0001, student’s t-test vs EV. 
 

Microscopic pictures revealed no morphological changes of TGFβ1-3-deficient adipocytes 

compared to EV (Figure 20A). Furthermore, counted differentiation rate (Figure 20B) and 

lipid staining with Nile Red (Figure 20C) exhibited no differences as well. In line, the mRNA 

expression of differentiation marker also showed no alterations between EV and TGFβ1-3-

deficient adipocytes (Figure 20D). In addition, mRNA expression of markers associated with 

mitochondrial metabolism were not altered between EV control and TGFβ-deficient 

adipocytes (Figure 20E). In line, there was no alteration of OXPHOS proteins upon TGFβ 

deficiency as shown by Western blot analysis (Figure 20F). The activity of CS was 

comparable between EV cells and TGFβ1-3 KO adipocytes (Figure 20G). 
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Figure 20: No alterations on adipogenic differentiation and mitochondrial content after CRISPR/Cas9 
mediated TGFβ1-3 knockout: TGFβ1-3 deficiency was achieved by CRISPR/Cas9 in SGBS preadipocytes, which 
were subjected to adipogenic differentiation for 14 days. (A) Microscopic pictures of EV and TGFβ1-3-
deficient SGBS adipocytes, 10-fold magnification. (B) Counted differentiation rate of mature adipocytes. (C) 
Lipids of mature adipocytes were stained with Nile Red and fluorescent intensity was measured at 550 nm 
excitation; fold change is shown. (D) mRNA expression of differentiation marker PPARG, Glut4 and 
Adiponectin. (E) Mitochondrial marker genes on d14 assessed by qRT-PCR. HPRT served as a reference gene. 
(F) Oxphos genes of the respiratory chain were assessed by Western blot. One representative is shown of 4 
independent experiments. GAPDH served as loading control. (G) Citrate synthase activity was enzymatically 
determined. Mean +SEM, n=4. 

 

Of note, investigation of UCP1 mRNA and protein levels revealed a decrease in expression 

of 50% in SGBS adipocytes with TGFβ1-3 deficiency (Figure 21A and C). PGC1α is known to 

be a marker for brown adipogenesis and proposed to be influenced by TGFβ signaling 

[41,97] but its mRNA expression was not significantly altered between transfected SGBS 

strains (Figure 21B). Furthermore, the oxygen consumption rate was determined with 

injection of cAMP to induce lipolysis in EV and TGFβ1-3-deficient adipocytes (Figure 21D). 

In contrast to my expectation, no significant alterations were observed, even after cAMP 
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injection. Calculation of cAMP response, proton leak or ATP production revealed 

comparable results between EV and TGFβ1-3-deficient cells. Why differences in UCP1 

expression did not lead to alterations in metabolic function is not clear at this point and 

remains to be resolved. 

 

 

Figure 21: Decreased UCP1 expression in TGFβ1-3 deficient SGBS adipocytes. 
After 14 day of adipogenesis PGC1α and UCP1 expression were determined in EV control and TGFβ1-3 KO 
SGBS cells and the oxygen consumption rate (OCR) was measured with an extracellular flux analyzer and 
normalized with Nile Red to the amount of lipid content. (A) mRNA expression of uncoupling protein 1 (UCP1) 
and (B) PGC1α.  HPRT serves as a reference gene. (C) Representative Western blot is shown and densitometric 
analysis was performed in n=4 independent experiments, GAPDH serves as a loading control. (D) OCR plot 
over time. To calculate basal and maximum respiration, as well as ATP production, proton leak and cAMP 
response, cells were treated with dibutyryl-cAMP (cAMP), oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin/rotenone (Ant/Rot). 
Mean +SEM of n=4, *p<0.05, **p<0.01, student’s t-test 
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3.2.3 Inhibition of TGFβ receptor 1 kinase leads to a decrease in UCP1 expression 

Active TGFβ ligands act on the cells through receptor activation. Binding to phosphorylated 

TGFβR2 on the cell surface enables the recruitment and transphosphorylation of TGFβR1 

[91]. Thereupon activated TGFβR1 phosphorylates SMAD2/3 intracellularly, leading to 

changes in gene expression. In this approach, TGFβ signaling is blocked during SGBS 

adipogenesis with the compound SB 431542 (SB). SB inhibits TGFβR1 kinase activity 

thereby preventing SMAD2/3 phosphorylation. At first, the optimal inhibitor concentration 

was titrated by adding 0.5 ng/ml recombinant TGFβ1 (rTGFβ1) to SB treated SGBS 

preadipocytes followed by measurement of SMAD2/3 phosphorylation (Figure 22A). A 

concentration of 10 µM SB inhibited SMAD3 phosphorylation to a basal level and was 

chosen for SGBS treatment on day 0 and day 4 of adipogenesis. Microscopic pictures of 

mature adipocytes on day 14 revealed differences in the morphological appearance upon 

SB treatment. Cells treated with TGFβR1 inhibitor were smaller in size and appeared more 

rounded compared to vehicle control (Figure 22B), but this did not influence the counted 

differentiation rate which was equal (Figure 22C). However, analyzing expression of 

differentiation marker genes in SGBS adipocytes revealed significant changes in mRNA 

expression after TGFβR1 inhibition (Figure 22D and E). PPARγ was 1.55-fold upregulated 

and adiponectin was 2.2-fold higher. Interestingly, the mRNA expression of browning 

marker UCP1 was decreased by 77% in SB treated adipocytes (Figure 22F) which could be 

observed on the protein level as well. UCP1 was 78% lower in adipocytes treated with the 

inhibitor (Figure 22G). In line with the mRNA data, PPARγ protein level was also higher 

compared to vehicle control. These findings are in line with the results seen in TGFβ-

deficient SGBS cells, showing that the inhibition of the TGFβ-pathway in SGBS cells leads to 

a repression of UCP1 expression. 
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Figure 22: Inhibition of TGFβ receptor1 kinase leads to significant alterations in differentiation marker and 
UCP1 expression. 
 (A) Phosphorylation of SMAD2/3 in SGBS preadipocytes after treatment with different concentrations of SB 
followed by stimulation with or without recombinant TGFβ1 (rTGFβ1). α-Tubulin and unphosphorylated 
SMAD3 served as loading control. (B) SGBS wild type preadipocytes were subjected to differentiation and 
treated either with DMSO as a vehicle control or with 10 µM of the inhibitor SB 431542 (SB) on day 0 and day 
4 of adipogenesis. Microscopic picture of SGBS adipocytes are shown with 4-fold magnification. (C) Counted 
differentiation rate. (D) mRNA expression of differentiation marker adiponectin, (E) PPARγ, and (F) browning 
marker UCP1 in mature adipocytes. HPRT served as a reference gene. (G) Representative blot of UCP1 and 
PPARγ protein expression. Densitometric analysis for UCP1 was done in three independent experiments. α-
Tubulin served a loading control. Mean+SEM of n=3, **p<0.01, ****p<0.0001, student’s t-test 

 

3.2.4 SMAD4 downregulation decreases UCP1 expression in SGBS adipocytes 

To provide prove that TGFβ-signaling regulates UCP1 expression, the pathway at the level 

of intracellular signaling was inhibited and a siRNA-mediated knockdown of SMAD4 was 

performed. SGBS preadipocytes were transfected with a siRNA targeting SMAD4 (siSMAD4) 

or a non-targeting control (NTC). A knockdown of SMAD4 by 62% was achieved after 48h 

(Figure 23A) and cells were subjected to adipogenic differentiation. 
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Figure 23: Decrease of UCP1 expression and oxygen consumption rate upon SMAD4 knockdown. 
SGBS preadipocytes were transfected with siRNA targeting SMAD4 (siSMAD4) and a non-targeting siRNA 
control (NTC). After 48h cells were subjected to adipogenesis for 14 days and mature adipocytes were 
analyzed for UCP1 expression and the oxygen consumption was measured with an extracellular flux analyzer. 
(A) SMAD4 mRNA expression in siRNA transfected SGBS preadipocytes after 48h of transfection. HPRT served 
as a reference gene. (B) Microscopic pictures of mature adipocytes with 10-fold magnification. (C) Counted 
differentiation rate of siRNA transfected adipocytes. (D) mRNA of adipogenic differentiation marker PPARγ, 
GLUT4, adiponectin, and (E) browning marker UCP1. HPRT served as a reference gene. Mean+SEM for n=4 (F) 
Representative Western blot and densitometric analysis of UCP1 of n=3 independent experiments. GAPDH 
served as a loading control and PPARγ as differentiation marker. Mean+SEM for n=3. (G) Oxygen consumption 
rate (OCR) over time, which was normalized with Nile Red to the amount of lipid content. To calculate basal 
and maximum respiration, as well as ATP production, proton leak and cAMP response, cells were treated with 
dibutyryl-cAMP (cAMP), oligomycin (oligo), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) 
and antimycin/rotenone (AA/Rot). Dotted lines indicate treatment intervals. Mean +SEM of n=3. *p<0.05, 
**p<0.01, student’s t-test 
 

There was no difference in cellular morphology (Figure 23B) and the rate of adipogenic 

differentiation (Figure 23C), as well as mRNA expression of differentiation marker PPARγ, 

GLUT4 and Adiponectin (Figure 23D) was comparable between SMAD4 knockdown and 

controls. Interestingly, UCP1 mRNA expression and protein expression were significantly 

reduced upon SMAD4 knockdown. A reduction of 93% UCP1 mRNA expression was 
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observed and 72% less protein after densitometric analysis of Western blot 

(Figure 23E and F). Moreover, knockdown of SMAD4 resulted in a decrease of cellular 

oxygen consumption measured with an extracellular flux analyzer (Figure 23G). ATP 

production (25%) and response to cAMP injection (46%) was significantly decreased in 

SMAD4 downregulated SGBS adipocytes. 

 

3.3 TGFβ2 is reduced in LTBP2- and LTBP3-deficient cells 

To implement whether LTBP deficiency leads to a lower TGFβ secretion, the supernatant of 

the LTBP-deficient preadipocytes was analyzed for TGFβ content with ELISAs (Figure 24). 

No significant alterations of TGFβ1 content in SGBS supernatant could be detected and 

TGFβ3 was below the reliable detection limit. However, TGFβ2 was significantly decreased 

(28%) in supernatant of LTBP3-deficient SGBS preadipocytes (Figure 24 B). Unexpectedly 

this was also true for LTBP2-deficient cells (29%). As already mentioned previously, it was 

reported that LTBP2 is not able to bind any TGFβ [104]. 

 

Figure 24: LTBP2 and LTBP3 deficiency alters the TGFβ2 content in SGBS preadipocyte supernatant 
TGFβ content in supernatant of LTBP deficient SGBS preadipocytes and empty vector control (EV) was 
measured with an enzyme-linked immunosorbent assay. (A) TGFβ1 content(pg/ml) and (B) TGFβ2 content 
(pg/ml). TGFβ3 was below the reliable detection limit. Mean+SEM for n=3, *p<0.05 vs EV, student’s t-test 

 

3.4 TGFβ2 deficiency leads to alterations in UCP1 and metabolic function 

Both, LTBP2- and LTBP3-deficient cells showed a similar reduction of TGFβ2 content in the 

supernatant. Furthermore, both had a decreased UCP1 expression and a significant 

reduced response to cAMP. It has been reported earlier that in contrast to TGFβ1 and 

TGFβ3, administration of recombinant TGFβ2 increased UCP1 expression in murine brown 

adipose tissue in vivo and in immortalized brown adipocytes in vitro [88].  
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Figure 25: TGFβ2 deficiency leads to a higher differentiation rate  
TGFβ2 deficiency was achieved by CRISPR/Cas9 in SGBS preadipocytes, which were subjected to adipogenic 
differentiation for 14 days. (A) mRNA expression of TGFβ2 in knockout and empty vector (EV) SGBS 
preadipocytes (B) and in adipocytes. (C) Representative Western blot of n=4 independent experiments with 
GAPDH as loading control. (D) Microscopic pictures of EV and TGFβ2-deficient SGBS adipocytes, 10-fold 
magnification. (E) Counted differentiation rate and (F) triglyceride content of mature adipocytes. (G) mRNA 
expression of differentiation marker PPARG, Glut4 and Adiponectin. Mean +SEM with n=4, **p<0.01, 
student’s t-test.  

 

To study the role of TGFβ2 in this context in more detail, CRISPR/Cas9 mediated TGFβ2-

deficient SGBS cells were generated. After stable transfection and puromycin selection, 

TGFβ2 mRNA expression was significantly decreased in SGBS pre- (67%) and adipocytes 

(70%) compared to EV control (Figure25A and B). In addition, TGFβ2 protein was 

significantly reduced in SGBS preadipocytes (Figure 25C). After 14 days of differentiation 

microscopic pictures and counted differentiation rate of mature adipocytes revealed 

(Figure 25D) a significant higher differentiation for TGFβ2-deficient adipocytes (Figure 24E). 

However, no significant differences were observed measuring triglyceride content and 

mRNA expression of differentiation marker (Figure 25F and G). 
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Figure 26: TGFβ2 deficiency leads to a reduction of UCP1 and a decreased response to cAMP. After 14 days 
of adipogenesis UCP1 expression was determined in EV control and TGFβ2-deficient SGBS cells and the 
oxygen consumption rate (OCR) was measured with an extracellular flux analyzer and normalized with Janus 
Green. (A) mRNA expression of UCP1 was determined by q-RT-PCR. HPRT serves as a reference gene (B) 
Representative Western blot is shown and densitometric analysis was performed in n=4 independent 
experiments, GAPDH serves as a loading control. (C) OCR over time of n=3 individual experiments. To 
calculate basal and maximum respiration, as well as ATP production, proton leak and cAMP response, cells 
were treated with dibutyryl-cAMP (cAMP), oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin/rotenone (Ant/Rot). Mean +SEM of n=4, *p<0.05, 
student’s t-test. 
 

Despite a higher differentiation rate of TGFβ2-deficient cells, the UCP1 expression was 

decreased compared to EV control. mRNA expression was altered but did not reach 

statistical significance (p=0.053) (Figure 26A). However, protein expression was 

significantly reduced by 35% in TGFβ2-deficient SGBS adipocytes (Figure 26B). In line with 

that, the response to cAMP and the basal respiration after cAMP induction was significantly 

reduced (Figure 26D). Moreover, the maximum respiration obtained after FCCP 

administration was reduced as well in TGFβ2-deficient cells compared to EV control. TGFβ1 

deficiency did not alter UCP1 expression or metabolic function in SGBS cells (Appendix 

Figure S4).  
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3.5 TGFβ2 correlates significantly positive with LTBP3 and UCP1 expression in human 

subcutaneous adipose tissue 

To elucidate if the impact of LTBP3 on the regulation of UCP1 mediated by TGFβ2 

bioavailability and signaling may also play a role in human WAT, the correlation of LTBP3 

expression with the TGFβ ligands and receptors in human sc WAT was examined. LTBP3 

correlated positively with TGFβ2 (R²=0.2291, p=0.01) but not with TGFβ1 or TGFβ3 mRNA 

expression (Figure 27A). In addition, none of the other LTBPs which bind TGFβ correlated 

with any ligand (Appendix, Table S2). Moreover, there was a statistically significant positive 

correlation of LTBP3 with all three receptor isoforms with R²=0.4641 for TGFβR1 

(p<0.0001), R²=0.326 for TGFβR2 (p=0.0015) and R²=0.5053 for TGFβR3 (p<0.0001) (Figure 

27B). Of note, TGFβ2 mRNA expression correlated significantly positive with UCP1 with 

R2 = 0.8735 (p<0.0001) (Figure 27C). 

 

Figure 27: TGFβ2 mRNA expression correlates positive with UCP1 in human subcutaneous adipose tissue 
samples. mRNA expression of LTBP3, UCP1, TGFβ ligands and receptors was determined in human sc adipose 
tissue samples derived from mamma tissue of n=28 patients which underwent plastic surgery. (A) Correlation 
of LTBP3 mRNA expression to TGFβ ligand and (B) to TGFβ receptor (TGFβR) expression. (C) Correlation of 
TGFβ mRNA expression and UCP1 mRNA expression. Adipose tissue samples belong to our in-house biobank. 
Mean age±SD = 45±15 years, Mean BMI±SD = 28.2±4.9 kg/m². p<0.05 is considered as statistically significant. 
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4. Discussion 

 

Browning of white adipose tissue in vivo and activating brown adipose tissue in humans is 

associated with weight loss and an overall better metabolic health [17,29,32]. The switch 

from a white to a brown adipocyte phenotype by inhibiting or stimulating targets involved 

in this process, is a new approach for the treatment of obesity and its related metabolic 

disorders [16,25,60,61]. How and why ASCs within the adipose tissue differentiate either 

into brown/beige or white adipocytes has not yet been resolved completely. Therefore, it 

is important to identify new factors which are involved in this process. Furthermore, these 

factors could potentially represent future targets for the treatment of obesity. 

Our group has shown that in vitro differentiated adipocytes derived from isolated ASCs 

from human dn highly express brown marker genes compared to the adipocytes derived 

from ASCs isolated from the sc adipose tissue [47]. Furthermore, Tews et al. have 

demonstrated that the gene expression of these ASCs is differently regulated dependent 

on the adipose tissue’s origin [47]. Through ranking of these differentially regulated genes 

and literature comparison, the LTBP family was identified as potential factors involved in 

the regulation of brown marker gene UCP1 [85]. Since there is nothing known to date about 

the role of LTBPs in the context of adipose tissue browning, the aim of this thesis was to 

study the role of LTBP members in adipogenesis and investigate their impact on the UCP1 

expression and on the metabolic function in vitro. 

 

4.1 LTBP2 and LTBP3 deficiency leads to a decrease of UCP1 expression in SGBS cells 

Nothing has been described so far about the role of LTBPs in adipose tissue. It was reported 

that LTBPs are highly expressed in mesenchymal stem cells from adipose tissue but their 

role in the adipogenesis towards a white or brown adipocyte phenotype has not been 

addressed so far [108]. LTBP1 was 2-fold higher in dn hASCs compared to sc in the 

microarray analysis by Tews et al. [47]. This was verified in this study, with a statistically 

significant difference of LTBP1 in dn hASCs compared to sc. In addition, investigation of the 

LTBP3 and LTBP4 expression exhibited a significant higher level in dn hASCs. 

The human SGBS cell strain served as a model to study the impact of LTBPs on UCP1 

regulation and on the metabolic function in vitro. Therefore, it was a prerequisite, that all 



 

78 

 

four LTBP member are expressed during adipogenesis. Importantly, expression levels of 

LTBPs in human SGBS pre- and adipocytes were comparable to isolated and in vitro 

differentiated hASCs. Based on this, the SGBS cells were considered as a suitable model for 

the in vitro studies. The high expression of LTBPs in adipose tissue samples and the 

regulation during adipogenesis in in vitro differentiated human primary cells and SGBS cells 

suggests that LTBPs may play an import role in the regulation of adipogenesis, especially in 

the first days of differentiation. Furthermore, the higher expression of LTBP1, LTBP3, and 

LTBP4 in hASCs of the dn compared to sc may indicate a role for these isoforms in the 

adipogenesis towards a brown adipocyte phenotype. 

In this study LTBP-deficient SGBS preadipocytes were introduced to examine possible 

effects on adipogenic differentiation, brown marker genes or metabolic function. Indeed, 

changes in UCP1 expression and metabolic function were observed in LTBP2- and LTBP3-

deficient SGBS adipocytes, whereas the adipogenic differentiation was not affected. 

Deficiency of LTBP1 in SGBS cells showed no consistent results on expression of UCP1 and 

on a functional level. If LTBP1 was involved in generating a brown adipocyte phenotype, 

one might have expected a decrease in UCP1 after LTBP1 deficiency in SGBS cells, based on 

its higher expression in dn hASCs compared to sc. However, no significant changes were 

observed in UCP1 expression in LTBP1-deficient SGBS adipocytes. Furthermore, functional 

analysis revealed even a higher OCR after cAMP induction and a higher maximum 

respiration. Small changes in a higher differentiation rate in LTBP1-deficient cells may be 

the reason, indicated by a significant higher adiponectin expression. However, this was not 

supported by the differentiation rate, or triglyceride content. Interestingly, the knockout 

of LTBP1 in vivo is lethal, due to reduced TGFβ bioavailability and the phenotype was 

overlapping with the TGFβ1 knockout mouse [104]. LTBP1 is known to bind all three TGFβ 

isoforms, but measurement of secreted TGFβ in SGBS preadipocytes revealed no significant 

differences between control and LTBP1-deficient cells. This either indicates that LTBP1 is 

not important for TGFβ secretion in SGBS preadipocytes or LTBP3 and LTBP4 are 

compensating for the loss of LTBP1. It seems that LTBP1 may have other roles in hASCs than 

promoting a brown adipocyte phenotype. LTBP1 was shown to be a regulator of TGFβ in 

late development, in the mineralization and maturation phase of osteogenic differentiation 

in vitro, whereas LTBP3 played a role in early commitment [104]. This may indicate that 

LTBP1 also does not play an important role in early adipogenesis.  
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In summary, LTBP1 deficiency did not alter UCP1 expression and the results did not support 

a role for LTBP1 in stimulating an adipogenesis towards a brown adipocyte phenotype.  

LTBP4 can only bind TGFβ1 but with low affinity [104,110]. LTBP4 deficiency did not 

influence the TGFβ1 secretion in vitro, indicating a nonessential role in this context. LTBP4 

seems to play a subordinary role in SGBS cells, as it was little expressed in preadipocytes as 

well as in adipocytes and the deficiency had no effect on differentiation rate or UCP1 

expression. Interestingly, LTBP4 expression was 100-fold higher in human WAT samples 

compared to isolated preadipocytes, which indicates that LTBP4 is highly expressed by 

other cell types like macrophages, fibroblasts or endothelial cells in the adipose tissue. 

LTBP2 was equally expressed in hASCs of dn and sc adipose tissue. However, deficiency of 

LTBP2 in SGBS cells led to an inhibition of UCP1 expression and function. In contrast, protein 

expression showed no differences. LTBP2 is the only LTBP isoform which does not bind any 

TGFβ ligand and was described to be highly expressed in elastic tissues [104,110]. 

Unexpectedly, LTBP2 deficiency revealed a reduction of secreted TGFβ2. As well as other 

LTBPs, LTBP2 is secreted and associates with the extracellular matrix. It interacts with 

fibrillin-1 in the ECM and shares the same binding site of fibrillin-1 as LTBP1 [121,122]. Both 

are competing with comparable affinity for fibrillin-1 binding. Thus, it is suggested that 

LTBP2 can indirectly regulate the activation of TGFβ by preventing LTBP1 matrix 

incorporation [104]. If these properties led to the lower TGFβ2 levels in LTBP2-deficient 

SGBS preadipocytes remains unclear. 

This study for the first time demonstrates that the LTBP2-deficiency has a significant impact 

on the UCP1 expression and metabolic function in SGBS cells. A possible mechanism is via 

TGFβ2 bioavailability, which is discussed later (see 4.3). Another mechanism could be the 

inhibition of BMP11 and myostatin [123,124]. LTBP2 was shown to inhibit proprotein 

convertase 5/6A (PC5/6) by binding to it. PC5/6 cleaves pro-BMP11 into the mature BMP11. 

Furthermore, LTBP2 can also bind to pro-myostatin, thereby inhibiting its secretion. Both, 

myostatin and BMP11 have been shown to inhibit UCP1 expression in vitro and in vivo 

[36,147]. 

Our hypothesis is that secreted factors act in an auto- or paracrine manner on hASCs, 

stimulating or repressing an adipogenesis towards a brown adipocyte phenotype. The 

significantly higher expression of LTBP3 in the dn hASCs compared to sc supports this thesis 
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and suggests a role for LTBP3 in generating a brown adipocyte phenotype. Furthermore, in 

another work to study the characterizations of hASCs of different adipose tissue origins, 

LTBP3 was significantly higher expressed in hASCs from supraclavicular compared to sc 

adipose tissue [85]. Interestingly, Dabovic et al. published a study where they determined 

which organs might be affected by LTBP3 in early murine embryonic development [148]. In 

situ hybridization revealed that LTBP3 was only detected in four organs of 16.5 days old 

murine embryos, inter alia in the BAT. This again supports the notion that LTBP3 plays a 

role in an adipogenesis towards a brown adipocyte phenotype.  

The published LTBP3 knockout mouse had premature ossification of the skull base or 

increased bone density indicating a TGFβ deficiency, but data on the effects on adipose 

tissue had not been reported [126,127]. In this thesis, it was demonstrated that LTBP3 has 

a significant impact on the expression of key brown marker gene UCP1. In contrast to all 

other LTBP isoforms, LTBP3 deficiency in SGBS cells showed a decrease in UCP1 mRNA as 

well as in protein expression by over 35%. Furthermore, the metabolic function was altered 

after cAMP injection, supporting the expression data. It was published that LTBP3 is an 

important regulator of TGFβ bioavailability and can bind all three TGFβ isoforms [104]. Until 

now there is no extracellular TGFβ-independent function known for LTBP3, as it was shown 

for LTBP1, LTBP2 and LTBP4 [104]. In addition, LTBP3 was reported to be only secreted 

when bound to a TGFβ isoform [149]. Indeed, significantly lower TGFβ2 levels were 

observed in the supernatant of LTBP3-deficient preadipocytes, which may lead to a 

repressed UCP1 expression in adipocytes. In addition, it was shown that LTBP3 can also 

bind to pro-myostatin and inhibit the proprotein convertase 5/6A (PC5/6) in the 

endoplasmic reticulum [123,124]. If a LTBP3 deficiency in SGBS cells could lead to a higher 

BMP11 and myostatin secretion and if this has an impact on the UCP1 expression remains 

to be investigated. 

In summary these results revealed that LTBP deficiency has no effect on the adipogenic 

differentiation in SGBS cells. In addition, UCP1 expression was not altered in LTBP1 and 

LTBP4-deficient SGBS cells. Moreover, TGFβ levels in SGBS preadipocyte supernatant of 

LTBP1- and LTBP4-deficient SGBS preadipocytes was not reduced, indicating a dispensable 

role for TGFβ bioavailability in SGBS cells. However, deficiency of LTBP2 and LTBP3 in SGBS 

cells led to a significant decrease of UCP1 and a regulation of metabolic function. 
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Supernatant of both, LTBP2- and LTBP3-deficient SGBS preadipocytes revealed a significant 

reduction of TGFβ2 levels.  

These data indicate that LTBP2 and LTBP3 are involved in promoting a brown adipocyte 

phenotype. 

 

4.2 Inhibition of the TGFβ pathway leads to a decrease of UCP1 in SGBS adipocytes 

LTBPs belong to the extracellular matrix proteins and are therefore secreted by cells. Except 

for LTBP2, they are known to bind TGFβ ligands, which are then secreted by the cell as a 

LTBP-TGFβ complex. Therefore, LTBPs are crucial for the regulation of TGFβ bioavailability. 

Animal models of TGFβ1, TGFβ2 or TGFβ3 deficiency were reported to be lethal, which 

hampered a detailed characterization of their function in vivo [89]. While information on 

the role of LTBPs in adipocyte biology is scarce, the TGFβ pathway has been shown to play 

a fundamental role in adipogenesis and adipocyte metabolism. Clinical studies revealed 

that high TGFβ1 serum levels are associated with obesity and a higher BMI [96,97]. 

Furthermore, it has been shown in several studies that the TGFβ pathway has an influence 

on white adipocyte browning in vivo and in vitro [97,98,102]. SMAD3 KO in mice resulted 

in WAT browning and SMAD3 KD in murine 3T3-L1 adipocytes increased UCP1 expression. 

On the other hand, TGFβ2 has been shown to induce UCP1 expression in murine BAT in 

vivo and in brown adipocytes in vitro [88]. 

To study the effect of TGFβ on the expression of brown adipocyte marker in SGBS cells, the 

TGFβ pathway was inhibited in three independent approaches. First, TGFβ1-3-deficient 

preadipocytes were generated. Second, the pathway was inhibited by blocking SMAD2/3 

phosphorylation with a TGFβR1 kinase inhibitor. Third, SMAD4 was silenced in SGBS 

preadipocytes. Of note, TGFβ1-3-deficient SGBS adipocytes revealed a significantly lower 

UCP1 expression compared to the EV control. In line, the inhibition of TGFβR1 kinase in 

SGBS cells resulted in a significant reduction of UCP1 mRNA and protein as well. Moreover, 

to inhibit the TGFβ SMAD2/3 axis downstream, a siRNA-mediated SMAD4 knockdown was 

performed in SGBS preadipocytes. This led to a significant decrease in UCP1 expression of 

over 90% on mRNA and over 70% on protein level and also inhibited UCP1 on a functional 

level. These results demonstrate that inhibition of the TGFβ signaling pathway represses 

UCP1 expression and function in SGBS cells. 
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Interestingly, in vitro studies showed that treatment with recombinant TGFβ resulted in an 

inhibition of differentiation and treatment with TGFβR1 kinase inhibitor SB431542 in an 

increase in differentiation [36,102]. Unexpectedly, no effects on the differentiation rate 

were observed in all three approaches. However, the treatment with TGFβR kinase 

inhibitor resulted only in an increase in differentiation marker on mRNA and protein level, 

not on adipocyte number. On the other hand, treatment of SGBS cells with recombinant 

TGFβ1 resulted in an inhibition of differentiation (Appendix Figure S3). It has been reported 

that phosphorylation of SMAD2 and SMAD3 by TGFβR activation leads to a repression of 

adipogenic transcription factors. Yadav et al. showed that phosphorylated SMAD3 interacts 

with C/EBPβ and C/EBPδ thereby inhibiting the induction of transcription factor PPARγ [97]. 

Activation of pSMAD2 resulted in a decreased expression of C/EBPα and PPARγ, whereby 

the mechanism is unclear. It is conceivable that there was no effect on the differentiation 

rate, as SGBS cells are already maximally differentiated under basal conditions [143]. This 

is inter alia due to the strong PPARγ agonist rosiglitazone which is contained in the 

differentiation medium.  

In this study a significant reduction of UCP1 expression was demonstrated upon TGFβ1-3 

deficiency. Unexpectedly, the metabolic function was not altered after cAMP injection. The 

reason for this remains unclear. The UCP1 protein expression was reduced in all 4 individual 

experiments on mRNA and protein level. Moreover, the data of TGFβR inhibition and 

SMAD4 KD supported the observed decrease in UCP1 expression. 

A repression of UCP1 due to TGFβ inhibition contrasts with the published in vivo and in vitro 

results. Yadav et al. inhibited all three TGFβ isoforms in vivo and investigated the effects on 

the adipose tissue and overall metabolism [97]. For this purpose, murine models for obesity 

(Lepob/ob) and type 2 diabetes (DIO) were treated intraperitonally with an antibody (AB) 

capturing TGFβ1-3, and therefore preventing receptor activation. Interestingly, TGFβ1-3 AB 

treated mice had lower fat mass, lower level of triglycerides and improved glucose and 

insulin tolerance compared to control-AB treated mice. Moreover, these mice showed 

increased mitochondrial DNA content and increased levels of BAT markers including UCP1 

in WAT. There was nothing reported on any side effects. Furthermore, in vitro studies using 

TGFβR1 kinase inhibitor SB431542 during adipogenic differentiation exhibited an increased 

UCP1 expression in murine stroma vascular cells from WAT and in human induced 
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pluripotent stem cells [102,150]. It was also shown that the usage of SB431542 leads to a 

higher number of differentiated cells, which would explain a higher UCP1 expression [150]. 

However, significantly lower UCP1 levels were observed upon SB431542 treatment in SGBS 

cells compared to the vehicle control and at the same time a significant higher expression 

of differentiation markers. This indicates that the inhibition of UCP1 seems not to be an 

effect of differentiation on the SGBS cells, rather a specific effect. Interestingly, Takeda et 

al. described a similar effect on UCP1 expression [151]. They stimulated dermal fibroblasts 

with an “optimized chemical cocktail” containing inter alia SB431542 to differentiate these 

cells into chemical induced brown adipocytes (ciBAs). These mature ciBAS expressed basal 

levels of UCP1. However, when SB was omitted in the differentiation cocktail, the UCP1 

expression was significantly higher (⁓5-fold). They speculated that this is due to a higher 

number of “adipocyte like” cells. A potential mechanism which leads to these observations 

was not discussed. In this work, there were no differences observed in adipocyte number 

of SB and control treated SGBS cells. 

The TGFβR activation leads to phosphorylation of SMAD2/3, which then bind to SMAD4 for 

the internalization into the nucleus [91]. In vivo, the SMAD4 knockout was reported to be 

lethal in early embryonal stage, which makes it difficult to study the exact role of SMAD4 

in adipocyte browning [152]. However, SMAD3 knockout in vivo is not lethal and its impact 

on the metabolism and on the expression of brown marker genes has been studied as well 

by Yadav et al. [97]. Mice with a homozygous knockout for SMAD3 had a reduced fat mass 

and higher glucose uptake in WAT. Furthermore, the WAT of SMAD3-deficient mice 

showed a morphology similar to that of BAT, with smaller and unilocular adipocytes. These 

observations were supported by a higher UCP1 mRNA expression and protein level in WAT 

compared to WT mice. In addition, 3T3-L1 cells expressing a short hairpin RNA against 

SMAD3 showed elevated levels of brown marker genes in vitro compared to the control 

[97].  

Summarizing the results to study the impact of the TGFβ-SMAD pathway on brown marker 

genes and on the metabolic function in SGBS cells revealed a significant decrease in UCP1 

expression in all three approaches. Interestingly, these are the opposite results compared 

to the published literature of in vitro and in vivo experiments. One can speculate if this is 

due to the differences between human and mouse or in vivo and in vitro. It has been 

demonstrated that TGFβ is also highly expressed and secreted by other cell types residing 
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in the adipose tissue, such as macrophages and leukocytes, thus influencing the 

adipogenesis as well [89]. This exogenous TGFβ is absent in our in vitro model. 

Furthermore, a SMAD4 knockdown could not only affect TGFβ action, but also diminish the 

effect of BMP4 and BMP7 on promoting a brown adipocyte phenotype. The intracellular 

signaling of BMPs, which belong to the TGF superfamily, is mediated via phosphorylation 

of SMAD1, SMAD5 and SMAD8 which also require SMAD4 for the internalization into the 

nucleus [91]. In vivo and in vitro experiments have demonstrated that BMP4 and BMP7 can 

induce adipogenesis towards a brown adipocyte phenotype [36]. On the other hand, this 

was not supported by the publication of Modica et al. [153]. They performed a SMAD4 

knockdown in vitro in immortalized murine brown adipocytes which resulted in an increase 

in UCP1. 

Yadav et al. have also shown that TGFβ signaling can repress the expression of PGC1α via 

promotor regulation, speculating that this inhibits both, differentiation and browning [97]. 

No differences in the PGC1α expression of TGFβ-deficient cells versus EV control were 

observed in this work, proving at least that there was no repression of transcription factor 

PGC1α. The reasons why the inhibition of the TGFβ-SMAD axis led to an inhibition of UCP1 

in SGBS cells remains unclear at this point. If this is an SGBS cell specific effect needs to be 

investigated by repeating the same approaches in other hASCs derived from the sc WAT. 

However, in this work, it was clearly demonstrated in three independent approaches that 

inhibition of the TGFβ pathway represses UCP1 expression in human SGBS cells in vitro. 

This data demonstrates new insights in the context of TGFβ and the regulation of key 

browning marker UCP1. 

Comparing the observations of TGFβ pathway inhibition in SGBS cells with the LTBP-

deficient adipocytes reveals overlapping results in UCP1 expression on mRNA and protein 

level with LTBP3-deficient cells. Furthermore, the supernatant of LTBP3-deficient 

preadipocytes exhibited a significant reduced level of TGFβ2. These results support a role 

for LTBP3 in generating a brown adipocyte phenotype and suggests that the effects on 

UCP1 and metabolic function seen in LTBP3-deficient SGBS cells are mediated via the TGFβ-

pathway. 
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4.3 Repression of brown marker gene UCP1 by LTBP3-deficiency could be mediated by 

alterations in TGFβ2 bioavailability 

TGFβ2 levels were significantly reduced in LTBP3-deficient preadipocytes. Thus, this work 

focused on this ligand as a potential factor mediating an adipogenesis towards a brown 

adipocyte phenotype.  

Of note, comparing the TGFβ ligand and receptor expression during SGBS adipogenesis to 

the expression pattern of LTBPs, revealed a co-regulation only for TGFβ2 and TGFβR3 with 

the LTBPs. This suggests a special role for TGFβ2 in the adipogenesis of SGBS cells. Indeed, 

TGFβ2 deficiency in SGBS cells revealed a significant reduction of UCP1 on protein level by 

35%. In addition, induction of lipolysis by cAMP exhibited a significant lower OCR in TGFβ2-

deficient adipocytes compared to control cells. This observation supports a reduction of 

UCP1 in TGFβ2-deficient adipocytes. Of note, TGFβ1 knockout did not alter UCP1 

expression or metabolic function in SGBS cells. Recently, Takahashi et al. published a study 

on TGFβ2 and its impact on the metabolism in vitro and in vivo [88]. They found that the 

secretion of TGFβ2 in adipocytes from the sc WAT is induced by exercise and that TGFβ2 

can regulate the metabolism in mice. In vitro treatment with recombinant TGFβ2 resulted 

in a higher fatty acid uptake and glucose uptake inter alia in 3T3-L1 adipocytes and in 

human immortalized brown adipocytes (WT-1) [88]. Furthermore, UCP1 expression was 

significantly increased in WT-1 adipocytes. This was not observed for TGFβ1 and TGFβ3. 

Moreover, mice treated with a β-3 receptor agonist showed a significant reduction of 

TGFβ1 and TGFβ3 expression in sc WAT, whereby TGFβ2 was not altered. Mice challenged 

with HFD and infused with recombinant TGFβ2 by an osmotic pump showed an overall 

improved metabolism including a better glucose tolerance and insulin sensitivity compared 

to control mice on HFD [88]. It was shown that mainly muscle tissue was responsible for 

these improvements. However, TGFβ2 treatment also significantly increased UCP1 

expression in BAT. In addition, they have shown that TGFβ2 inhibits macrophage infiltration 

into the scWAT and hypothesized that TGFβ2 acts as in immune suppressor [88]. They 

suggest that this reduction of inflammation in scWAT led to an improved overall 

metabolism in TGFβ2 treated mice. Unfortunately, they did not discuss the observed in 

vitro results or a potential mechanism of TGFβ2 on the UCP1 expression [88]. In addition, 

they did observe different results for each TGFβ ligand, but did not comment on the special 

role of TGFβ2, since the same pathways are assumed for all three ligands. However, there 
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are some different properties for TGFβ2 compared to TGFβ1 and TGFβ3. In contrast to the 

other TGFβ isoforms, TGFβ2 has a low affinity for TGFβR2, thus it binds first to the co-

receptor TGFβR3 which then activates TGFβR2 [91]. Moreover, it is not completely 

understood how TGFβ2 is activated in the ECM. It was demonstrated that LTBP1 and LTBP3 

can bind this isoform and that cells secrete this complex into the ECM [104]. TGFβ1 and 

TGFβ3 can be released from the LLC by integrin binding but the pro-TGFβ2 is missing this 

binding sequence making an integrin-mediated activation in the ECM unlikely [104]. 

Therefore, other factors or circumstances like pH change or proteases must lead to TGFβ2 

release in the ECM. Interestingly, Petrus et al. exhibited another difference to the other 

isoforms. TGFβ1 and TGFβ3 expression was significantly higher in human sc WAT of an 

obese cohort compared to control [154]. However, TGFβ2 expression was not altered due 

to obesity or after weight loss of this cohort. These data may explain differences in function 

of TGFβ2 compared to TGFβ1 and TGFβ3, but the mechanism remains unknown. Another 

possibility for the lower UCP1 expression of TGFβ2-deficient SGBS cells is the influence of 

the p38 MAPK pathway. It was shown that p38 MAPK can be phosphorylated by TGFβR 

activation [91]. In different studies, it has been shown that the activation of p38 e.g. by 

natriuretic peptides, stimulates UCP1 expression [24,40]. Whether this has an impact in our 

cell system remains to be investigated. A specific pathway for TGFβ2 distinct of TGFβ1 or 

TGFβ3 is not known yet.  

My observations and the published effects of TGFβ2 on the adipocyte metabolism indicate 

that LTBP3 regulates UCP1 expression in an auto- or paracrine manner via control of TGFβ2 

bioavailability [88]. However, the mechanism by which UCP1 is regulated is unknown and 

remains to be determined.  

 

4.4 Indications for LTBP3-TGFβ2 mediated browning in human WAT 

The overall idea of this study was to identify potential new target structure for the 

treatment of obesity and its associated cardiovascular diseases. Therefore, it was 

important to show if the observed LTBP3-TGFβ2 axis may also play a role in browning of 

human sc WAT. Correlation of mRNA expression analysis in WAT of patients who 

underwent plastic surgery revealed interesting results. First, the LTBP3 expression 

correlated positive with TGFβ2 expression. Of note, LTBP3 did not correlate with any other 
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TGFβ ligand in those patient samples. This indicates an important relation of LTBP3 with 

TGFβ2 in human adipose tissue, since it was shown that LTBP3 secretion is dependent on 

the expression of TGFβ [149]. Even more important, the LTBP3 expression correlated 

significantly and positively with the UCP1 expression in these WAT samples. No publication 

was found on a negative correlation of LTBP3 to obesity, insulin resistance or any disease 

which could be associated with low UCP1 levels. McInerney-Leo et al. reported on patients 

with heterozygous mutations in the LTBP3 gene [155]. These subjects suffered from 

acromicric dysplasia or geleophysica dysplasia, including a shorter statue or brachydactyly. 

It was reported that these patients had normal proportions to their height. Nothing was 

described in detail on BMI, body fat mass or insulin resistance. It seems that LTBP3 plays 

an important role in the early development of humans since some of these patients also 

died in early childhood. In line to the previously described LTBP3 knockout mouse, LTBP3 

takes a crucial role in the early bone formation [126,127]. However, the role of LTBP3 in 

WAT may be different and has not been elucidated to date. As previously described, the 

TGFβ2 knockout mouse is lethal due to insufficient development of vital organs in the 

embryonal stage [94]. Humans with heterozygous TGFβ2 mutations suffered inter alia from 

Loeys-Dietz syndrome, which is often characterized by a higher TGFβ signaling, higher 

SMAD2/3 phosphorylation and aortic aneurysm [156]. These observations are often seen 

within mutations of the TGFβ isoforms and are also known from the Marfan syndrome. The 

complete mechanism is not understood, but it is assumed that the other TGFβ isoforms are 

overcompensating the loss of functional TGFβ2 protein. As previously described, TGFβ2 

treatment in vivo led to an increase in UCP1 in BAT and to an improved overall metabolism 

[88]. The authors of this study did not observe any side effects after 13 days of treatment. 

In the same study they also performed an adipocyte specific TGFβ2 knockout in mice. There 

were no changes in the glucose tolerance test compared to control mice. Unfortunately, 

they did not show the UCP1 expression in the WAT of these mice or report anything on the 

context of white adipocyte browning. However, in this thesis, a significant correlation of 

TGFβ2 expression to UCP1 was found in human WAT samples with R²=0.8735. This supports 

the in vitro observations and the hypothesis that LTBP3 alters UCP1 expression via TGFβ2 

and suggests a role for LTBP3 in WAT browning in vivo. 
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4.5 Conclusion, limitations and outlook 

This study has demonstrated that the LTBP3-TGFβ2 pathway is involved in the adipogenesis 

towards a brown adipocyte phenotype in vitro and may also be an important axis in human 

WAT browning. However, these findings also reveal some limitations and open questions 

which should be addressed in future experiments. Not much is known to date about LTBP3 

in the context of adipose tissue and the release of TGFβ2 by LTBPs, but insight in its 

pathway could reveal new targets to stimulate the adipogenesis towards a brown 

adipocyte phenotype. The same pathways are assumed for all three TGFβs, but the ligands 

have already been shown to have different functions [87]. Especially in the context of 

adipose tissue browning, it would be interesting to reveal any new pathways. RNAseq or 

proteomics analysis in the LTBP3- and TGFβ2-deficient SGBS cells may detect any 

differences in pathway activation. Another approach would be the in vitro treatment with 

each TGFβ ligand followed by RNAseq or proteomics. 

Despite the new findings in this study it should be considered that all approaches were 

done in vitro in a 2-dimensional cell culture model only using SGBS cells. The adipose tissue 

is a highly complex organ with several different cell types [5]. Especially immune cells with 

the secretion of cytokines are known to have an impact on the development and expression 

profile of pre- and adipocytes [157].  

In this thesis, the focus was on LTBPs, the TGFβ-pathway, and the cytokine TGFβ2. LTBPs 

are known to be matrix proteins, keeping TGFβs there in a latent state [104]. The SGBS cells 

express and secrete extracellular matrix proteins in vitro [158], but whether this is enough 

for adequate LTBP binding and e.g integrin-activated TGFβ secretion remains to be 

investigated. Furthermore, LTBPs and TGFβ isoforms are also known to be expressed by 

other cells residing in the adipose tissue [89,108]. My measurements revealed also higher 

expression for LTBP3 and LTBP4 in adipose tissue samples compared to isolated hASCs. This 

should be considered thinking of a potential role for LTBP3 in stimulating UCP1 expression 

in vivo. The LTBP3 or TGFβ2, which is secreted by other cell types than ASCs may have an 

impact as well. Therefore, an interesting approach would be an adipocyte specific knockout 

for LTBP3 in mice. This could be achieved with a Cre-loxP system and under the control of 

an adiponectin promoter. Challenging these mice with HFD, housing under cold conditions 

or treatment with a β3-receptor agonist could give insights on the role of LTBP3 in WAT 

and its impact on WAT browning and on the overall metabolism. The same approach would 
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be interesting for TGFβ2. As previously mentioned, an adipocyte specific knockout for 

TGFβ2 has already been generated, but the authors focused more on the role of TGFβ2 in 

exercise and on the overall metabolism of these mice [88]. Approaches with cold or β3-

adrenergic stimulation of mice with adipocytes specific TGFβ2 knockout were not done yet. 

The overall goal of my study was to identify a new factor which is involved in the 

adipogenesis towards a brown adipocyte phenotype and may be a target for the treatment 

of obesity and its associated cardiovascular diseases. Although, LTBP3 and TGFβ2 was 

identified to regulate UCP1 expression, it remains to be elucidated if these are targets for 

a treatment of obesity or cardiovascular diseases. High levels of LTBP3 have been 

associated with metastatic tumors [104]. Furthermore, it was reported that TGFβ2 has an 

impact on several cellular processes such as differentiation, proliferation and immune 

suppression, suggesting that TGFβ2 treatment in humans could have severe side effects 

[89]. Stimulating a higher LTBP3 expression or TGFβ2 secretion locally in the adipose tissue 

could overcome this. Several approaches to implement a local treatment of the adipose 

tissue have been published so far. It was shown that a special patch, locally applied on the 

sc adipose tissue, stimulated browning in vivo by injecting rosiglitazone with microneedles 

[159]. Another interesting approach is the transplantation of preadipocytes which are 

preprogrammed to undergo adipogenesis into UCP1-expressing cells. Very recently Wang 

et al. activated the UCP1 gene expression with CRISPR/Cas in human preadipocytes derived 

from the sc WAT and transplanted them into the sc WAT of obese mice [160]. These mice 

showed an improved glucose tolerance, insulin sensitivity, and higher energy expenditure 

compared to control mice. However, it is not clear when this transplantation method will 

become clinically relevant. Injection with nanoparticles containing “batokines” or its mRNA 

into the sc adipose tissue of obese patients to induce browning could be a realistic scenario. 

Nanoparticles specifically targeting the adipose tissue have already been developed and 

pharma companies have mRNA-based drugs in phase 1 and phase 2 of clinical trials [161–

164].  

In conclusion my findings indicate LTBP3 as a new factor regulating UCP1 expression via 

TGFβ2 bioavailability. 
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5. Summary 

Obesity is a global epidemic and the main risk factor for cardiovascular diseases which is 

the number one cause of death worldwide. Current treatment methods for obesity are very 

limited and often fail in the long term.  

In the last decade it has been demonstrated that not only human newborns but also adults 

have functional brown adipose tissue mass. Furthermore, there is evidence for 

uncoupling protein 1 (UCP1)-expressing adipocytes within the white adipose tissue (WAT) 

of humans. White adipocyte browning is defined by a significant increase in UCP1 

expression in the adipose tissue depot and has been shown to significantly increase overall 

metabolic health inter alia by higher glucose uptake and fatty acid uptake, thus providing 

a strategy for obesity treatment. An approach for implementation, is to stimulate human 

adipose stromal cells (hASCs) within the WAT to undergo adipogenesis into UCP1-

expressing adipocytes. However, the mechanism how these cells differentiate either into 

adipocytes with a white or with a brown phenotype is not fully understood. Our group has 

shown that hASCs isolated from deep neck (dn) adipose tissue differentiated in vitro into 

adipocytes with a brown phenotype and hASCs derived from the subcutaneous (sc) adipose 

tissue differentiated into adipocytes with a white phenotype. Microarray analysis revealed 

different expression patterns of these hASCs dependent on their adipose tissue origin. 

Therefore, we hypothesized, that hASCs secrete factors which stimulate or inhibit the 

adipogenesis into a brown adipocyte phenotype in an auto- or paracrine manner.  

After target ranking of these differentially regulated genes and literature screening the 

latent transforming growth factor beta binding proteins (LTBP1-4) were identified as 

potential factors involved in generating a brown adipocyte phenotype. Except for LTBP2, 

they are known to play a crucial role in the bioavailability of transforming growth factors 

(TGFβ). These TGFβ cytokines in turn are known to be involved in regulating UCP1 

expression in vitro and WAT browning in vivo. The SMAD2/SMAD3 mediated TGFβ pathway 

has already been shown to inhibit white adipocyte browning and TGFβ2 was reported to 

increase UCP1 expression in murine BAT. The aim of this study was to investigate the 

impact of the LTBP isoforms on brown marker genes and the metabolic function in vitro. 
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LTBP1, LTBP3 and LTBP4 were significantly higher expressed in the dn hASCs and all four 

LTBPs were expressed during the adipogenesis of a human sc preadipocyte cell strain (SGBS 

cells). LTBP1 and LTBP4 were not involved in the generation of a brown phenotype in SGBS 

cells. However, LTBP2 deficiency showed a reduced UCP1 mRNA expression and altered 

metabolic function. Moreover, deficiency of LTBP3 in SGBS adipocytes led to a repression 

of UCP1 expression on mRNA and protein level. Furthermore, the metabolic function of 

these cells was altered as well. 

Inhibition of the TGFβ-pathway in human SGBS cells led in three different approaches to an 

adipogenesis towards a white phenotype. TGFβ deficiency, TGFβ receptor1 kinase 

inhibition and knockdown of SMAD4 led to a significant decrease in UCP1 expression, 

whereby the differentiation rate was not affected in these cells. These results are in 

accordance with the observed UCP1 expression in LTBP2- and LTBP3-deficient cells. 

Measuring the TGFβ content in the supernatant of LTBP2- and LTBP3-deficient 

preadipocytes revealed a significant lower level for TGFβ2 compared to the control. The 

TGFβ2 knockout in turn resulted in a decreased UCP1 expression and metabolic function as 

well. Moreover, the LTBP3 and TGFβ2 axis seems to play also a relevant role in human WAT 

browning. LTBP3 expression correlated positively with the TGFβ2 expression in human sc 

WAT samples. Furthermore, both LTBP3 and TGFβ2 correlated significantly positive with 

the UCP1 expression in the same patient samples. As a result, one can hypothesize that 

LTBP3 regulates the adipogenesis towards a brown phenotype via TGFβ2 bioavailability.  

The findings of this thesis revealed LTBP3 as a new factor involved in generating a brown 

adipocyte phenotype. Furthermore, the inhibition of TGFβ pathway demonstrated new 

insights of TGFβ and the regulation of UCP1 expression. The specific pathway how LTBP3 

and TGFβ2 mediate a shift towards a brown adipocyte phenotype should be addressed in 

the future, thereby identifying a new mechanism to induce UCP1 expression in human 

WAT. As a consequence, LTBP3 or TGFβ2 may become new promising targets for the 

treatment of obesity. 
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Appendix I 

 

pMuSE SB CRISPR/Cas9 sgRNA: 

 

Figure S1: Vector map of the final CRISPR/Cas9 knockout construct for single gene knockout. The vector 
carries eGFP (bright green) and puromycin resistance (mint green) under the control of a RPL13A promoter. 
Both genes are separated by a P2A sequence which enables cleavage of the gene product into two separate 
protein. Cas9 (red) expression is controlled by a CMV promotor and the expression of the introduced sgRNA 
cassette (orange) is under the control of a U6 promoter. These genes are flanked by inverted repeats (ITRs, 
light blue), the SB transposase recognition sites. 

 

Sequence pMuSE SB CRISPR/Cas9 sgRNA: 

atgaccgagtacaagcccacGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCG

GGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTG

TTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTC

TCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGG

CTCGGCTTCACCGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGATTCGAAGGCCTGTCGTGAAGCTTGGGGATCAATTCTCTAGAGCTCGCTG

ATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTG

AGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCT

GGGCCTACTAGCTACTCGGGACCCCTTACCGAAACATCGCCGCATTCTGCAGAGGAGTCGAGTGTATGTAAACTTCTGACCCACTGGGAATGTGATGAAAGAAATAAAAGCTGAAATGAATCATTCTCTCT

ACTATTATTCTGATATTTCACATTCTTAAAATAAAGTGGTGATCCTAACTGACCTAAGACAGGGAATTTTTACTAGGATTAAATGTCAGGAATTGTGAAAAAGTGAGTTTAAATGTATTTGGCTAAGGTGTA

TGTAAACTTCCGACTTCAACTGTATAGGGATCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGG

GGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAG

TCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGT

GGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC

CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAAC

AGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA

AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAA

AATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGT

GTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAG
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TGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTC

GTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTT

ATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTG

CCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCA

CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGATGCGGTG

TGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAATATTTTGTTAAAATTGGATCCCTATACAGTTGAAGTCGGAAGTTTACATACACTTAAGTTGGAGTCATTAAA

ACTCGTTTTTCAACTACTCCACAAATTTCTTGTTAACAAACAATAGTTTTGGCAAGTCAGTTAGGACATCTACTTTGTGCATGACACAAGTCATTTTTCCAACAATTGTTTACAGACAGATTATTTCACTTATA

ATTCACTGTATCACAATTCCAGTGGGTCAGAAGTTTACATACACTAAGTTCGACTCCTCTGCAGAATGCGGCGATGTTTCGGTAAGGGGTCCGCTATCTAGACACAAGTTTGTACAAAAAAGCAGGCTCTA

TCGATCACGAGACTAGCCTCGAGCGGCCGCCCCCTTCACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAA

GATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATAT

ATCTTGTGGAAAGGACGAAACACCGxxxxxxxxxxxxxxxxxxxxGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGAATTCG

ACAACTTTGTATACAAAAGTTGGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACA

TAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACG

GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCA

GTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTT

TTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACT

GCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTTGGTACCGCCACCATGGACAAGAAGTACTCCATTGGGCTCGATATCGGCACAAACAGCGTCGGCTGGGCCGTCATTACG

GACGAGTACAAGGTGCCGAGCAAAAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATAAAGAAGAACCTCATTGGCGCCCTCCTGTTCGACTCCGGGGAGACGGCCGAAGCCACGCGGCTCAAA

AGAACAGCACGGCGCAGATATACCCGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGGTGGAGG

AGGATAAAAAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCGTACCATGAAAAGTACCCAACCATATATCATCTGAGGAAGAAGCTTGTAGACAGTACTGATAAGGCTGACTTGC

GGTTGATCTATCTCGCGCTGGCGCATATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAACAGCGATGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATCAGCTTT

TCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCAAAGCAATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAAACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAACGGCCTGTTTG

GTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAGATGCCAAGCTTCAACTGAGCAAAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCG

GCGACCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGATCACCAAAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGA

TGAGCACCACCAAGACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTAAAAATGGCTACGCCGGATACATTGACGGCGGAGCAAGCCAG

GAGGAATTTTACAAATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCTGCTGGTAAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCGACAATGGAAGCATCCCCCACC

AGATTCACCTGGGCGAACTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAAAGATAACAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCC

CGGGGAAATTCCAGATTCGCGTGGATGACTCGCAAATCAGAAGAGACCATCACTCCCTGGAACTTCGAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAAAGGATGACTAACTTTGATA

AAAATCTGCCTAACGAAAAGGTGCTTCCTAAACACTCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTCACCAAGGTCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGAG

CAGAAGAAAGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAAAGTTACCGTGAAACAGCTCAAAGAAGACTATTTCAAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCT

TCAACGCATCCCTGGGAACGTATCACGATCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACATTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGGA

GATGATTGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACGACAAAGTCATGAAACAGCTCAAGAGGCGCCGATATACAGGATGGGGGCGGCTGTCAAGAAAACTGATCAATGGGATCCGAGACAA

GCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCATGCAGTTGATCCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGG

GGGACAGTCTTCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGTAATGGGAAGGCATAAGCCCGAGAATATCG

TTATCGAGATGGCCCGAGAGAACCAAACTACCCAGAAGGGACAGAAGAACAGTAGGGAAAGGATGAAGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAATCCTTAAGGAACACCCAGTTGA

AAACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGATCAGGAACTGGACATCAATCGGCTCTCCGACTACGACGTGGATCATATCGTGCCCCAGTCT

TTTCTCAAAGATGATTCTATTGATAATAAAGTGTTGACAAGATCCGATAAAAATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTTGTCAAGAAAATGAAAAATTATTGGCGGCAGCTGCTGAACG

CCAAACTGATCACACAACGGAAGTTCGATAATCTGACTAAGGCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGCTTCATCAAAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTGG

CCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAAAATGACAAACTGATTCGAGAGGTGAAAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTG

AGAGAGATCAACAATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCAAAAAATATCCCAAGCTTGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAG

GAAAATGATCGCAAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAGATTCGGAAGCGACCACTT

ATCGAAACAAACGGAGAAACAGGAGAAATCGTGTGGGACAAGGGTAGGGATTTCGCGACAGTCCGGAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTAAAAAGACCGAAGTACAGACCGGAGGCTT

CTCCAAGGAAAGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAAAAAAGATTGGGACCCCAAGAAATACGGCGGATTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCAAA

GTGGAGAAAGGGAAGTCTAAAAAACTCAAAAGCGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCAAGCTTCGAAAAAAACCCCATCGACTTTCTCGAGGCGAAAGGATATAAAGAGGTCAA

AAAAGACCTCATCATTAAGCTTCCCAAGTACTCTCTCTTTGAGCTTGAAAACGGCCGGAAACGAATGCTCGCTAGTGCGGGCGAGCTGCAGAAAGGTAACGAGCTGGCACTGCCCTCTAAATACGTTAATT

TCTTGTATCTGGCCAGCCACTATGAAAAGCTCAAAGGGTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCGTGGAACAACACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAATTCTCCAA

AAGAGTGATCCTCGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAAGCCCATCAGGGAGCAGGCAGAAAACATTATCCACTTGTTTACTCTGACCAACTTGGGCGCGCCTG

CAGCCTTCAAGTACTTCGACACCACCATAGACAGAAAGCGGTACACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTC

GGTGGAGACAGCAGGGCTGACCCCAAGAAGAAGAGGAAGGTGTGAGCGGCCGCGACTCTAGAGGTACCCAGCTTTCTTGTACAAAGTGGTGGCCTGTCAGGCCAAGCTTCCATCGATAGACATGATAA

GATACATTGATGAGTTTGGACAAACCACAACAAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATT

GCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTACCTAGGCGAGACCCTGTCTCACAAAATAAAGTAAGCCCGGACTGAGTGCGGA

AAGGCGGGCCTGGCGGGTCTGGTCTCCCCATGCGGGCCACCAGAGGCCCTGCAGCCTTCAGTCGCTTGAAGGGGTAATGGCGCTTCCACTCACAAACATGGCGGACAGAGCGTGTGAACGAGATGAAC

AGCCCCTCAAAAATATGGCCGCCGAGGCTGGACGGCCGTGCCCCAGCAGCACCGCCTCCGCGCCCCACGTGATCTCTCGCCGGGCACAGCGCTGACCGCGGAGGTCCAACCGGAAGAATGTCCGGATTG

GACATTCGGAAGAGGGCCCGCCTTCCCTGGGGAATCTCTGCGCACGCGCAGAACGCTTCGACCAATGAAAACACAGGAAGCCGTCCGCGCAACCGCGTTGCGTCACTTCTGCCGCCCCTGTTTCAAGGTA

TATAGCCGTAGACGGAACTTCGCCTTTCTCTCGGCCTTAGCGCCATTTTTTTGGGTGAGTGTTTTTTGGTTCCTGCGTTGGGATTCCGTGTACAATCCATAGACATCTGACCTCGGCACTTAGCATCATCACA

GCAAACTAACTGTAGCCTTTCTCTCTTTCCCTGTAGAAACCTCTGCACCTGAGGCCACCATGTTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAA

CGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTAC

GGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCG

CCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATC

ATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG

CCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

GGCAGTGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGTGACGTCgaggagaatcctggcccc 
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xxxxxxxxxxxxxxxxxxxx= 

GGTCACCGATCGAGAGCTAG: Empty vector 

GTGGAACTGTGGGTACCTCC: LTBP1 KO 

CAGGTGGCAGAACTTCCCGG: LTBP2 KO 

CGGCGTTCGAGCTCTCAATG: LTBP3 KO 

CTGCGATCCTGGGTACCACG: LTBP4 KO 

AGAAAACTATAAAGTCCACT: TGFβ2 KO 

TTGATGTCACCGGAGTTGTG: TGFβ1 KO 
 

 

 

 

 

pMuSE SB CRISPR/Cas9 TGFβ1-3KO: 

 

Figure S2: Vector map of the final CRISPR/Cas9 knockout construct for triple gene knockout of TGFβ1-3. 
The vector carries eGFP (bright green) and puromycin resistance (mint green) under the control of a RPL13A 
promoter. Both genes are separated by P2A which leads to two separate proteins. A CMV promoter controls 
the Cas9 (red) and a U6 promoter each sgRNA (orange and purple). These genes are flanked by inverted 
repeats (ITRs, light blue), the Sleeping Beauty transposase recognition sites. 
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Sequence pMuSE SB CRISPR/Cas9 TGFβ1-3 KO: 

atgaccgagtacaagcccacGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCG

GGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTG

TTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTC

TCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGG

CTCGGCTTCACCGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGATTCGAAGGCCTGTCGTGAAGCTTGGGGATCAATTCTCTAGAGCTCGCTG

ATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTG

AGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCT

GGGCCTACTAGCTACTCGGGACCCCTTACCGAAACATCGCCGCATTCTGCAGAGGAGTCGAGTGTATGTAAACTTCTGACCCACTGGGAATGTGATGAAAGAAATAAAAGCTGAAATGAATCATTCTCTCT

ACTATTATTCTGATATTTCACATTCTTAAAATAAAGTGGTGATCCTAACTGACCTAAGACAGGGAATTTTTACTAGGATTAAATGTCAGGAATTGTGAAAAAGTGAGTTTAAATGTATTTGGCTAAGGTGTA

TGTAAACTTCCGACTTCAACTGTATAGGGATCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGG

GGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAG

TCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGT

GGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC

CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAAC

AGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA

AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAA

AATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGT

GTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAG

TGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTC

GTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTT

ATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTG

CCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCA

CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGATGCGGTG

TGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAATATTTTGTTAAAATTGGATCCCTATACAGTTGAAGTCGGAAGTTTACATACACTTAAGTTGGAGTCATTAAA

ACTCGTTTTTCAACTACTCCACAAATTTCTTGTTAACAAACAATAGTTTTGGCAAGTCAGTTAGGACATCTACTTTGTGCATGACACAAGTCATTTTTCCAACAATTGTTTACAGACAGATTATTTCACTTATA

ATTCACTGTATCACAATTCCAGTGGGTCAGAAGTTTACATACACTAAGTTCGACTCCTCTGCAGAATGCGGCGATGTTTCGGTAAGGGGTCCGCTATCTAGACACAAGTTTGTACAAAAAAGCAGGCTCTA

TCGATCACGAGACTAGCCTCGAGCGGCCGCCCCCTTCACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAA

GATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATAT

ATCTTGTGGAAAGGACGAAACACCGTTGATGTCACCGGAGTTGTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGA

ATTCGACAACTTTGTATACAAAAGTTGCTATCGATCACGAGACTAGCCTCGAGCGGCCGCCCCCTTCACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGAT

AATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACT

TGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGACGAAGAGTACTACGCCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA

AAGTGGCACCGAGTCGGTGCTTTTTTTGAATTCGCACCCAACTTTTCTATACAAAGTTGCTATCGATCACGAGACTAGCCTCGAGCGGCCGCCCCCTTCACCGAGGGCCTATTTCCCATGATTCCTTCATATT

TGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTT

TTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGATAAATTCGACATGATCCAGGTTTTAGAGCTAGAAATAGCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGAATTCGACAACTTTGTATAATAAAGTTGGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT

AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATG

ACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAAT

GACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGT

GGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGG

CGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTTGGTACCGCCACCAT

GGACAAGAAGTACTCCATTGGGCTCGATATCGGCACAAACAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCGAGCAAAAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATAAA

GAAGAACCTCATTGGCGCCCTCCTGTTCGACTCCGGGGAGACGGCCGAAGCCACGCGGCTCAAAAGAACAGCACGGCGCAGATATACCCGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAG

TAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGGTGGAGGAGGATAAAAAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCGTACCATGA

AAAGTACCCAACCATATATCATCTGAGGAAGAAGCTTGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCTGGCGCATATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGAC

CTGAACCCAGACAACAGCGATGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCAAAGCAATCCTGAGCGCTAGGCTGTC

CAAATCCCGGCGGCTCGAAAACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAACGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAG

ATGCCAAGCTTCAACTGAGCAAAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGCCATTCTGCTGAGTGAT

ATTCTGCGAGTGAACACGGAGATCACCAAAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACA

AGGAAATTTTCTTCGATCAGTCTAAAAATGGCTACGCCGGATACATTGACGGCGGAGCAAGCCAGGAGGAATTTTACAAATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCTGCTGGT

AAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCGACAATGGAAGCATCCCCCACCAGATTCACCTGGGCGAACTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAAAG

ATAACAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCCCGGGGAAATTCCAGATTCGCGTGGATGACTCGCAAATCAGAAGAGACCATCACTCCCTGGAACTTC

GAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAAAGGATGACTAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCCTAAACACTCTCTGCTGTACGAGTACTTCACAGTTTATAA

CGAGCTCACCAAGGTCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGAGCAGAAGAAAGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAAAGTTACCGTGAAACAGCTCAA

AGAAGACTATTTCAAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCTTCAACGCATCCCTGGGAACGTATCACGATCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACA

ATGAGGAGAACGAGGACATTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACGACAAAGTCATGAAACAGCTCAA

GAGGCGCCGATATACAGGATGGGGGCGGCTGTCAAGAAAACTGATCAATGGGATCCGAGACAAGCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCATGCA

GTTGATCCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCTTCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATACTG

CAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGTAATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGAACCAAACTACCCAGAAGGGACAGAAGAACAGTAGGGAAAGGAT

GAAGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAATCCTTAAGGAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGT

GGATCAGGAACTGGACATCAATCGGCTCTCCGACTACGACGTGGATCATATCGTGCCCCAGTCTTTTCTCAAAGATGATTCTATTGATAATAAAGTGTTGACAAGATCCGATAAAAATAGAGGGAAGAGT
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GATAACGTCCCCTCAGAAGAAGTTGTCAAGAAAATGAAAAATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGAAGTTCGATAATCTGACTAAGGCTGAACGAGGTGGCCTGTCTGAG

TTGGATAAAGCCGGCTTCATCAAAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTGGCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAAAATGACAAACTGATTCGAGAGGTGA

AAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTGAGAGAGATCAACAATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTT

ATCAAAAAATATCCCAAGCTTGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAGGAAAATGATCGCAAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAGTACTTCTTTTACAGCAA

TATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAGATTCGGAAGCGACCACTTATCGAAACAAACGGAGAAACAGGAGAAATCGTGTGGGACAAGGGTAGGGATTTCGCGACAGTCCG

GAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTAAAAAGACCGAAGTACAGACCGGAGGCTTCTCCAAGGAAAGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAAAAAAGATTGGG

ACCCCAAGAAATACGGCGGATTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCAAAGTGGAGAAAGGGAAGTCTAAAAAACTCAAAAGCGTCAAGGAACTGCTGGGCATCACAATCATGG

AGCGATCAAGCTTCGAAAAAAACCCCATCGACTTTCTCGAGGCGAAAGGATATAAAGAGGTCAAAAAAGACCTCATCATTAAGCTTCCCAAGTACTCTCTCTTTGAGCTTGAAAACGGCCGGAAACGAAT

GCTCGCTAGTGCGGGCGAGCTGCAGAAAGGTAACGAGCTGGCACTGCCCTCTAAATACGTTAATTTCTTGTATCTGGCCAGCCACTATGAAAAGCTCAAAGGGTCTCCCGAAGATAATGAGCAGAAGCAG

CTGTTCGTGGAACAACACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAATTCTCCAAAAGAGTGATCCTCGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAA

GCCCATCAGGGAGCAGGCAGAAAACATTATCCACTTGTTTACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGACAGAAAGCGGTACACCTCTACAAAGGAGGTCCTG

GACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCAGGGCTGACCCCAAGAAGAAGAGGAAGGTGTGAGCGGCCGCGACTCTAGAG

GTACCCAGCTTTCTTGTACAAAGTGGTGGCCTGTCAGGCCAAGCTTCCATCGATAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACAAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAA

TTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTA

CAAATGTGGTACCTAGGCGAGACCCTGTCTCACAAAATAAAGTAAGCCCGGACTGAGTGCGGAAAGGCGGGCCTGGCGGGTCTGGTCTCCCCATGCGGGCCACCAGAGGCCCTGCAGCCTTCAGTCGCT

TGAAGGGGTAATGGCGCTTCCACTCACAAACATGGCGGACAGAGCGTGTGAACGAGATGAACAGCCCCTCAAAAATATGGCCGCCGAGGCTGGACGGCCGTGCCCCAGCAGCACCGCCTCCGCGCCCCA

CGTGATCTCTCGCCGGGCACAGCGCTGACCGCGGAGGTCCAACCGGAAGAATGTCCGGATTGGACATTCGGAAGAGGGCCCGCCTTCCCTGGGGAATCTCTGCGCACGCGCAGAACGCTTCGACCAATG

AAAACACAGGAAGCCGTCCGCGCAACCGCGTTGCGTCACTTCTGCCGCCCCTGTTTCAAGGTATATAGCCGTAGACGGAACTTCGCCTTTCTCTCGGCCTTAGCGCCATTTTTTTGGGTGAGTGTTTTTTGG

TTCCTGCGTTGGGATTCCGTGTACAATCCATAGACATCTGACCTCGGCACTTAGCATCATCACAGCAAACTAACTGTAGCCTTTCTCTCTTTCCCTGTAGAAACCTCTGCACCTGAGGCCACCATGTTGAGCA

AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA

GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC

CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAG

GAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG

CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCAC

ATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGTGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGTGACGTCgaggagaatcctggcccc 
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Appendix II 

 

Figure S3: TGFβ1 treatment inhibits the adipogenic differentiation of SGBS cells. SGBS preadipocytes were 
treated with different concentrations of recombinant TGFβ1 (r TGFβ1) during adipogenesis. (A) Pictures were 
taken on day 14 and (B) protein expression of Adiponectin was assessed by Western Blot. Tubulin served as 
a reference, n=1. 
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Figure S4: TGFβ1 deficiency does not alter UCP1 expression or metabolic function. TGFβ1 deficiency was 
achieved by CRISPR/Cas9 in SGBS preadipocytes, which were subjected to adipogenic differentiation for 14 
days. (A) Representative Western blot of EV and TGFβ1-deficient SGBS preadipocytes of n=3 independent 
experiments with GAPDH as loading control. (B) Microscopic pictures of EV and TGFβ1-deficient SGBS 
adipocytes, 10-fold magnification. (C) mRNA expression of differentiation marker PPARG, GLUT4, Adiponectin 
and (D) UCP1 was determined by q-RT-PCR. HPRT serves as a reference gene. Mean +SEM of n=4 (E) 
Representative Western blot is shown of EV and TGFβ1-deficient SGBS adipocytes and densitometric analysis 
was performed in n=3 independent experiments, GAPDH serves as a loading control. (F) OCR over time of n=4 
individual experiments. To calculate basal and maximum respiration, as well as ATP production, proton leak 
and cAMP response, cells were treated with dibutyryl-cAMP (cAMP), oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin/rotenone (Ant/Rot). Mean +SEM of n=4 
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Table S1: p-values of correlated mRNA expression in human WAT. UCP1 and LTBP mRNA expression was 
correlated with the TGFβ ligands and receptors mRNA expression in human mamma subcutaneous adipose 
tissue of n=28 patients which underwent plastic surgery. Mean age±SD = 45±15 years, Mean 
BMI±SD = 28.2±4.9 kg/m². A linear regression was applied and p<0.05 is considered as statistically significant 
(marked in bolt). 

 
 LTBP1 LTBP2 LTBP3 LTBP4 UCP1 

UCP1 p=0.7582 p=0.2710 p=0.0382 p=0.1573 - 

TGFβ1 p=0.2355 p=0.0258 p=0.3372 p=0.8546 p =0.3361 

TGFβ2 p=0.2585 p=0.1180 p=0.0100 p=0.1618 p<0.0001 

TGFβ3 p=0.1968 p=0.1585 p=0.2336 p=0.4400 p=0.3786 

TGFβR1 p=0.654 p=0.0197 p<0.0001 p=0.2762 p<0.0001 

TGFβR2 p=0.0884 p=0.7880 p=0.0015 p=0.0871 p=0.3467 

TGFβR3 p=0.3178 p=0.0266 p<0.0001 p=0.0149 p=0.3668 
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