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SUMMARY  

Obesity and its associated metabolic disorders present a major public health challenge 

around the world. Current therapeutic strategies for correcting the obesity-causing 

energy imbalance are either by decreasing energy uptake or increasing energy 

expenditure. The discovery of active brown adipose tissue (BAT) in adult humans opens 

new avenues to increase energy expenditure since the major function of BAT is to 

dissipate energy as heat (thermogenesis) via uncoupling protein1 (UCP1) mediated 

leak respiration. Strenuous efforts are now being undertaken to learn how to expand or 

activate BAT in ways that might be therapeutic in humans. Recently, a new type of 

brown-like adipocytes, so-called brite (brown-in-white) or beige adipocyte, which exists 

predominantly in the white adipose tissue (WAT) and exists in both rodents and humans, 

was identified. However, little is known about its basic biology such as its thermogenic 

potential, molecular controls and modulators. 

Aim of this PhD study was to study the thermogenic potential of murine brite adipocytes 

using in vitro primary cultures, to understand the molecular basis of strain-specific 

differences in brite adipocytes abundance and to identify putative novel determinants 

governing the potential of brite adipogenesis. 

The results demonstrated brite adipocytes were functionally thermogenic, which was 

easily masked by an uncoupling artifact caused by free fatty acids released upon 

adrenergic stimulation at least in vitro cultures. We further demonstrated that 

differences in Ucp1 expression both between depots and strains are maintained in 

primary cultures. Further detailed analyses demonstrated that the strain specific 

differences in Ucp1 expression are caused by cell intrinsic trans-acting factors. To 

identify novel determinants governing the potential of brite adipogenesis, transcriptome 

analysis of primary cultured adipocytes from five inbred mouse strains with differential 

browning capacities were performed. A list of candidate genes associated with novel 

regulators, functional components and new markers of brite adipocytes was identified 

by bioinformatics analysis.  

In summary, this PhD study provides new insights on the thermogenic function and 

molecular regulators of brite adipogenesis.  
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ZUSAMMENFASSUNG  

Adipositas und damit zusammenhängende, metabolische Erkrankungen stellen eine 

große Herausforderung für die weltweiten Gesundheitssysteme dar. Die aktuellen 

therapeutischen Konzepte zielen darauf ab, das auslösende energetische 

Ungleichgewicht zu beheben, indem entweder die Energiezufuhr gesenkt oder der 

Energieumsatz gesteigert wird. Die Entdeckung von aktivem Braunen Fettgewebe in 

erwachsenen Menschen eröffnet eine neue Route, den Energieumsatz zu steigern, 

denn die Funktion dieses Gewebes ist es, Nahrungsenergie durch entkoppelte Atmung 

in Wärme umzuwandeln. Daher wird gegenwärtig mit hoher Intensität an Mitteln und 

Wegen geforscht, Braunes Fettgewebe auf therapeutische Art und Weise zu aktivieren 

und zu rekrutieren. In diesem Zusammenhang sind sogenannte beige oder brite (von 

engl. ‚brown in white„) Adipozyten von Interesse, die eingestreut in ansonsten Weißem 

Fettgewebe vorliegen. Über die grundlegende Biologie dieser Zellen, wie ihr 

thermogenes Potential und ihre Modulatoren, ist allerdings bisher wenig bekannt. 

In dieser Doktorarbeit wurde das thermogene Potential von brite Adipozyten 

verschiedener Mausstämme in primären Zellkulturen untersucht mit dem Ziel, die 

molekulare Basis von stammspezifischen Unterschieden in der Abundanz von brite 

Zellen zu verstehen und neue Regulatoren der brite Adipogenese zu identifizieren. 

Die Ergebnisse belegen eine thermogene Funktion von brite Adipozyten. Dieser Befund 

ist in der Vergangenheit oft von einem Entkopplungsartefakt freier Fettsäuren maskiert 

worden, die zumindest in Zellkultur bei adrenerger Stimulation in großen Mengen frei 

werden. Wir konnten weiter zeigen, dass sowohl stamm-, als auch depotspezifische 

Unterschiede in der Expression des Entkopplerprotein 1 (Uncoupling protein1, UCP1) in 

Primärzellkultur erhalten bleiben und von zellintrinsischen, trans-agierenden Faktoren 

verursacht werden. Um neue Regulatoren der brite Adipogenese zu identifizieren, 

wurde das Transkriptom kultivierter Adipozyten von fünf Mausstämmen mit 

unterschiedlicher Neigung zur Rekrutierung von brite Adipozyten verglichen. Eine 

Kandidatenliste neuer Regulatoren, funktioneller Komponenten und neuer Marker für 

brite Zellen konnte bioinformatisch erarbeitet werden. 

In der Gesamtschau belegt diese Doktorarbeit die thermogene Funktion von brite Zellen 

und beschreibt neue molekulare Regulatoren der brite Adipogenese. 
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1.1 Different shades of fat: White, brown and brite/beige adipocytes 

Adipose tissue in mammals, for a long time, was categorized into two distinctly different 

types: white adipose tissue (WAT) and brown adipose tissue (BAT). The former stores 

energy as triglycerides, whereas the latter catabolizes lipids to produce heat (Gesta et 

al., 2007). The thermogenic ability of BAT is conferred by uncoupling protein 1 (UCP1), 

which is located in the inner membrane of mitochondria. Upon activation UCP1 acts as 

a proton carrier, dissipates proton motive force as heat, thus uncoupling substrate 

oxidation from ATP synthesis (Cannon and Nedergaard, 2004). Supporting its 

thermogenic function, BAT is densely innervated and vascularized and has a large 

number of mitochondria, which gives the tissue a reddish brown color. Interestingly, 

UCP1-expressing brown adipocyte-like cells, termed brite adipocytes (brown-in-white; 

also beige, inducible, or recruitable brown) develop in typical WAT depots in response 

to cold exposure, β3-adrenergic stimulation or naturally during post-natal development 

in a process called "browning" (Cousin et al., 1992; Guerra et al., 1998; Himms-Hagen 

et al., 2000; Xue et al., 2007; Young et al., 1984). Although this phenomenon has been 

known for decades, the developmental origin, transcriptional control and physiological 

function of this kind of cell are largely unknown. Recently, it has been suggested that 

brite cells represent a new type of adipocyte distinct from white and brown adipocytes in 

respect to their developmental lineage, molecular outfit and hormonal sensitivity 

(Petrovic et al., 2010; Seale et al., 2008; Wu et al., 2012). Large accumulation of brite 

cells can be found most readily in the subcutaneous inguinal adipose tissue, but is 

rather scarce in epididymal/perigonadal adipose tissue (Li et al., 2014a). Notably, the 

abundance of brites in WAT has been associated with obesity-resistance, enhanced fat 

oxidation and energy expenditure as well as improved systemic insulin sensitivity (Seale 

et al., 2011). Thus these cells represent putative therapeutic targets for the treatment of 

obesity and its associated comorbidities (Bartelt and Heeren, 2014; Harms and Seale, 

2013; Pfeifer and Hoffmann, 2015). Understanding the molecular mechanisms 

underlying brite adipocyte recruitment is therefore of great scientific and medical interest. 

This scenario is further strengthened by the recent finding that metabolically active 

brown and brite adipocytes are present in healthy, adult humans (Cypess et al., 2009; 
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Cypess et al., 2013; Lidell et al., 2013; van Marken Lichtenbelt et al., 2009; Virtanen et 

al., 2009).  

1.2 The biology of brite adipocytes 

1.2.1 Brown or not brown: a new type of fat cell 

Brown adipocyte-like multilocular cells, rich in mitochondria and expressing UCP1, were 

observed for the first time in white adipose tissue (WAT) depots of cold exposed mice 

(Young et al., 1984). Subsequent studies confirmed this and further showed that the 

phenotype change is reversible, i.e. when mice are returned to a warmer environment, 

UCP1 expression is reversed and with time becomes undetectable (Cousin et al., 1992; 

Lončar, 1991). These findings led to the definition of “the convertible adipocyte” or “the 

masked brown adipocyte” (Himms-Hagen et al., 2000) which has the phenotypical and 

biochemical properties of a white adipocyte with the potential to acquire phenotypical 

and biochemical characteristics typical of a brown adipocyte. These brown adipocyte-

like cells can also appear in muscle tissue after chronic cold exposure or β-adrenergic 

stimulation (Almind et al., 2007). A lineage tracing experiment revealed that classical 

brown adipocytes, exemplified by the interscapular depots of rodents, are derived from 

a myogenic factor 5 (myf-5) positive muscle like cellular lineage, while „„brown-like‟‟ cells 

within inguinal and epididymal fat depots are not (Seale et al., 2008). Furthermore, 

chronically treating primary cultures of epididymally-derived white adipocytes with the 

potent peroxisome proliferator-activated receptor gamma (PPARγ) ligand rosiglitazone 

resulted a subset of “white” adipocytes acquired brown-like phenotype but lacked 

expression of certain classical brown-adipocyte genes (Petrovic et al., 2010). To classify 

these unique fat cells, Petrovic et al., named them brite (brown in white) adipocytes, 

while Ishibashi et al., called them beige adipocytes (Ishibashi and Seale, 2010).  To 

further characterize these cells, Spiegelman and colleagues established clonal cell lines 

from the mouse inguinal fat depot and found that some resemble white fat cells in 

having extremely low basal expression of Ucp1, but, like classical brown adipocytes, 

they respond to cyclic adenosine monophosphate (cAMP) stimulation with high Ucp1 

expression and respiration rates (Wu et al., 2012). In addition, these brite cells show a 

unique gene expression profile that can distinguish themselves from brown and white 
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cells (Wu et al., 2012). These data clearly demonstrated that brite adipocytes are similar 

to classical brown adipocytes but not exactly identical. Thus, they constitute a new type 

of fat cell. 

1.2.2 Multiple origins 

The developmental origin of brite cells is currently under debate. Two hypotheses for 

the recruitment of brite cells in WAT have been proposed. The first one is referred to as 

transdifferentiation of mature white adipocytes into brite adipocytes. This hypothesis is 

mainly based on the observations that  (1) the total number of adipocytes (white plus 

brite) in a given WAT depot does not change after adrenergic stimulation (cold 

exposure), whereas the proportion of brite adipocytes significantly increases (Barbatelli 

et al., 2010); (2) the newly emerging brite adipocytes in WAT following β3-adrenergic 

stimulation are bromdeoxyuridine (BrdU, a pyrimidine analogue of thymidine, selectively 

incorporated into newly synthesized DNA) negative, indicating a low mitotic index 

(Himms-Hagen et al., 2000); (3) the process of brite cells recruitment under cold 

exposure and β3-adrenergic agonist treatment is really fast with increases in Ucp1 

mRNA in retroperitoneal fat evident as soon as 3h and with maximal levels occurring 

after 48h (Kozak and Koza, 2010). A recent lineage tracing study by employing two 

transgenic mouse lines allowing for either transient or permanent labeling of UCP1-

expressing cells demonstrated that activated brite cells can reenter a white adipocyte-

like mode (whitening) (Rosenwald et al., 2013). When the cold stimulation ceases, a 

large portion of whitened (former brite) adipocytes can be stimulated to undergo re-

britening in a second round of cold stimulation (Rosenwald et al., 2013). This study 

provides the first direct evidence of a bidirectional interconversion process within white 

adipose tissue and corroborates the transdifferentiation hypothesis. It is tempting to 

speculate that those cells undergoing transdifferentiation might be pre-existing, 

unstimulated brite cells. The cells have a unilocular morphology in the basal state, but 

upon stimulation transform into multilocular cells. This phenotypic “transdifferentiation” 

may be one of the unique features of brite cells enabling energy storage at rest while 

upon stimulation energy is combusted. 
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The second hypothesis involves de novo differentiation from existing progenitor cells. 

For example, sorted precursors such as Sca-1+/CD45-/Mac1- (referred as ScaPCs; 

Schulz et al., 2011) and PDGFRa+/CD34+/Sca-1+ (referred as PDGFRa+ cells; Lee et 

al., 2012) have been suggested to possess brite adipogenic potential. This hypothesis 

has been further strengthened by recent studies of cloned progenitors derived from 

subcutaneous adipose tissue, which identified a subset of precursor cells that can give 

rise to brite cells with low basal and high inducible level of Ucp1 expression similar to 

classical brown fat cells after stimulation (Wu et al., 2012; Wu et al., 2013).  

In any case, anatomical location is of importance in the origin of brite cells, as brite cells 

in inguinal fat are not descendent of a myf5-expressing progenitor (Seale et al., 2008), 

while most of the brite cells in retroperitoneal WAT arise from the myf5-lineage, 

indicating divergent ontogeny of brite cells in different fat depots (Sanchez-Gurmaches 

et al., 2012). 

Furthermore, even within a single depot, heterogeneity of brite cells may exist. For 

example, Long et al. identified a population of brite adipocytes in iWAT depot that are 

derived from cells positive for smooth muscle marker myosin heavy chain 11 (Myh11), 

indicating a smooth muscle-like origin (Long et al., 2014). Nevertheless, within the iWAT 

depot, not all of the UCP1 positive cells were Myh11 positive, demonstrating the 

heterogeneous origins of brite adipocytes even within a single depot. 

In short, both transdifferentiation and de novo differentiation have been substantiated by 

experimental evidence. It remains to be clarified which mechanism is the dominant 

means of brite recruitment. Furthermore, the developmental lineages still need to be 

further characterized. 

1.2.3 Abundance of brite cells is specific for fat depot and mouse strain 

A large accumulation of brite cells can be found in the subcutaneous inguinal adipose 

tissue (iWAT), but is rather seldomly observed in epididymal (eWAT)/perigonadal 

adipose tissue. The rank order of brite cell abundance is iWAT>retroperitoneal WAT 

(rpWAT)>eWAT (Kozak and Koza, 2010). The propensity to accumulate brite cells 

differs not only among WAT depots but also among inbred mouse strains. Mice of some 
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strains, such as C57BL/6J (B6), are highly resistant to the induction of brite adipocytes 

by adrenergic stimulation, whereas others, such as A/J and 129/SvJ, are very sensitive 

in iWAT and rpWAT (Kozak and Koza, 2010). It is not clear whether the differences are 

caused by cell-extrinsic cues (such as innervation, hormones, cytokines, etc.) or by cell-

intrinsic properties. A recent study describes that PRDM16 is selectively expressed in 

subcutaneous white adipocytes in comparison to other white fat depots in mice, 

suggesting that this transcription factor could act as a determinant of browning 

propensity among fat depots (Ohno et al., 2012; Seale et al., 2011). It is also possible 

that the presence and/or abundance of brite precursor cells vary among different white 

fat depots. For the depots more resistant to “browning” (such as eWAT), brite cell and/or 

precursor cells may be less abundant under basal conditions, precursor cells may have 

to go through a proliferation step before robust browning can take place (Wu et al., 

2012). This notion is consistent with the observations that most UCP1 positive cells 

(UCP1+) in eWAT are derived by the induction of brown adipogenesis from progenitors, 

whereas the upregulation of UCP1 expression in iWAT involves the conversion or 

“transdifferentiation‟‟ of existing white adipocytes (or quiescent brite cells with a similar 

appearance) (Lee et al., 2012).  

A similar scenario may be true for the strain-specific difference. For example, iWAT and 

rpWAT of mouse strains prone to browning such as A/J and 129/SvJ may have more 

brite progenitors compared to the depots of resistant mouse strains such as B6 

(Chapter 5). From another point of view, the variations of Ucp1 induction in white fat 

depots among inbred strains provide us a genetic system to identify genes critical for 

the induction of brite cells in white fat depots. Kozak and colleagues have already taken 

advantage of this genetic system and tried to identify genes controlling Ucp1 induction 

in white fat (Koza et al., 2000; Xue et al., 2005). By analysis of quantitative trait loci 

(QTL) that control variation in Ucp1 expression in the retroperitoneal white fat depot of 

A/J and B6 parental strains and selected AXB recombinant inbred strains, they show 

that four QTLs on chromosomes 2,3,8 and 19 have a strong linkage with levels of Ucp1 

mRNA (Koza et al., 2000). The levels of Ucp1 mRNA in A/J and B6 mice after cold 

exposure for 7 days are determined by a minimum of nine QTLs on eight chromosomes 

(Xue et al., 2005). Nevertheless, the identity and function of the QTLs remain to be 
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determined, since the DNA regions identified as QTLs are still so large that they harbour 

more than one gene. Furthermore, given the multiple developmental origins of brite cells 

(most of the brite cells in rpWAT arise from a Myf5 positive lineage, while brite cells in 

iWAT are descendent from a Myf5 negative progenitor), we cannot assume that the 

QTLs found associated with the control of Ucp1 mRNA levels in retroperitoneal fat are 

also controlling Ucp1 in other depots, especially the iWAT and gWAT. Therefore the 

molecular basis of the strain-specific differences in Ucp1 induction in white fat still 

needs to be further characterized by using state-of-art approaches such as next 

generation sequencing (RNA-seq) (Chapter 6). 

1.2.4 Brite recruitment and molecular controls 

1.2.4.1 Postnatal development 

Brown and white fat are believed to originate from different developmental lineages and 

the transcriptional control of their development is an area of active research. During 

postnatal development of the retroperitoneal fat depot a majority of adipocytes acquire a 

multilocular and UCP1 positive phenotype between 10 and 30 days of age followed by 

the loss of multilocularity and reemergence of unilocular by 2 months of age (Xue et al., 

2007). During this transient emergence, the magnitude of Ucp1 expression in rpWAT is 

different between B6 and A/J mice while in iBAT it is not, suggesting that the 

developmental mechanisms for the two types of UCP1+ cells are fundamentally 

different. Up to now, neither the transcriptional control nor the physiological function of 

this postnatal brite cell recruitment is known. For the recruitment, it is of interest to test 

whether the transient induction is associated with hormonal regulators such as leptin or 

fibroblast growth factor 21 (Fgf21). Especially, it has been shown that there is a 

postnatal leptin surge, the time course of which is similar to the transient induction of 

brite cells (Ahima et al., 1998). Concerning the physiological function aspect, 

thermogenesis seems to be unlikely, since the appearance of brite cells in WAT does 

not coincide with the postpartum thermogenic requirements of the mouse when animals 

have already developed a coat of fur. This speculation could be further tested by raising 

animals under thermoneutral conditions, i.e. at a temperature at which an animal does 

not have to produce heat to maintain body temperature. Another physiological 
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significance of postnatal browning could be metabolic reprogramming, i.e. perturbations 

of energy balance during early development that cause cellular, molecular, and 

biochemical adaptations that affect physiology and metabolism in adulthood (Ozanne 

and Hales, 2004). Previous work from our lab demonstrates that postnatal browning 

attenuates WAT expansion locally (Lasar et al., 2013). A study by Kozak‟s group 

showed that the transient induction of brite cells could be strongly suppressed by under-

nutrition from birth to weaning as determined by Ucp1 expression analysis, however, 

this attenuation had no long-term effects on either diet-induced obesity or cold-induced 

thermogenesis in adult mice (Kozak et al., 2012). This study questioned the 

physiological importance of brite adipocytes induction during postnatal development. 

Nevertheless, the brite cells could develop into a masked mode without Ucp1 

expression. An optimal experimental model to determine the function of brite adipocytes 

in white fat depots would be to generate mice in which UCP1/brown adipocytes are 

selectively inactivated in white fat depots. At present, such a model has not been 

created.  

1.2.4.2  Cold exposure and pharmacological β3-adrenergic stimulation 

The appearance of small numbers of brown-like adipocytes in white fat depots has been 

observed in many species (mice, rats, dogs and cats) after cold exposure or treatment 

with β3-adrenergic agonists (Li et al., 2013). For example, cold exposure of female 

BALB/c mice results in expression of the brown adipocyte marker UCP1 in parametrial 

white adipose tissue. A similar phenomenon has been observed in mesenteric, 

epididymal, retroperitoneal, inguinal, periovarian, intermuscular adipose tissue depots 

upon exposure to cold or to treatment with a β-adrenoceptor (AR) agonist (Cousin et al., 

1992). This kind of recruitment seems to be primarily mediated by the sympathetic 

nervous system through the β3-AR and is blunted in β3-AR knockout mice (Jimenez et 

al., 2003). Furthermore, it is reversible in mice returned to a warmer environment, in 

which UCP1 expression is reversed and with time becomes undetectable (Lončar, 

1991). It is also under complex genetic control, as the β3-AR agonist-induced 

appearance of brown adipocytes in WAT varies considerably from one mouse strain to 

another (Kozak, 2011; Kozak and Koza, 2010). Mechanisms downstream of β3-AR  
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most likely involve cAMP-dependent protein kinase A (PKA) activation and 

phosphorylation of downstream PKA targets including p38 MAPK, resulting in the 

activation of specific transcription factors and cofactors, notably PGC-1α (Lowell and 

Spiegelman, 2000). Since β3-AR is ubiquitously expressed in adipocytes but not all 

adipocytes can express Ucp1, the mechanisms that selectively equip some white 

adipocytes with the capacity to express Ucp1 in response to an adrenergic signal 

remain unknown. 

1.2.4.3 Immune cells as determinants of brite adipocytes recruitment 

The first hint of immune cells involved in regulating thermogenesis comes from 

observation by Ajay Chawla and colleagues (Nguyen et al., 2011). They demonstrate 

that macrophages in brown and white fat of cold-exposed mice undergo a clear shift 

towards alternative activation, which secrete catecholamine locally to amplify adrenergic 

tone to coordinate thermogenic response, while lacking of alternatively activated 

macrophages results in striking thermogenic defects (Nguyen et al., 2011). Upstream of 

this process, cold exposure stimulated activation of eosinophils that produce the type 2 

cytokines interleukin 4 (IL-4) in adipose tissue, leads to alternative activation of 

macrophages (Qiu et al., 2014). Expression of tyrosine hydroxylase, the rate-limiting 

enzyme in the synthesis of catecholamine, and catecholamine production was 

increased in these macrophages, which finally led to browning of adipose tissue (Qiu et 

al., 2014). Similarly, but using a completely independent approach, Spiegelman and 

colleagues found that Meteorin-like (METRNL), a circulating hormone that is induced in 

muscle after exercise and in adipose tissue upon cold exposure, promotes browning 

through the same immune signaling pathways: METRNL stimulates an eosinophil-

dependent increase in IL-4 expression and promotes alternative activation of adipose 

tissue macrophages (Rao et al., 2014). These two studies clearly highlight the important 

roles of eosinophils and alternatively activated macrophages in the induction of 

browning. In this scenario, it is highly probable that factors promoting and maintaining 

eosinophils and alternatively activated macrophages will also promote browning. This is 

exactly the case for group 2 innate lymphoid cells (ILC2s), which have been identified 

as a major innate producer of interleukin (IL)-13 and IL-5 to sustain eosinophils and 
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alternatively activated macrophages, in response to IL-25 and IL-33 stimulation. Very 

recently, two groups independently reported that treatment of recipient mice with IL-33 

induces browning in an ILC2s dependent manner (Brestoff et al., 2014; Lee et al., 2015). 

Mechanistically, while one group showed that ILC2 activation results in the proliferation 

of bipotential adipocyte precursors (APs) and their subsequent commitment to the brite 

fat lineage via IL-4 receptor (Il4ra) signaling (Lee et al., 2015), the other group 

demonstrated that ILC2s seem to induce browning by producing methionine-enkephalin 

peptides that can act directly on adipocytes to upregulate Ucp1 expression in vitro and 

that promote browning in vivo, independently of eosinophils or IL-4 receptor signaling 

(Brestoff et al., 2014). The reasons for these discrepancies are currently unknown, but it 

seems likely that both mechanisms are involved, since IL-33 can still induce a certain 

degree of  browning in Il4ra−/− mice. Taken together, the development of brite adipose 

tissue is mediated by innate immune cells and molecules. Nevertheless, both the 

signaling cascades linking cold challenge and innate immunity activation and the 

cellular sources of IL-33 are still illusive.  

1.2.4.4  PPARγ activation promotes brite adipocytes recruitment  

The effects of peroxisome proliferator–activated receptor (PPAR) agonists on brown 

cells recruitment demonstrate the existence of a pathway that is not dependent on 

adrenergic stimulation (Petrovic et al., 2008). In fact, several studies have reported that 

exposure of white adipocytes in cell culture or in vivo to PPARγ agonists induce a 

“browning” of white cells (Ohno et al., 2012; Petrovic et al., 2010). PPARγ is considered 

to be a ligand-activated nuclear receptor with essential roles in adipogenesis, glucose 

and lipid homeostasis and inflammatory responses (Ahmadian et al., 2013). Upon 

ligand binding, PPARγ forms a heterodimer with the retinoic acid receptor (RXR) and 

controls the expression of genes that have PPAR response elements (PPRE) 

(Ahmadian et al., 2013). This transcription factor is further regulated by known 

coactivators such as CREB binding protein (CBP)/p300, the steroid receptor coactivator 

(SRC) family, thyroid hormone receptor-associated protein 220 (TRAP220), PGC-1α, 

PR domain containing 16 (PRDM16) and corepressors such as silencing mediator of 

retinoid and thyroid hormone receptors (SMRT), nuclear receptor corepressor (NCoR), 
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and receptor-interacting protein 140 (RIP140) (Powell et al., 2007). Although the 

browning effect of PPARγ agonists is well established, the molecular mechanisms 

involved are still not clear. Mechanisms such as stabilization of PRDM16 protein (Ohno 

et al., 2012), and posttranslational modifications of PPARγ (deacetylation, 

desumoylation) activity seem to be involved (Qiang et al., 2012). In addition, whether 

the antidiabetic effects of PPARγ agonist depends on the browning effects on adipose 

tissue are still not clear. 

1.2.4.5 Transcriptional control 

Many studies with transgenic and gene knockout (KO) mouse models have described 

the induction of brite adipocytes in white fat depots (for review, see Harms and Seale, 

2013 and Wu et al., 2013). Given that the most notable physiological factor leading to 

browning is cold exposure, some of the browning results reported may be secondary to 

increased heat loss caused by the genetic modification (Nedergaard and Cannon, 2014).   

Among the reported regulators, PRDM16, PPARγ and PGC-1α are considered to be the 

three main transcriptional regulators, since others exert their effects mainly through 

binding, interacting, activating or inhibiting these three. PRDM16 is regarded as the first 

transcriptional regulator that is absolutely required to promote the differentiation of 

brown/brite adipocytes, which has been demonstrated by both loss and gain of function 

studies. Expression of PRDM16 in undetermined fibroblasts or committed white 

preadipocytes drives a robust program of brown adipogenesis, while knocking down 

PRDM16 in preadipocytes isolated from brown adipose tissue leads to formation of 

myotubes in primary cell culture (Seale et al., 2008). An essential role of PPARγ and 

PGC-1α in brown/brite adipogenesis has been questioned. For example, 

overexpression of PPARγ leads to white adipogenesis (Sugii et al., 2009) and knockout 

of PGC-1α lacks effect on brown adipogenesis (Kleiner et al., 2012). A recent study 

describes that PRDM16 is selectively expressed in subcutaneous white adipocytes in 

comparison to other white fat depots in mice, suggesting that this transcription factor 

could act as a determinant of browning propensity among fat depots (Seale et al., 2011). 

Nevertheless, whether PRDM16 determines the "browning" capacity of white fat among 

inbred mouse strains is unknown. 
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Besides transcriptional factors and cofactors, noncoding RNAs emerge to play a role in 

brown and brite adipogenesis. Several microRNAs have been identified to regulate 

brown adipocyte determination, differentiation and uncoupling (Trajkovski and Lodish, 

2013; Zhou and Li, 2014). Long noncoding RNAs (lncRNAs) also play a role in 

adipocyte differentiation (Sun et al., 2013). lncRNAs are a unique class of transcripts 

that share similarities with mRNA with regard to their transcriptional regulation and 

biogenesis but lack functional open reading frames and thus are not predicted to 

encode proteins (Geisler and Coller, 2013). Notably, a lncRNA named brown fat lncRNA 

1 (Blnc1) recently was identified to promote brown and brite adipocyte differentiation 

and function (Zhao et al., 2014). Whether noncoding RNAs are crucial players in 

differential browning capacity of white fat between inbred mouse strains remains largely 

unexplored. 

1.2.5 Functional significance of brite adipocytes 

The functional significance of brite adipocytes is an urging question that has yet to be 

compellingly clarified even in rodents (Peirce et al., 2014). This is largely because it is 

difficult to experimentally distinguish the contribution of brite adipocytes from that of 

brown adipocytes. Many factors that recruit and activate brite adipocytes also recruit 

and activate brown adipocytes. Perhaps the most important unresolved issue is whether 

brite adipocytes are relevant for systemic thermogenic physiology and whether the 

metabolic benefits of brite adipocyte recruitment is contributed by its thermogenic 

function. 

1.2.5.1 Thermogenic function of brite adipocytes 

UCP1-based thermogenesis in brown adipose tissue was first described in small 

mammals and infants as an adaptation to defend against the cold (Cannon and 

Nedergaard, 2004). When a decreased body temperature triggered by cold exposure is 

sensed by the hypothalamus, catecholamines are released from the sympathetic 

nervous system, which activates adrenergic receptors of brown adipocytes and in turn 

stimulate the cAMP-dependent protein kinase PKA, leading to phosphorylation of 

hormone sensitive lipase (HSL) and thereby increased lipolysis. Free fatty acids (FFAs) 

released by lipolysis overcome the constitutively inhibitory effects of cytosolic purine 
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nucleotides (i.e. GDP, GTP, ADP and ATP) on UCP1. Upon activation, UCP1 short 

circuits the electrochemical proton gradient that drives ATP synthesis and thereby 

stimulates electron transport and enhances respiration. Heat is generated from the 

combustion of available substrates and is distributed to the rest of the body through the 

circulation (Klingenspor, 2003). 

Since brite adipocytes also express UCP1, an obvious question is whether brite 

adipocytes have a thermogenic function. Recently, Schulz and coworkers generated a 

mouse model lacking expression of bone morphogenetic protein type 1A receptor 

(BMPR1A) in the cells of myf5 positive lineage, which led to a severe decrease in 

classical BAT mass (Schulz et al., 2013). This in turn increased the sympathetic tone to 

WAT, thereby promoting the formation of brite adipocytes within white fat depots. As a 

result of this compensatory “browning” of adipose tissue, myf5-BMPR1A-KO mice 

displayed normal thermogenic capacity and were resistant to diet-induced obesity 

(Schulz et al., 2013). It should be kept in mind that BMPR1A is also expressed in 

skeletal muscle and it is unknown whether a BMPR1A knockout could also affects 

thermogenic mechanisms in skeletal muscle. In any case, these findings provide the 

first hint that brite cells may possess similar capacities as classical brown cells for 

thermoregulation if maximally stimulated. Isolated mitochondria from inguinal fat depots 

of cold-exposed mice express substantial amounts of UCP1 protein also supporting a 

role for thermogenesis (Shabalina et al., 2013). However, there is a limited amount of 

data directly assessing bioenergetics and thermogenic capability of brite adipocytes 

(Chapter 4).  

1.2.5.2  Metabolic benefits of brite adipocytes 

In many published studies, the browning of WAT is highly correlated with anti-obesity 

effects (improved glucose tolerance, improved insulin sensitive) that happen without 

evidence for an increased BAT function. Whether the metabolic benefits of brite 

adipocyte recruitment are contributed by a thermogenic function is unknown. It is 

possible that brite adipocytes have other roles to control adiposity through 

nonthermogenic mechanisms, for example, through altering the secretome of adipose 

tissue (adipokines). Recently, a BAT-enriched secreted factor neuregulin 4 (Nrg4) was 
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identified, which binds to hepatic cells upon release and attenuates hepatic lipogenic 

signaling and preserves glucose and lipid homeostasis in obesity (Wang et al., 2014). 

Of note, this kind of metabolic benefits is independent of UCP1-mediated 

thermogenesis. This study strongly suggests that brown fat exerts metabolic benefits 

beyond its intrinsic thermogenic function. The same is likely true for brite adipocytes. In 

this scenario, a comprehensive analysis of the secretome of brown and brite adipocytes 

will be extremely informative. 

1.2.5.3 Brite adipocytes in cancer cachexia 

Stimulating the development of brite adipocytes in WAT holds metabolic benefits in the 

context of obesity and diabetes, but appears detrimental to cancer conditions (Kir et al., 

2014; Petruzzelli et al., 2014). Cachexia is a wasting disorder of adipose and skeletal 

muscle tissues that frequently accompanies cancer. The molecular basis of cachexia is 

poorly understood. Recently, two research groups independently show that WAT 

browning represents an early and systemic event in cancer cachexia and contributes to 

the increased energy expenditure and lipid mobilization (Kir et al., 2014; Petruzzelli et 

al., 2014). Proinflammatory cytokine interleukin6 (IL-6) and tumour-derived parathyroid-

hormone-related protein (PTHrP) are responsible for promoting WAT browning. 

Blocking of IL-6 and PTHrP signaling reduce WAT browning and ameliorate the severity 

of cachexia, respectively (Kir et al., 2014; Petruzzelli et al., 2014). Overall, these studies 

reveal the detrimental effects of WAT browning in the context of cancer cachexia. 

Inhibition of WAT browning represents a promising approach to ameliorate the severity 

of cachexia in cancer patients. From another perspective, IL6 and PTHrP may serve as 

powerful browning agents in humans, which warrant further investigation.  

1.3 Brown and brite in humans  

BAT has long been thought to be nonexistent or non-functional in the adult human. Its 

contribution to energy expenditure in adults was not considered relevant. However, 

recent studies using positron emission tomography (PET) scanning have revealed that 

adult humans have several discrete areas of metabolically active BAT (Cypess et al., 

2009; Nedergaard et al., 2007; van Marken Lichtenbelt et al., 2009; Virtanen et al., 

2009). These depots were mainly observed in the supraclavicular, suprarenal, 
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paravertebral and neck regions. Regarding the effect of BAT on energy expenditure, 

Virtanen et al. estimate the size of the supraclavicular BAT depot (both sides included) 

to be 63 g. If this deposit is fully activated over a year, it would burn an energy 

equivalent to about 4.1 kg of adipose tissue and thus would contribute substantially to 

energy expenditure (Virtanen et al., 2009). In this regard, BAT may have a much more 

important role in human metabolism than it was previously thought, emerging as an 

important regulator of whole body energy homeostasis. The amount of BAT (detected 

by PET) in individuals is negatively correlated to age and obesity (Cypess et al., 2009; 

Virtanen et al., 2009). Acute (5-hour) but mild cold exposure in humans led up to a 12-

fold increase in glucose uptake, an increase in energy expenditure, and improved 

insulin sensitivity (Chondronikola et al., 2014), while chronic mild cold acclimation 

resulted in significant recruitment of BAT, leading to an increase in cold induced 

thermogenesis and a decrease in body fat mass, which was proportional to BAT activity 

(van der Lans et al., 2013; Yoneshiro et al., 2013).These results support a 

physiologically significant role for BAT in glucose homeostasis and insulin sensitivity in 

humans and also highlight the notion that BAT may function as an antidiabetic tissue in 

humans (Sidossis and Kajimura, 2015). Even more exciting, although numbers of 

pharmacologic agents aiming to activate human BAT thermogenesis through the βAR 

pathway eventually failed in the past due to either a lack of efficacy or adverse effects 

(Sidossis and Kajimura, 2015), mirabegron, a β3-AR agonist currently approved to treat 

overactive bladder, is demonstrated to be able to acutely stimulate human BAT 

thermogenesis (Cypess et al., 2015), suggesting pharmacological strategies designed 

to activate human BAT thermogenesis and treat obesity are still promising. 

Histological observations of BAT in humans show that brown adipocytes are mixed with 

white adipocytes (Cypess et al., 2009; Zingaretti et al., 2009). Even in the major 

supraclavicular depots the tissue consists of a mixture of brown and white cells 

(Virtanen et al., 2009). It is therefore of interest to determine whether these UCP1-

positive adipocytes are classical brown adipocytes similar to interscapular BAT of 

rodents or they are brite adipocytes in nature. Further detailed molecular 

characterization of human BAT based on molecular markers identified in rodents 

reveals that human supraclavicular BAT consists of white, brown and brite adipocytes 
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(Jespersen et al., 2013). The classic brown adipocytes can be found deep in the neck, 

while brite adipocytes can be found in the fat depot between the superficial white fat and 

the deepest brown fat (Cypess et al., 2013). Currently it is unclear whether the BAT 

observed in the paravertebral region is brown or brite in nature. Taken together, since 

both brown and brite adipocytes exist in humans, the studies of both classical brown 

and brite adipocytes in mice could have important physiological and therapeutic 

implications in humans.  

1.4 Aims of the thesis 

The aim of this PhD thesis was to characterize brown-like adipocytes differentiated in 

primary culture, including thermogenic function analyses using microplate-based 

respirometry, to explore the molecular basis of strain-specific differences in brite 

adipocytes abundance and to perform transcriptome analysis of cultured brite 

adipocytes from five inbred mouse strains to identify putative novel determinants 

governing the potential of brite adipogenesis. 

In chapter 3 (Li et al., 2014a) we reviewed brown and brite adipocytes with a distinct 

evolutionary perspective. While there are other reviews on the general topic, the 

comparative and evolutionary dimensions are largely overlooked by those with an 

essentially exclusive biomedical focus. Particularly, we propose pre-existing brite cells 

in adult mice camouflaged as white-like adipocytes, which go back to postnatal 

development (10-20 days of age). Camouflaged brite cells can be unmasked in 

response to cold exposure, β-3-adrenergic receptor stimulation, and PPARγ agonist 

treatment. Activated brite cells can reenter the camouflage mode when stimulation 

ceases. 

In chapter 4 (Li et al., 2014b) we explored the thermogenic function of brite adipocytes 

using microplate-based respirometry. Of note, we have identified a major pitfall 

associated with established procedures generally applied for this purpose. Based on our 

insight, the functional data on brown adipocyte thermogenesis as published in many 

papers in the recent years must be revisited. By developing a new protocol, we 

reproducibly quantified the UCP1-mediated component of uncoupled respiration in both 
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brown and brite adipocytes as evidenced by comparison of respiration profiles of UCP1 

wild-type and knock-out cells. Employing this protocol, for the first time we show that 

brite adipocytes display a similar thermogenic capacity as classical brown adipocytes. 

In chapter 5 (Li et al., 2014c) we investigated whether strain-specific differences in 

browning capacity can be maintained in in vitro cultures, a situation where extrinsic cues 

such as innervation and circulating hormones are definitely excluded. To achieve this 

goal, we took advantage of the highly variable trait of induction of brite cells in WAT 

between mouse strains (C57BL/6J and 129S6sv/ev). By using the primary culture 

method combined with co-culture strategies and cell transfections, we demonstrated 

that differences in Ucp1 expression both between depots and strains are maintained in 

primary cultures. Further detailed analyses demonstrated that the strain specific 

differences in Ucp1 expression are caused by cell intrinsic trans-acting factors. Taken 

together, these data demonstrate that there are intrinsic differences between 

progenitors from different fat depots and mouse strains which contribute to the 

differential browning propensity of WAT.  

Finally, in chapter 6 (unpublished data) we generated an unbiased quantification of 

transcriptomes by RNA-Seq in undifferentiated precursor cells cultured from the 

stromal-vascular fraction of murine WAT and in fully differentiated primary adipocytes 

(treated with rosiglitazone during differentiation to promote brite adipogenesis) from five 

inbred mouse strains (C57BL6/J (B6), 129S6sv/ev (129), A/J, AKR/J and SWR/J). The 

transcriptome analysis revealed pronounced differences in browning propensities 

across cultures from the five inbred mouse strains, which provides an excellent starting 

point to identify corresponding variation on the transcriptome level. Detailed 

bioinformatics analysis revealed potential transcriptional regulators, essential functional 

components and specific markers of brite adipocytes. 
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CHAPTER 2 Materials and methods  

MATERIALS AND METHODS  
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2.1 Materials 

2.1.1 Chemicals and reagents 

All chemicals and reagents that used in this dissertation were listed below. 

Name Supplier Catalogue Nr. 

100 bp-DNA Ladder Carl Roth T833 

1k bp-DNA Ladder Carl Roth Y014 

3,3',5-Triiodo-L-thyronine sodium salt Sigma-Aldrich T6397 

3-isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich  I5879 

70% Ethanol, denatured Carl Roth T913 

Aceton Carl Roth 9372 

Antimycin A Sigma-Aldrich  A8674 

Bovine serum albumin (BSA) fraction V Carl Roth  8076 

Bovine serum albumin (BSA) Fatty Acid Free Sigma-Aldrich A3803-100G 
Chloroform p.a Carl Roth  Y015.1 

Collagenase A Biochrom C 1-22 

Dexamethason Sigma-Aldrich  D1159 

Dulbecco‟s modified eagle medium (DMEM) high 
glucose 

Sigma-Aldrich  D5796 

DMSO Carl Roth 4720 

Donkey serum Sigma-Aldrich D9663-10ML 

Ethanol 96%, denatured Carl Roth T171 

Ethanol 99.8% p.a Carl Roth 9065 

FCCP Sigma-Aldrich  C2920-10MG 

Fetal bovine serum (FBS) Biochrom S0615 

Fungizone (Amphotericin B) Biochrom A2612 

Gentamycin Biochrom A2712 

Glutamax Life Technologies 35050-061 

Glucose Biochrom HN06 

Hank‟s balanced salt solution (HBSS) w/Mg;Ca Invitrogen 14025-050 

Indomethacin Sigma-Aldrich  I7378 

Insulin solution, human Sigma-Aldrich  I9278-5ML 

Isoproterenol Sigma-Aldrich  I6504-100MG 

Nuclease-free water Qiagen 129114 

Nitrocellulose Li-Cor 926-31092 

Oligomycin Sigma-Aldrich  O4876-5mg 

Penicillin/Streptomycin Biochrom A2212 

Phosphate Buffered Saline (PBS) Tablets Gibco 18912-014 

Sodium pyruvate solution 100 mM Gibco 11360-070 

Rosiglitazone Cayman Chemical 71740 

Sodium Chloride Carl Roth 3957 

SensiMix SYBR no Rox BioLine QT650-20 

TEMED Carl Roth 2367 

TRIsure Bioline BIO-38033 

XF calibrant buffer Seahorse Bioscience 100840-000 
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2.1.2 Equipment, devices and disposables 

Name Supplier Catalogue Nr. 

AxioVert 40 Microscope Zeiss 451207-0000-000 

Confocal microscope FluoView FV10i Olympus  

Eppendorf Research plus 10-100, 8-Channel Eppendorf 3122000035 

Eppendorf Research plus 30-300, 8-Channel Eppendorf 3122000051 

Infinite M200 Microplate reader Tecan 30016056 

HeraCell 240 Heraeus (Thermo Scientific) 51026331 

LI-COR Odyssey Infrared Imaging System Li-Cor Ody-2197 

LightCycler 480 (384 well) Roche Applied Science 5015243001 

Nucleofector II Amaxa (Lonza) AAB-1001 

Mini-PROTEAN Tetra Cell BioRad 165-8000 

Matix Electronic 384 Equalizer Pipette Thermo Scientific 2139-11 

Seahorse XF96 extracellular flux analyzer Seahorse Bioscience  

Trans-Blot SD Semi-Dry Transfer Cell BioRad 170-3940 

Cellculture plates, 6 well Sarstedt 83.3920 

Cellculture plates, 12 well Sarstedt 83.3921 

Transwell cell culture inserts for 6 well plate Corning 3450 

Cell strainer, 40 μM BD Biosciences 352340 

384 well plates, for qPCR 4titude 4ti-0382 

 

2.1.3 Antibodies 

Name Species Supplier Catalogue Nr. 

Primary antibody 

Anti-Actin, cloneC4 Mouse Millipore MAB1501 

PPARγ (H-100) Rabbit Santa Cruz sc-7196 

UCP1 Rabbit Abcam ab10983 

HSP60 Goat Santa Cruz Sc-1052 

Secondary antibody 

Rabbit anti goat IRDye 680 Rabbit Li-Cor 926-32221 

Donkey anti mouse IRDye 800 Donkey Li-Cor 926-32212 

Goat anti Rabbit Alexa Fluor 488 Goat Molecular Probes A-11008 

 

2.1.4 Kits 

Name Supplier Catalogue Nr. 

Amaxa Cell Line Nucleofector Kit V Amaxa (Lonza) VCA-1003 

Dual-Luciferase Reporter Assay System Promega E1960 

Pierce BCA Protein Assay Kit Pierce (Thermo Scientific) PI-23225 

Quantitect Reverse Transcription Qiagen 205313 

SV Total RNA Isolation System Promega Z3105 

Seahorse XF96 fluxPak Seahorse Bioscience 102310-001 

VECTASHIELD mounting Media Vector Labs VEC-H-1200 
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2.1.5 Plasmids 

The 129 3.2kb Ucp1-Luc pGL3 construct was kindly provided by Dr. Robert Koza 

(Maine Medical Center Research Institute). From B6/J BAC DNA (RP23-131G20) we 

amplified the 3.2kb Ucp1-promotor region by PCR utilizing the following primer pair: For: 

GGT ACC GTG CAC ACT GCC AAA TCA TCT CAA A, Rev: GAG CTC CTG CAG AGC 

CAC CTG GGC. To generate a corresponding B6/J reporter which cover exactly the 

same Ucp1 promoter region as 129 we removed the 129 insert from the pGL3 construct 

by KpnI/SacI digest. The KpnI/SacI cut B6/J PCR product was ligated into the pGL3. 

Correctness of the construct was confirmed by DNA sequencing. 

2.1.6 Primers 

Primers were designed using Primer3web (version 4.0.0) to span exon-exon junctions 

to exclude gDNA amplification.  All primers were synthesized by Eurofins Genomics, 

Germany and used at a final concentration of 400nM.  

2.1.7 Animals 

Male mice of the C57BL6/J, 129S6sv/ev, A/J, AKR/J, SWR/J and 129S1/SvImJ (UCP1-

KO mice (Enerback et al., 1997) and wild-type littermates) strains bred at the animal 

facility of Technische Universität München in Weihenstephan, aged 5 to 6 weeks, were 

used to prepare primary cultures of brown and brite adipocytes. All mice were fed a 

regular chow diet (V1124-3 M-Z; ssniff Spezialdiäten GmbH, Germany) ad libitum and 

kept at a room temperature of 23°C ± 1 °C with a humidity of 55% and a 12 h light/dark 

cycle.  

2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Primary cell isolation 

Mice were killed by CO2 exposure. After killing, multiple adipose tissue depots 

(interscapular brown adipose tissue, inguinal and epididymal white adipose tissue) were 

dissected and placed into a petri dish containing prewarmed phosphate buffered saline 
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(PBS) with 1% antibiotics mixture (2:2:1) (Gentamycin, Penicillin/Streptomycin and 

Fungizone). To improve cell yields, the same fat depots from 3-4 mice were pooled. The 

tissues were cut into small pieces and minced using surgical scissors and digested with 

7ml digestion medium (Hank's Buffered Salt Solution (HBSS) containing 1mg/ml 

collagenase, 3.5%BSA and 0.55mM glucose) for 45min (30min for epididymal white 

adipose tissue) at 37°C in an orbital shaker incubator at 120 rpm. To further improve 

digestion efficiency, digestion tubes are vigorously shaken by hand every 10 min. After 

digestion, the homogenate was filtered through a sterilized-250 µm nylon mesh and 

centrifuged at 250g at room temperature to separate stromal vascular fraction (SVF) 

from mature adipocytes.  To complete the separation of the stromal cells from the 

floating adipocytes, tubes were shaken vigorously to thoroughly disrupt the pellet. Cells 

were mixed and centrifuged again at 250g for 5 min and the supernatant was carefully 

removed without disturbing the cell pellet. In some cases, the floating fraction with 

mature adipocytes was collected for further molecular analysis.  The SVF cell pellet was 

re-suspended, washed with 7 ml HBSS containing 3.5%BSA and further centrifuged at 

500g for 5 min. Finally, the pellet was re-suspended in 1ml pre-warmed growth medium 

(see below), passed through a 40 μm cell strainer to obtain single cell suspensions, 

diluted in appropriated volume of culture medium and distributed into either 6-well or 12-

well tissue culture plates or XF96 V3-PS cell culture microplates. 

2.2.1.2  Primary cell cultivation 

The day after seeding, culture medium was removed and cells were washed with 

prewarmed PBS 2-3 times to remove dead cells and debris. Attached cells were 

cultured in growth medium (high-glucose DMEM containing 20% fetal bovine serum and 

1% antibiotics (2:2:1) (Gentamycin, Penicillin/Streptomycin and Fungizone)) until 

confluence. After reaching confluency, induction medium containing 10% fetal bovine 

serum (FBS), 0.5 mM isobutylmethylxanthine, 125 µM indomethacin, 1 µM 

dexamethasone, 850 nM insulin, 1 nM triiodothyronine (T3), 1 µM rosiglitazone was 

added. After 2 days of induction, cells were maintained in differentiation media (10% 

FBS, 850 nM insulin, 1 nM T3 and 1µM rosiglitazone). Media was changed every two 
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days. Cells were harvested after seven days of differentiation. Chronic treatment of 

primary adipocytes with rosiglitazone robustly induced UCP1 expression. 

For conditioned medium and coculture experiments, detailed methods see Chapter 5-

2.2. 

2.2.1.3 Primary cell transfection and luciferase reporter assays 

To transfect primary cells with an Ucp1 promoter luciferase construct (Ucp1-Luc, 3.2Kb), 

an electroporation method using the Amaxa Nucleofector II electroporation system 

(program A-033 and nucleofector kit V, Lonza, Germany) was applied.  Briefly, 

differentiating cells (after 1 day of differentiation) from 2 wells of a 6- well tissue culture 

plate were washed with prewarmed PBS (2ml/well) and trypsinized with 2 ml 

trypsin/EDTA solution (L 2163, Biochrome). Cells were pooled and resuspended in 4 ml 

high-glucose DMEM containing 10% FBS and pelleted by 3 min centrifugation at 300 g. 

Pelleted cells were resuspended in 100 μl electroporation buffer containing 82 μl of 

Nucleofector Solution, 18 μl of supplement and 2 μg DNA (1µg Ucp1-Luc plus 1µg 

pCMV-GL (Gaussia luciferase, co-transfected to normalize for transfection efficiencies 

and cell number), transferred into certified cuvette and electroporated. Following 

electroporation, 500 μl of pre-warmed differentiation medium without antibiotics was 

added immediately to the cuvette for recovery. Cells were transferred and re-plated onto 

2 wells of 12-well tissue culture plate. After 24h, culture medium was changed to 

remove dead cells. Luciferase activity assay was performed at 4 days after transfection 

using the Dual-Luciferase Reporter Assay kit, according to the manufacturer's protocol 

(E1960, Promega).  

Cells were lysed using 250µl 1x Passive Lysis Buffer (PLB) by shaking for 30 min on an 

orbital shaker at room temperature.  After cells were lysed, 20 μL of the cell lysate was 

added to 50 μL LAR II reagent and placed in a luminometer (Sirius L single tube 

luminometer, Berthold Detection Systems) to take an initial reading. Then, 50 μL of Stop 

and Glo Reagent was added to stop firefly luciferase activity and a second reading was 

taken. The Firefly luciferase activity was divided by the Renilla luciferase activity to give 

relative luciferase activity. 
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2.2.2 Molecular biology  

2.2.2.1 Isolation of genomic DNA (gDNA) for genotyping of the UCP1 knockout 

mice 

Mouse tail tips were digested in 200 μl tail-lysis buffer (10mM Tris-HCl, pH 8.3, 50mM 

KCl, 0.45% Nonidet P-40, 0.45% Tween 20) freshly supplemented with 0.2mg/ml 

Proteinase K (Fermentas) at 65 °C and 1000rpm for at least 4h. After digestion, 

Proteinase K was heat inactivated at 95°C for 10min (Proteinase K digests DNA 

polymerase). After inactivation, the lysate is ready to be used in a PCR reaction 

(typically 1µl per reaction). 

For PCR amplification, 1µl of each gDNA sample was added to a 25µl reaction 

containing 12.5μL of 2x Immomix Master Mix (Bioline), 1μL of 10μM forward and 

reverse primers, and 8.5μL nuclease-free water. Thermal cycling parameters were as 

follows: 95°C for 10 minutes; 35 cycles of: 97°C for 10 seconds, 53°C for 15 seconds, 

and 72°C for 20 seconds; 72°C for 3 minutes. PCR products were mixed with 

appropriate amount of 6X DNA loading buffer (10mM Tris pH 7.6, 60mM EDTA, 60% 

Glycerol, 0.2% Orange G) and separated on 1.5% agarose gels, checked for expected 

amplicon size. The estimated sizes were 371bp for wildtype and 198bp for mutant. 

Primer sequences (5´-3´): 

WT Forward: CCCCTGTCAGGTGGGAT 

WT Reverse: CACCCACATTGTCCATGAAG 

Neo Reverse: AGGGGAGGAGTAGAAGGTGG 

 

2.2.2.2 RNA isolation, cDNA synthesis and qPCR 

RNA isolation was performed with a commercial kit, according to the manufacturer´s 

instructions (SV Total RNA Isolation System, Promega) with modifications. Cell lysed in 

1ml of TRIsure (Bioline) (For cells cultured in 12-well plates, 500µL/well of TRIsure were 

used) were further mixed with 200μl Chloroform (TRIsure: Chloroform 5:1), vortexed 

and incubated 2-3min at room temperature (RT).  Further phase separation was 

achieved by centrifugation at 12000g at 4°C for 15 min. After phase separation, RNA 
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remains exclusively in the colorless upper aqueous phase, DNA and proteins are 

sequestered into the interphase phase and green colored phenol-chloroform organic 

phase. The aqueous phase was collected, mixed with 75% ethanol in 

diethylpyrocarbonate (DEPC, 0.1%) water and further purified with spin columns 

provided by the kit according to the manufacturer´s protocol. RNA was finally eluted in 

40μl nuclease-free water. Eluted RNA was stored at -80°C. 

Following isolation, RNA concentration was determined spectrophotometrically using 

the InfiniteM200 NanoQuant (Tecan). 500ng RNA were then subjected to cDNA 

synthesis in a final reaction volume of 10µl containing random hexamer and oligo-dT 

primers and reverse transcriptase using the Quantitect Reverse Transcription Kit 

(Qiagen) according to the manufacturer instructions. cDNA was further diluted 1:10 in 

nuclease-free water and stored at -20°C. 

Quantitative PCR (qPCR) was performed using 1μL of cDNA in a 12.5μL reaction 

containing 6.25μL of 2x SensiMix SYBR Master Mix No-ROX (Bioline), 1μL of 10μM 

forward and reverse primers, and 3.25μL nuclease-free water, in 384 well plates 

(4titude). Thermal cycling and fluorescence detection were performed using Lightcycler 

480 II (Roche). Cycling parameters were as follows: 95°C for 6 minutes; 45 cycles of 

97°C for 10 seconds, 52°C for 15 seconds, 72°C for 20 seconds. Immediately after 

cycling, a melting curve protocol was run to verify that a single product was generated in 

each reaction. Reactions for cDNA samples were performed in triplicate, standard 

reactions were performed in duplicate. Standard reactions containing serial diluted 

pooled cDNA of all samples (Pure, 1:2, 1:4, 1:8, 1:16, 1:32 and 1:64) as a template 

were used to establish a standard curve, from which gene expression levels of samples 

were calculated. The RNA abundance of each gene was normalized to a housekeeping 

gene.  

2.2.2.3 Protein extraction, concentration determination and Western blotting 

For immunological detection, cells were lysed in RIPA buffer (150mM NaCl, 50mM 

Tris·HCl, 1mM EDTA, 1% NP-40, 0.25% Na-deoxycholat). Cell lysis was achieved by 

incubating the cells shaking at 4°C for 15 min. Solubilized proteins were separated from 
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cell nuclei and cellular debris by 15min centrifugation at 14,000g at 4°C. Supernatants 

were transferred to a new tube and used for concentration determination and western 

blotting. 

Protein concentration was determined by the BCA (bicinchoninic acid) assay (Pierce 

BCA Protein Assay Kit, Thermo Fisher Scientific). Assay was performed in 96well 

format (Nunc 96 well plates) according to the manufacturer´s instructions. Protein 

samples were diluted 1:10 to be within the detection range of the assay. BSA dissolved 

in RIPA-buffer (2000μg/ml, 1500μg/ml, 1000μg/ml, 500μg/ml, 250μg/ml and 0μg/ml) 

were used to establish a standard curve. The absorbance at 562nm was recorded using 

Infinite 200 (Tecan) and the protein concentration was determined. 

Lysates (30µg) were resolved by 12.5% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), electroblotted onto a PVDF membrane (Millipore) by 

using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) and probed with either rabbit 

anti-UCP1 antibody (1:10000) or rabbit anti-PPARγ antibody (1:1000), or mouse anti-

Actin antibody (1:10000). Secondary antibodies conjugated to IRDye™ 680 or IRDye™ 

800 (Licor Biosciences) were incubated at a dilution of 1:20000. Fluorescent images 

were captured by an Odyssey fluorescent imager (Licor Biosciences). 

2.2.2.4 Immunocytochemistry 

For detailed methods see Chapter 5-2.6. 

2.2.2.5 RNA-seq 

Transcriptome analysis by next generation sequencing (RNA-Seq) using Illumina HiSeq 

2000 platform (Illumina) was performed by our collaborator Dr. Karol Szafranski of 

Matthias Platzer‟s group at the Fritz Lipman Institute for Age Research (Jena, Germany).  

RNA isolated as described in 2.3.2 from undifferentiated precursor cells cultured from 

the stromal-vascular fraction of murine WAT and fully differentiated primary adipocytes 

(treated with rosiglitazone during differentiation to promote brite adipogenesis) from five 

inbred mouse strains (C57BL/6J, 129S6sv/ev, A/J, AKR/J, and SWR/J) with different 

propensity for brite adipogenesis were used for RNA-seq. Sequencing libraries were 

prepared using the TruSeq RNA Sample Prep kit v2 (Illumina). Libraries from 4 samples 
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were pooled into one sequencing lane and sequenced using a 50-cycle TruSeq SBS Kit 

v3-HS (Illumina), resulting in a depth of >25 million reads/sample. Sequenced tags were 

aligned to the Ensembl 75 transcriptome annotation (NCBI38/mm10 mouse genome) 

using Bowtie 0.12.9 (parameters: „-a --best --strata -S -m 100 --chunkmbs 256 -p 8‟) 

after previous filtering using PRINSEQ-lite 0.20.4 (-custom_params 'A 70%; T 70%; G 

70%; C 70%'  -trim_tail_left 36  -trim_tail_right 36 -lc_method dust -lc_threshold 45 -

min_gc 1 -out_format 3) and adaptor removal using cutadapat 1.5 (parameters -m36 -

q20). Transcript quantification was performed using mmseq-1.0.8 (default). ” All graphs 

and statistical tests were performed in R 3.0.2 and Bioconductor 2.13 using the 

packages pheatmap, gplots, topGO, Reactome and limma. Differential expression was 

assessed with the limma-voom pipeline, using a BH-adjusted p-value of 0.01 and a fold-

change of 2 as cutoffs.   

2.2.3 Respirometry 

Oxygen consumption rate (OCR) was measured at 37°C using an XF96 extracellular 

flux analyzer (Seahorse Bioscience). Sensor cartridges were pre-incubated overnight 

with 200 μl of XF96 calibrant buffer at 37 °C in a room air incubator. At day 7 of 

differentiation, cells were washed once with prewarmed, unbuffered measurement 

solution (DMEM basal medium supplemented with 25 mM glucose, 2 mM sodium 

pyruvate, 31 mM NaCl, 2 mM GlutaMax and 15 mg/l phenol red, pH 7.4) (basal assay 

medium) and then the medium replaced with fresh assay medium with or without 

essentially fatty acid free bovine serum albumin (BSA), and incubated at 37°C in a room 

air incubator for 1 h. The drug injections ports of the sensor cartridges were loaded with 

the assay reagents at 10X in basal assay medium (no BSA). Basal respiration was 

measured in untreated cells. Coupled respiration was inhibited by oligomycin treatment 

(5 µM). UCP1 mediated uncoupled respiration was determined after isoproterenol (0.1-1 

μM) stimulation. Maximum respiratory capacity was assessed after FCCP (Sigma-

Aldrich) addition (1 μM). Finally, mitochondrial respiration was blocked by antimycin A 

(Sigma-Aldrich) (5 μM) treatment and the residual OCR was considered non-

mitochondrial respiration. Oxygen consumption rates were automatically calculated by 

the Seahorse XF-96 software. Data were exported and reconstructed in GraphPad 
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Prism 6.0 software. After completion of an assay, the microplate was saved and protein 

was isolated for UCP1 phenotyping. Each experiment was repeated at least 3 times 

with similar results. 

The following table was used to program the Mix, Wait, Measure and Injection protocol. 

Protocol A for general cell respiration Protocol B for UCP1 activity 

   1-Calibrate probes                1- Calibrate probes 

   2-Equilibrate 12min*                2-Equilibrate 12min* 

   3-Loop 3 times  

     4-(1-2-3)Mix 2min 

     5-(1-2-3)Measure 5 min 

  3-Loop 3 times 

     4-(1-2-3)Mix 2min 

     5- Time Delay of 2 min 

                  6-(1-2-3)Measure 3 min 

   6-Loop end                 7-Loop end 

   7-Inject A  20µl                 8-Inject A 20µl 

   8-Loop 3 times 

     9-(4-5-6)Mix 2min 

     10-(4-5-6)Measure 5 min 

   9-Loop 3 times 

     10-(4-5-6)Mix 2min 

      11- Time Delay of 2 min 

                  12-(4-5-6)Measure 3 min 

   11-Loop end                13-Loop end 

   12-Inject B 22µl                14-Inject B  22µl 

   13-Loop 3 times 

     14-(7-8-9)Mix 2min 

     15-(7-8-9)Measure 5 min 

  15-Loop 5 times 

      16-(7-8-9-10-11)Mix 2min 

      17- Time Delay of 2 min 

                   18-(7-8-9-10-11)Measure 3 min 

   16-Loop end                19-Loop end 

   17-Inject C  24µl                20-Inject C   24µl 

   18-Loop 3 times 

     19-(10-11-12)Mix 2min 

     20-(10-11-12)Measure 5 min 

              21-Loop 3 times 

     22-(12-13-14)Mix 2min 

     23- Time Delay of 2 min 

                         24-(12-13-14)Measure 3 min 

   21-loop end                      25-Loop end 

   22-Program end                      26-Inject D  26µl 
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    27-Loop 3 times 

     28-(15-16-17)Mix 2min 

     29- Time Delay of 2 min 

                        30-(15-16-17)Measure 3 min 

                      31-Loop end 

                      32-Program end 

*Default Equilibrate command consists of 2 min Mix, 2 min Wait repeated 3X 

 

2.2.4 Statistics 

All values are presented as means ± SEM. Significant differences were assessed by 

two-tailed Student‟s t test for single comparisons or Two-way ANOVA when two or more 

groups were compared (Prism 6.0 software). A p value < 0.05 was considered a 

statistically significant difference.  
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CHAPTER 3 White, brite, and brown adipocytes: the evolution and function of a heater organ in mammals 

White, brite, and brown adipocytes: the evolution and function of a 

heater organ in mammals 

 

Can. J. Zool. 92(7): 615-626, 2014  
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CHAPTER 4 Taking control over intracellular fatty acid levels is essential for the analysis of thermogenic function in cultured primary brown and brite/beige adipocytes 

Taking control over intracellular fatty acid levels is essential for the 

analysis of thermogenic function in cultured primary brown and 

brite/beige adipocytes 

 

EMBO Rep. 15:1069-1076, 2014  
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CHAPTER 5 Intrinsic differences in BRITE adipogenesis of primary adipocytes from two different mouse strains 

Intrinsic differences in BRITE adipogenesis of primary adipocytes 

from two different mouse strains 

 

Biochim Biophys Acta. 1841(9):1345-52, 2014  
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CHAPTER 6 Transcriptome analysis (RNA-Seq) of primary cultured adipocytes from five inbred mouse strains 

Transcriptome analysis (RNA-Seq) of primary cultured adipocytes 

from five inbred mouse strains  
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6.1 Introduction 

In chapter 5, by taking advantage of the comparison between two inbred strains 

(129S6sv/ev vs C57BL/6J), we reported that the strain- and depot-specific differences in 

brite adipogenesis observed in vivo were pheno-copied in primary cultures in vitro. It 

was further concluded that, beyond systemic cues such as innervation and hormone 

levels, cues intrinsic to the progenitor cells contribute to differential brite adipogenesis. 

Detailed analyses demonstrated that these cues are independent of autocrine/paracrine 

mechanisms and genetic variation in the Ucp1 gene but rather depend on trans-acting 

factors. Transcript levels of obvious candidates, such as PPARγ, PGC-1α and PRDM16, 

which are well-known transcriptional regulators of Ucp1, did not reveal strain differences 

in gene expression coinciding with the differential Ucp1 expression, indicating other 

undefined determinants must play critical roles in governing the potential of brite 

adipogenesis (Li et al., 2014c). Therefore, the intrinsic strain-specific difference in brite 

adipogenesis provides an excellent starting point to identify corresponding variations at 

the transcriptome level.  

To achieve this goal, the transcriptomes of undifferentiated precursor cells cultured from 

the stromal-vascular fraction of murine inguinal WAT and of fully differentiated primary 

adipocytes (treated with rosiglitazone during differentiation to promote brite 

adipogenesis) were probed in five inbred mouse strains (C57BL/6J, 129S6sv/ev, A/J, 

AKR/J, and SWR/J) (Table 1).  

Table 1: List of 33 biological samples subjected to RNA Sequencing (RNA-Seq) analysis. RNA was 

extracted from primary preadipocytes (preconfluent and undifferentiated) and adipocytes (fully 

differentiated) grown from the stromal vascular fraction of murine WAT. From each condition three RNA 

samples were subjected to RNA-seq. 

Sample 
No. 

Inbred 
strain 

RNA  
Source 

Experimental 
condition 

Treatment 

1-3 C57BL/6J primary cells undifferentiated 
(B6-undiff-R1-3) 

none 

4-6 C57BL/6J primary cells fully differentiated 
(B6-diff-R1-3) 

rosiglitazone 

7-9 A/J primary cells undifferentiated 
(AJ-undiff-R1-3) 

none 

10-12 A/J primary cells fully differentiated 
(AJ-diff-R1-3) 

rosiglitazone 

19-21 SWR/J primary cells undifferentiated 
(SWRJ-undiff-R1-3) 

none 
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22-24 SWR/J primary cells fully differentiated 
(SWRJ-diff-R1-3) 

rosiglitazone 

25-27 AKR/J primary cells undifferentiated 
(AKRJ-undiff-R1-3) 

none 

28-30 AKR/J primary cells fully differentiated 
(AKTJ-diff-R1-3) 

rosiglitazone 

13-15 129S6 primary cells undifferentiated 
(129SV-undiff-R1-3) 

none 

31-33 129S6 primary cells fully differentiated 
(129SV-diff-R1-3) 

none 

16-18 129S6 primary cells fully differentiated 
(129SV-diffnorosi-R1-3) 

rosiglitazone 

 

6.2 Quality analysis of RNA-Seq data 

After sequencing quality control of the sequence reads was performed. All our samples 

delivered more than 20 million raw reads, even after filtering based on quality and 

adaptor contamination (Figure 1A and B). Among all the reads of each sample, more 

than 80% were aligned to the reference transcriptome (Figure 2A and B). Non-specific 

matches (reads mapped more than 100 loci) were less than 0.021% (Figure 2A and B). 

The correlation coefficients (Spearman‟s rho) of gene expression between biological 

replicates were above 0.90, indicating that the RNA-Seq data are highly reproducible 

(Figure 3). This was further confirmed by the similarity of the overall distributions of 

gene expression values (measured as log Fragments Per Kilobase of transcript per 

million fragments mapped (FPKM)) (Figure 4A) and the number of expressed genes (~ 

13,000 at a >= 1 FPKM cutoff) per sample (Figure 4B). Together, these results clearly 

show that the obtained RNA-Seq data are of high quality and form a firm basis for 

further analysis. 

6.3 Transcriptome analysis (RNA-Seq) reveals pronounced differences in 

browning propensities across cultures from the five inbred mouse strains 

The RNA-Seq data revealed pronounced differences in browning propensities across 

cultures from the five inbred mouse strains, as judged by normalized transcript 

abundance of Ucp1 and validated by qPCR analysis (Figure 5). Surprisingly, we found 

that primary inguinal adipocyte cultures from the obesity-resistant SWR/J mouse strain 

had the lowest Ucp1 expression, while primary cultures from the obesity-prone AKR/J 
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mouse strain have an expression level comparable to cultures from other obesity- 

resistant mouse strains such as A/J and 129. Since the browning phenomenon in 

SWR/J and AKR/J mice in vivo are less studied, it is currently not clear whether the in 

vitro data reflect the in vivo situation. Regardless, the phenotypic variation among 

mouse strains provides a genetic system to identify corresponding variations on the 

transcriptome level. In this transcriptome data set we started to seek for gene 

transcripts associated with browning across five different genomic backgrounds. 

 

 Figure 1. Total number of reads obtained from the sequencer in all samples before (A) or after filtering 

(B). All samples have total raw reads number above 20 million, even after filtering. 
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6.4 Identification of genes associated with browning 

We have used two basic strategies for the identification of genes that may play a role in 

the induction of brite adipogenesis. The first strategy is based on our observation that 

primary cultures derived from A/J, AKR/J and 129Sv mice have high browning 

propensities, thus genes significantly up or down regulated upon differentiation across 

all three mouse strains should be relevant to browning. To probe these genes, we first 

screened all the differentially expressed genes upon adipogenesis using a false 

discovery rate (FDR, Benjamini-Hochberg adjusted P value) =<0.01 and a fold change 

(FC) >=2 across three mouse strains (A/J, AKR/J and 129Sv) (Figure 6). As a result, we 

found that ~1,680 genes were up regulated, while ~1,223 genes were down regulated. 

Notably, in differentiated samples, 129 cells without rosiglitazone treatment during 

differentiation formed a cluster with SWR/J cells corresponding to their low level of 

browning (Figure 6). 

 

 

Figure 2. Total number of reads mapped to the reference transcriptome (A) and their relative fraction 

compared to total reads (B). 
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Figure 3. Hierarchically clustered heatmap based gene expression similarities of all analyzed samples (Spearman‟s rho of log FPKM values). 

Biological replicates cluster together and show particularly high correlation (>=0.94) in the differentiated states. Differentiated and undifferentiated 

samples form separate clusters, irrespective of the strains, suggesting a strong effect of the differentiation on the transcriptome.
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Figure 4. Boxplot distribution of the logFPKM expression values (A) and numbers (Nr.) of genes with 

FPKM value above 1.0 (B) in all 33 samples. 

Figure 5. Transcriptome analysis (RNA-Seq) of primary cultured adipocytes from five inbred mouse 

strains revealed differential browning propensity as judged by Ucp1 expression (N=3). (A) pronounced 

differences in browning propensities across cultures from the five inbred mouse strains as judged from 

normalized transcript abundance of Ucp1, which was further verified by qPCR analysis (B). The 

transcriptome profiles provide an excellent resource to identify transcripts associated with the inter-strain 

variation of Ucp1 expression. 
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Our second strategy focused on gene transcripts for which differences in transcript 

levels across strains correlated with the respective difference in Ucp1 expression. In 

total, we found ~1,977 genes that showed a significant positive and ~2,200 genes a 

significant negative correlation with Ucp1, at Spearman's rank correlation coefficients 

(rho) >=0.8 and p=<0.01 (Figure 7). 

 

Figure 6. Heatmap showing expression levels of genes significantly regulated upon differentiation 

across three mouse strains with high browning propensities (A/J, AKR/J and 129Sv). In total, ~1,680 

genes were significantly up regulated, while ~1,223 genes were down regulated. The top panel shows a 

hierarchical clustering dendrogram of samples. For clusters (top), orange branches represent 

undiffentiated cells (nondiff), grey branches represent differentiated cells without rosiglitazone treatment 

(diffnorosi) and brown branches represent differentiated cells treated with rosiglitazone (diffrosi). 



Unpublished data 

75 
 

 

Of note, considerable overlap existed between genes of interest identified by our two 

strategies (Figure 8), indicating that both strategies are promising. Among the 

overlapped candidate genes there are well established brown specific marker genes 

such as Cidea, Cox7a1, Ppargc1a, Cox8b and Elovl3, the recently identified brown 

specific surface maker Slc36a2 (Ussar et al., 2014), the brown fat–enriched secreted 

factor Nrg4 (Wang et al., 2014), genes important for brown adipocytes function such as 

Cd36 (Anderson et al., 2015), as well as established transcriptional factors such as Zinc 

 

Figure 7. Heatmap showing expression levels of genes highly correlated with Ucp1 across all datasets. 

In total, ~1,977 genes were positively and ~2,200 genes were negatively correlated with Ucp1 

expression (Spearman's rank correlation coefficient rho >=0.8, p=<0.01). The top panel shows a 

hierarchical clustering dendrogram of samples. For clusters (top), orange branches represent 

undiffentiated cells (nondiff), grey branches represent differentiated cells without rosiglitazone treatment 

(diffnorosi) and brown branches represent differentiated cells treated with rosiglitazone (diffrosi). 
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finger and BTB domain containing 16 (Zbtb16) (Plaisier et al., 2012) and Myocardin-

related transcription factor A (Mkl1) (McDonald et al., 2015). A summary of genes that 

have already been demonstrated to be of functional relevance is presented in Table 2. 

The identified candidate transcripts could either encode for a) transcriptional regulators 

of Ucp1, b) essential functional components of brite adipocytes, or c) specific markers of 

brite adipocytes. In total, we have identified ~46 transcription factors and co-regulators, 

~320 mitochondrial proteins, ~49 surface markers and ~80 lncRNAs which were 

positively associated brite adipogenesis. 

 

Table 2: Examples of genes identified in our present RNA-Seq data set based on our two strategies as described. 

The Spearman correlation coefficient in our database and related references are provided.  

Gene symbol Gene name Spearman correlation 
coeff. 

References 

Transcriptional regulators of Ucp1 

Zbtb16 Zinc finger and BTB domain containing 16 0.91 Plaisier et al., 2012 

Mkl1 Myocardin-related transcription factor A, also 
known as MRTF-A 

-0.91 McDonald et al., 2015 

Essential functional components of brite adipocytes 

Agpat2 1-acylglycerol-3-phosphate-O-
acyltransferase 2 

0.92 Cortes et al., 2009 

CD36 Scavenger receptor CD36 0.88 Anderson et al., 2015 

 

Figure 8. Venn diagram of genes identified by strategy 1 compared with genes regulated identified by 

strategy 2. Considerable overlap existed between genes of interest identified by two strategies. 
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Kcnk3 Potassium channel K3 0.91 Shinoda et al., 2015 

Nrg4 Neuregulin 4 0.88 Wang et al., 2014 

Mtus1 Mitochondrial tumor suppressor 1 0.87 Shinoda et al., 2015 

Specific markers of brite adipocytes 

Slc36a2 Solute carrier family 36, member 2, also 
known as PAT2 

0.92 Ussar et al., 2014 

long non-coding RNAs 

Blnc1 Brown fat long non-coding RNA1 0.72 Zhao et al., 2014 

3930402G23Rik RIKEN cDNA 3930402G23 gene 0.86 Zhao et al., 2014 

 

A number of marker genes selectively expressed in white, brite and brown adipose 

tissue and adipocytes have been reported (Sharp et al., 2012; Walden et al., 2012; Wu 

et al., 2012). These marker genes are not identified consistently between studies. 

Moreover, some markers have been identified from gene expression profiling of 

different fat depots, whereby depot identity but not cell specificity might be a significant 

contribution. Thus, our model using primary cultures of the same fat depot from different 

mouse strains with distinct browning capacities is more informative regarding the 

validation of the proposed markers and identification of novel markers. An ideal marker 

would correlate positively with Ucp1 expression levels. Nevertheless, we found most of 

the suggested markers to be non-informative. For example, Hoxc9, Hoxc8, Tbx1, 

Tmem26 and CD137, were not regulated in a brite specific manner in our primary 

adipocyte cultures. Instead, we have identified ~49 putative surface markers for brite 

adipocytes (data not shown). 

Of note, our RNA-Seq database can also be used to identify polyadenylated long non-

coding RNAs (lncRNAs) that potentially regulate brite adipogenesis. lncRNAs are a 

unique class of transcripts that share similarities with mRNA with regard to their 

transcriptional regulation and biogenesis but lack functional open reading frames and 

thus are not predicted to encode proteins (Geisler and Coller, 2013). lncRNAs have 

emerged as a novel class of functional RNAs that impinge on gene regulation by a 

broad spectrum of mechanisms such as the recruitment of epigenetic modifier proteins, 

control of mRNA decay and DNA sequestration of transcription factors (Hu et al., 2012). 

Recent studies demonstrated that lncRNAs play a role in white, brown and brite 
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adipocyte differentiation (Sun et al., 2013; Zhao et al., 2014). Of note, brown fat lncRNA 

1 (Blnc1), the first and only reported lncRNA which has been shown to drive brown and 

brite differentiation, is also a potential candidate in our database (Table 2). Based on 

this report, it is thus of pertinent interest to conduct functional analyses of other top 

candidate lncRNAs identified in our database, such as lncRNA 3930402G23Rik (Table 

2), which was also identified by Zhao et al., but has not yet been validated. 

6.6 Identified candidate genes underpin the browning effects of rosiglitazone  

Our transcriptome data sets could also be used to identify potential mechanisms 

responsible for the browning effects of rosiglitazone by focusing the transcriptome 

comparison of 129 cells in undifferentiated and differentiated state (Figure 9). On a 

global level, we found that 1) a large amount of transcriptional changes (~2,500 genes) 

(FDR=<0.01 and FC>=2) were shared between the rosiglitazone and no rosiglitazone 

differentiation protocols; 2) more transcriptional changes (~2,000 genes) (FDR<0.01 

and FC>2) were induced when rosiglitazone was added compared to the absence of 

rosiglitazone; 3) the transcriptional differences between 129SV_diffrosi and 

129SV_diffnorosi were minor, only ~500 genes show significant differences between 

them (FDR<0.01 and FC>2) (Figure 9). In particular, we observed a cluster of genes 

responding to differentiation in both 129SV_diffrosi and 129SV_diffnorosi samples but in 

different extent, associated with brown fat cell differentiation including Ucp1, Cidea, 

Cox7a1, Elovl3 and Otop1 (Figure 10).  

Interestingly, gene ontology (GO) analysis of genes significantly down regulated by 

rosiglitazone treatment during differentiation revealed that genes associated with innate 

immunity system and extracellular matrix remodeling as top categories, indicating down-

regulation of genes associated with inflammation and remodeling of extracellular matrix 

were associated with the brite adipogenesis driven rosiglitazone (Table 3). Importantly, 

we found that most of these genes were also high expressed in browning-resistant cells 

of SWR/J background (data not shown). We also observed that Toll-like receptor (TLR) 

cascades as top category (Table 3), it is thus likely TLR4-mediated innate immunity 

activation can inhibit browning. 
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Figure 9. Venn diagram of genes significantly regulated upon differentiation with rosiglitazone 

treatment (light orange), without rosiglitazone treatment (light green) and enriched in rosiglitazone 

treatment versus non-rosiglitazone treatment (light blue). A large amount of transcriptional changes 

(~2,500 genes) were shared between the rosiglitazone and no rosiglitazone differentiation protocols, 

only ~500 genes showed significant differences between them.  
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Figure 10. Heatmap showing expression levels of genes up-regulated upon differentiation in both 

rosiglitazone and non-rosiglitazone treated conditions but in different extent. The top panel shows a 

hierarchical clustering dendrogram of samples. For clusters (top), orange branches represent 

undiffentiated cells (nondiff), grey branches represent differentiated cells without rosiglitazone treatment 

(diffnorosi) and brown branches represent differentiated cells treated with rosiglitazone (diffrosi). 
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To conclude, we have presented a detailed global transcriptome analysis of brite 

adipogenesis by using primary inguinal fat cultures from five inbred mouse strains. Our 

results showed that there were pronounced differences in browning propensities across 

cultures with different genomic backgrounds. We were able to identify several 

transcriptional regulators that are likely to drive these variations. In addition, we have 

revealed novel functional components and new markers of brite adipocytes. Clearly, 

validation of their relevance in brite adipogenesis will require dedicated functional 

studies.  

Table 3. Summary of gene ontology (GO) categories of genes significantly down regulated by 

rosiglitazone treatment during differentiation. 

 



Discussion and outlook 

82 
 

CHAPTER 7 Discussion and outlook 

Discussion and outlook 

  



Chapter 7 

83 
 

Obesity is the result of energy imbalance (energy intake exceeds energy expenditure) 

and has been considered as a global pandemic. It poses a tremendous threat to human 

health (Ng et al., 2014). Current therapeutic strategies for restoring the obesity-causing 

energy imbalance are either by decreasing energy uptake or increasing energy 

expenditure. In the latter scenario, brown and brite adipocytes, due to their energy 

dissipation property, are receiving great attention (Tseng et al., 2010). The development 

of successful brown and brite-based therapeutic strategies to treat obesity associated 

metabolic syndrome relies on a good understanding of their basic biology. In this 

dissertation, the thermogenic function of in vitro differentiated brown and brite 

adipocytes were characterized using microplate-based respirometry. The molecular 

basis of brite adipocyte abundance variation between strains was investigated. Lastly, 

transcriptome analysis of cultured brite adipocytes from five inbred mouse strains with 

different browning capacities was performed. The results of this PhD thesis provide 

crucial insights into the functional analysis of both cultured brown and brite adipocytes 

in vitro, the molecular basis of strain-specific differences in brite adipogenesis and 

outline a strategy to identify potential novel regulators, functional components and 

markers of brite adipocytes. 

7.1 UCP1 in cultured brite/beige adipocytes is functionally thermogenic 

The functional significance of brite adipocytes is still not settled even in rodents. Briefly, 

there are two major questions: 1) whether brite thermogenesis is relevant for systemic 

thermoregulation; 2) whether the metabolic benefits of brite adipocyte recruitment is 

contributed by a thermogenic function. A recent study demonstrated that recruitment of 

brite adipocytes is increased to compensate for decreased BAT thermogenesis, 

providing the first evidence that brite alike brown adipocytes may contribute to 

thermogenesis if maximally stimulated (Schulz et al., 2013). Isolated mitochondria from 

inguinal fat depots of cold-exposed mice express substantial amounts of UCP1 protein 

also supporting a role for thermogenesis (Shabalina et al., 2013). However, there is a 

limited amount of data directly assessing bioenergetics and thermogenic capability of 

brite adipocytes. In addition, no studies have been performed so far by comparing 

bioenergetic profiles of brite cells from UCP1 wildtype and knockout mice to test the 
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causality between uncoupled respiration and presence of UCP1. Based on our findings 

(Chapter 4), meaningful respirometric measurements of cultured brown and brite 

adipocytes imperatively require (1) activation of UCP1 and (2) control over free fatty 

acid levels, while previous established procedures fail to meet these criteria  (Li et al., 

2014b). Thus we have identified a major pitfall associated with established procedures 

generally applied for this purpose. The functional data on brown adipocyte 

thermogenesis as published in many papers in the recent years must be revisited. By 

developing a new protocol, we reproducibly quantified the UCP1-mediated component 

of uncoupled respiration in both brown and brite adipocytes evidenced by the 

comparison of respiration profiles between UCP1 wild-type and knock-out cells. 

Employing this protocol, we for the first time demonstrate that brite adipocytes display a 

similar thermogenic capacity as classical brown adipocytes and reveal that strain 

differences in brite adipogenesis are associated with differential uncoupled respiration 

(Chapter 4, Figure 5 and Chapter 5, Figure 1F). This novel assay system even allows 

studying the functional relevance of candidate genes in brite adipocytes, for example 

the candidate genes identified in our transcriptome analysis (Chapter 6). 

Based on our results, it is tempting to speculate that brown adipocytes do not strictly 

require UCP1 to perform uncoupled respiration but alternatively increase fatty acids flux, 

even in vivo.  However, this seems unlikely, since UCP1 knockout mice are cold 

intolerant (Enerback et al., 1997). One possible explanation for this discrepancy 

between in vitro and in vivo could be that the albumin in blood serves as a fatty acid sink 

for brown adipocytes in vivo. Another possible explanation is that cultured adipocytes in 

vitro lose their ability to control the intracellular level of free fatty acid. Indeed, some 

fatty acid binding proteins (FABPs) such as FABP3 are not expressed in cultured brown 

and brite adipocytes, but highly expressed in vivo. Whether the lack of some fatty acid 

binding proteins renders cultured adipocytes less efficient in controlling intracellular FFA 

levels warrants further investigation. 

A limitation of this study is that the intracellular free fatty acid level is not determined. 

Nevertheless, UCP1 activity is extremely sensitive to fatty acids. It has been 

demonstrated that the unbound free fatty acid concentrations needed to increase the 
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proton conductance of brown fat mitochondria is in the nanomolar (nM) range 

(Cunningham et al., 1986). Measuring the intracellular free fatty acids level with or 

without extracellular BSA complexing will be informative. 

7.2 Intrinsic, trans-acting factors control brite adipogenesis in primary adipocytes 

from different mouse strains 

The natural variation in Ucp1 expression in WAT that occurs among inbred strains of 

mice not only provides a model to explore the relationship between induction of Ucp1 

and resistance to both genetic and diet-induced obesity, but also provides a system to 

identify genes critical for the induction of brite adipocytes in white adipose tissue. In a 

first step toward understanding the strain specific differences in brite adipogenesis, we 

found that, beyond systemic cues such as innervation and hormone levels, mouse 

strain differences in brite adipogenesis are sustained in cultured primary adipocytes 

(Chapter 5). We concluded that cues intrinsic to the progenitor cells contribute to 

differential brite adipogenesis. Detailed analyses demonstrated that these cues are 

independent of autocrine/paracrine mechanisms, brite progenitor abundance and 

genetic variation in the Ucp1 gene but rather depend on trans-acting factors. Transcript 

levels of obvious candidates, such as PPARγ, PGC-1α and PRDM16, which are well-

known transcriptional regulators of Ucp1, did not reveal strain differences in gene 

expression coinciding with the differential Ucp1 expression, indicating other undefined 

determinants must play critical roles in governing the potential of brite adipogenesis. 

Partially consistent with our results, Kozak and colleagues reported that the most 

upstream sites of regulation for Ucp1 in retroperitoneal fat that differed between A/J and 

B6 were the phosphorylation of p38 mitogen-activated protein kinase and CREB and 

then followed by downstream changes in levels of mRNA for PPARγ, PPARα, PGC-1α, 

and DIO2, these transcriptional factors and signaling molecules may interact 

synergistically to maximize the expression of Ucp1 (Kozak, 2011; Kozak and Koza, 

2010). Taken together, the intrinsic differences in brite adipogenesis of primary 

adipocytes from different mouse strains provide a unique opportunity to identify novel 

transcriptional regulators. 
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In primary cultures, brite adipogenesis was achieved by treatment of PPARγ agonist 

such as rosiglitazone. One appealing hypothesis is that the strain-specific differences in 

PPARγ binding may be responsible for strain-specific differences in brite adipogenesis. 

The fat depot-selective binding of PPARγ links to depot-specific gene expression in 

mice (Siersbæk et al. 2012; Rajakumari et al. 2013), which indicates that PPARγ, in 

addition to its role as a general activator of adipogenesis, plays a prominent role in the 

induction of genes characteristic of different adipocyte lineages. In fact, PPARγ plays an 

active role in the formation of super-enhancers (Loft et al., 2015), which are large 

enhancer regions with a high density of transcription factor binding sites, characterized 

by very high levels of Mediator subunit 1 (MED1) binding and seem to play key roles in 

the control of cell type-specific identity genes (Whyte et al., 2013). It is therefore 

plausible that differential PPARγ binding sites between mouse strains leads to the 

formation of distinct super-enhancers. The super-enhancers together with the super-

enhancer driven genes, which may cooperate with super-enhancers in a feed-forward 

manner, are robust activators of brite adipogenesis. Future studies will be needed to 

assess this hypothesis. 

7.3 Transcriptome analysis (RNA-Seq) of primary cultured adipocytes from five 

inbred mouse strains reveals novel genes potentially involved in brite 

adipogenesis 

Brite adipogenesis in mice is under genetic control (Guerra et al., 1998 and Kozak, 

2011). To identify novel determinants governing the potential of brite adipogenesis, 

transcriptome analysis of primary cultured adipocytes from five inbred mouse strains 

with differential browning capacities were performed. In this transcriptome data set we 

started to seek for gene transcripts associated with browning across five different 

genomic backgrounds. A list of candidate genes was identified by bioinformatic analysis, 

which provides a valuable source for more in-depth investigation. Further functional 

studies based on genetic perturbations need to be conducted to validate these findings. 

Genetic perturbations can be broadly classified as either loss-of-function or gain-of-

function on the basis of their mode of action. RNA interference (RNAi) is a robust gene-

silencing mechanism to knockdown genes in functional studies. Delivery of siRNA into 
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primary cultures of preadipocytes and newly differentiated adipocytes for gene silencing 

can be achieved by electroporation or using commercially available lipid-based 

transfection reagents. For lipid-mediated siRNA delivery, based on transfection 

approach, forward (also known as conventional transfection) and reverse transfection 

strategies can be taken. Since siRNA-mediated knockdown is limited to cells capable of 

transfection and is primarily utilized during transient in vitro studies, for long-term 

knockdown of the targeted gene, viral vectors such as adeno-associated virus (AAV) or 

lentivirus or retrovirus mediated small-hairpin RNA (shRNA) gene transduction can be 

performed. Regarding gain-of-function assays, a cDNA overexpression system can be 

applied. 

Genome editing through the Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR)-Cas9 system offers the opportunity to manipulate specific genomic 

loci in mammalian cell lines with relative ease (Hsu et al., 2014; Sander and Joung, 

2014). As promising alternative method both gene knockdown and overexpression can 

be achieved by using the CRISPR/Cas9 system (Shalem et al., 2015). 

UCP1 mediated uncoupled respiration is a hallmark function of brown and brite 

adipocytes. If a candidate gene is essential for brite adipogenesis or thermogenic 

function, manipulating the expression of this gene should affect the bioenergetic 

function of brite adipocytes. To study the metabolic consequences of gene manipulation, 

bioenergetic function analysis of cells with either loss or gain of gene function can be 

performed by microplate respirometry (Seahorse extracellular flux analyzer XF96) using 

the method established in chapter 4.  

7.4 Outlook 

This study demonstrates that UCP1 in cultured brite adipocytes is functionally 

thermogenic, which is consistent with the conclusion based on bioenergetics data of 

isolated mitochondria from inguinal fat depots of cold-exposed mice (Shabalina et al., 

2013). However, direct assessment of thermogenic contribution of brite adipocytes in 

vivo is still missing. This is largely due to a lack of approaches to distinguish the 

contribution of brite adipocytes from that of brown adipocytes, since many factors that 
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recruit and activate brite adipocytes also recruit and activate brown adipocytes. 

Recently it has been reported that the Cre recombinase activity of Prx1-Cre is restricted 

to adipose precursors of iWAT, much less in gWAT, and little to no recombination in 

BAT (Krueger et al., 2014). The specificity of Prx1-Cre activity could enable deletion of 

Ucp1 in inguinal fat by crossing Prx1-Cre line to Ucp1 flox/flox mice (Ucp1 gene is 

flanked by two LoxP sites to allow for its subsequent removal by cre-mediated 

recombination), which then allows quantifying the relative thermogenic contribution of 

brite adipocytes compared to brown adipocytes. Furthermore, this mouse model could 

also be used to study the metabolic consequences of brite adipocyte ablation and to 

test whether the metabolic benefits of brite adipocyte recruitment are contributed by its 

thermogenic function. On other hand, based on the observation that brown adipocytes 

derive from a myf-5 lineage, while brite adipocytes within inguinal and epididymal fat 

depots are not (Seale et al., 2008), the myf5 promoter driving Cre recombinase 

expression can be used to specifically delete Ucp1 in brown adipocytes. Nevertheless, it 

should be kept in mind that the brite cells in retroperitoneal WAT also arise from myf5-

lineage (Sanchez-Gurmaches et al., 2012). This could lead to under or overestimation 

of the functional importance of brite adipocytes.  

Another intriguing yet enigmatic issue is the cellular plasticity of brite adipocytes. 

Several studies indicate that mature white adipocytes may directly convert into beige 

adipocytes (i.e., transdifferentiation) in vivo (Barbatelli et al., 2010; Himms-Hagen et al., 

2000 and Rosenwald et al., 2013). Since evidence supporting direct lineage 

reprogramming of post-mitotic mature white adipocytes into brown adipocytes is lacking, 

we speculated that these so called „mature white adipocytes‟ are actually pre-existing 

brite adipocytes ( or called „dormant‟ brite adipocytes), which appear to be white yet can 

rapidly reinstate the brite phenotype upon adrenergic activation (Chapter 3). Recently, 

by taking advantage of genetic labeling of adipocytes at the time of weaning, 

Granneman and colleagues found that the vast majority of UCP1-positive cells were 

pre-labeled adipocytes when challenged with beta adrenergic agonist 5 weeks later 

(Contreras et al., 2014). This study provides the first line of evidence supporting our 

hypothesis. Factors that maintain phenotypic flexibility of brite adipocytes are largely 

unexplored, further work in this direction is warranted. 
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Lastly, the idea of direct lineage reprogramming (transdifferentiation) of post-mitotic 

mature white adipocytes into brite or brown adipocytes is still attractive, since white-to-

brown adipocyte transdifferentiation could offer new therapeutic prospects for obesity 

and related disorders (Cinti, 2012). With the rapid progress in the field of cellular 

reprogramming methodology during the recent years, direct conversion of white into 

brown holds great promise. Enforced expression of one or several lineage specific 

transcription factors has been extensively used to induce lineage conversion in many 

studies (for review, see Xu et al., 2015). However, little effort has been made in direct 

reprogramming white adipocytes into brown. Future studies should consider a 

combination of minimal number of factors in addition to focusing on a single factor, 

similar to the strategy of Yamanaka to induce pluripotent stem cells (Takahashi and 

Yamanaka, 2006). In addition, epigenetic regulators which may facilitate lineage 

conversion through reactivation of an epigenetically repressed state of the target cell 

type-specific master genes can also be taken into account.  

In conclusion, the findings presented in this thesis support a thermogenic function of 

UCP1 in cultured brite adipocytes. The method established here provides essential 

guidelines to specifically assess the thermogenic capability of cultured brown and brite 

adipocytes. The work towards understanding the strain specific differences in brite 

adipogenesis delivers new insights into the intrinsic cellular programming of browning 

potential. The transcriptome analysis of primary cultured adipocytes from five inbred 

mouse strains reveals putative novel regulators, functional components and new 

markers of brite adipocytes. The experiments proposed above warrant further research 

to validate the identified genes potentially involved in brite adipogenesis and define the 

functional significance of brite adipocytes in vivo. I am convinced that these findings 

contribute to the understanding of the biology of brite adipocytes. Identification of novel 

regulators and markers of brite adipocytes may provide potential strategies for 

combating the obesity epidemic affecting our society. 
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Appendix II-Supplements of Chapter 4  

 

A-Supplemental Data 

 

 

Figure S1. Western blotting analysis confirming the phenotype of primary brown and brite 

adipocytes from UCP1 wildtype (WT) and knockout (KO) mice. Primary brown (A) and brite 

adipocytes (B) from UCP1 KO mice cultured in XF96 V3-PS cell culture microplate are UCP1 

negative, while primary adipocytes from UCP1 WT mice are UCP1 positive. Primary brown 

adipocytes cultured in 6-well plates serve as positive control (+). 

 

 

 

Figure S2. Isoproterenol (ISO) increases leak respiration in a dose dependent manner. Time 

course of oxygen consumption rates (OCR) of primary brite adipocytes from wildtype mice. Leak 

respiration is stimulated by ISO induced lipolysis. All data presented are mean values ± SEM 

with an average of 10–12 different wells. 
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Figure S3. Effects of various concentrations of BSA on ISO-induced respiration in primary 

brown and brite adipocytes. Time course of oxygen consumption rate (OCR) of primary brown 

(A) and brite (B) adipocytes from UCP1 wildtype (WT) mice in the presence of different BSA 

concentrations. All data presented are mean values ± SEM with an average of 10–12 different 

wells. 
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B-Supplementary Historical perspective 

The functions of isolated brown adipocyte mitochondria have been intensely studied for 

decades. It is clear from these early studies that freshly isolated brown fat mitochondria contains 

significant amounts of free fatty acids which are partially responsible for the uncoupled state[1, 

2]. The high sensitivity of brown fat mitochondria to uncoupling by fatty acids suggested a 

physiological regulator of uncoupling, from which the concept of „fatty acid uncoupling‟ was 

developed and later confirmed and widely accepted[3]. In fact, albumin which acts as an 

acceptor of fatty acids must be used in isolation and respiration medium for coupled respiration 

to be observed. Thus, bovine serum albumin (BSA) was generally used in the respiration buffer 

of isolated brown adipocyte mitochondria.  Perhaps due to this valuable knowledge, in early 

publications on oxygen consumption measurements in isolated brown adipocytes following 

norepinephrine stimulation, 4 % bovine serum albumin (0.6mM, equate to the concentration 

found in blood ) was also used in the respiration medium [4-7]. In 1979, based on the rationales 

that (1) brown fat when activated release fatty acids and (2) in vivo those released fatty acids 

are bound by albumin in blood, Nedergaard and Lindberg investigated the effect of albumin on 

the metabolism of isolated brown fat cells and found that the addition of albumin increases 

norepinephrine-induced fatty acid release and  induces a more stable norepinephrine-stimulated 

respiration rate[8]. This study provides direct evidence that addition of albumin has beneficial 

effects on brown adipocytes metabolism. By using this setup, in 2000, Matthias et al. reported 

marked difference in oxygen consumption between isolated brown adipocytes from wild-type 

and UCP1 knock-out mice, both following NE stimulation and stimulation with oleate[9]. This 

study also showed that there was no difference in basal respiration between the two 

preparations demonstrating UCP1 was not active without stimulation.  These observations were 

further confirmed by Shabalina et al. when studying the bioenergetics of wild-type and UCP1 

knock-out brown-fat mitochondria[10]. In addition, investigations with trypsinized primary 

cultures of brown and brite cells by Petrovic et al. in 2008 and 2010, respectively, showed a 

correlation between UCP1 expression (as induced by rosiglitazone) and NE-stimulated oxygen 

consumption[11, 12]. In all these studies, UCP1-mediated leak respiration was observed when 

albumin was present in respiration medium using Warburg apparatus or Clark-type oxygen 

electrode systems. Nowadays, microplate-based respirometry has become a mainstream 

method for measuring UCP1-mediated leak respiration in cultured brown and brite cells. 

However, in the respiration buffer defined by the respirometry manufacturer albumin is absence. 

Notably, no studies have been performed so far to validate this setup with cultured UCP1 knock-

out (KO) cells as the ultimate model to test the causality between uncoupled respiration and 

presence of UCP1. This relationship seems to have been taken for granted. 
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Appendix III-Primer sequences used in quantitative RT-PCR 

 

 

  

Gene  Sequences 

Ucp1 Forward GTACACCAAGGAAGGACCGA 
 Reverse TTTATTCGTGGTCTCCCAGC 
Cidea Forward TGCTCTTCTGTATCGCCCAGT 
 Reverse GCCGTGTTAAGGAATCTGCTG 
Cox7a1 Forward TGTCTCCGTGTGTGAGTGGT 
 Reverse ATATGCTGAGGTCCCCCTT T 
TFIIB Forward TGGAGATTTGTCCACCATGA 
 Reverse GAATTGCCAAACTCATCAAAACT 
Pdgfra Forward ACGTTCAAGACCAGCGAGTT  
 Reverse CTCCAGGGTAAGTCCACTGC  
Sca1 Forward CTGATTCTTCTTGTGGCCCTA 

 Reverse CAATAACTGCTGCCTCCTGA 

CD34 Forward TTGGGCACCACTGGTTATTT 
 Reverse TTTTCTTCCCAACAGCCATC 
Tmem26 Forward ACCCTGTCATCCCACAGAG 
 Reverse TGTTTGGTGGAGTCCTAAGGTC 
CD137 Forward CGTGCAGAACTCCTGTGATAAC 

 Reverse GTCCACCTATGCTGGAGAAGG 

Fgf21 Forward AGATCAGGGAGGATGGAACA 

 Reverse TCAAAGTGAGGCGATCCATA 
Cox2 Forward GACTGGGCCATGGAGTGG 
 Reverse CACCTCTCCACCAATGACC 
Arginase1 Forward TGGCTTGCGAGACGTAGAC 
 Reverse GCTCAGGTGAATCGGCCTTTT 
PPARg Forward TCAGCTCTGTGGACCTCTCC 
 Reverse ACCCTTGCATCCTTCACAAG 
PGC-1α Forward GGACGGAAGCAATTTTTCAA 
 Reverse GAGTCTTGGGAAAGGACACG 
Rip140 Forward ATGGTGTTGTCCCTTCCTC 
 Reverse AACTGCTCGCTCTCTCGTTC 
Prdm16 Forward CAGCACGGTGAAGCCATTC 
 Reverse GCGTGCATCCGCTTGTG 
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Appendix IV Sequence alignment: Ucp1-Promoter 3.2 kb 129SvJ vs. B6/J 

Multiple sequence alignment using CLUSTAL W (1.81) 
Consensus key  
* -Single, fully conserved residue 
  - No consensus 
  - Enhancer region 
 

 

Ucp1-Promoter_3.2_kb_B6           GGTACCGTGCACACTGCCAAATCATCTCAAAATCAGCATGCCAATTTATA 

Ucp1-Promoter_3.2_kb_129          GGTACCGTGCACACTGCCAAATCATCTCAAAATCAGCATGCCAATTTATA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GTGCCGTCACTAACAGTACTGATACTTTAACATGCTAAGTTTAAAGTGTG 

Ucp1-Promoter_3.2_kb_129          GTGCCGTCACTAACAGTACTGATACTTTAACATGCTAAGTTTAAAGTGTG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGCTATATTAATTGTAAGATTGGTGAAGAGAGGTGTTATCAGATGGAAGC 

Ucp1-Promoter_3.2_kb_129          TGCTATATTAATTGTAAGATTGGTGGAGAGAGGTGTTATCAGATGGAAGC 

                                  ************************* ************************ 

 

Ucp1-Promoter_3.2_kb_B6           TGCACATTTCTGGATTAATGTGGTTAAATGTATCTTCTCCTGTGATTACT 

Ucp1-Promoter_3.2_kb_129          TGCACATTTCTGGATTAATGTGGTTAAATGTATCTTCTCCTGTGATTACT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GTCTTTATTTCTTCTTTTAAAATATTGTCATTTGGACATCTATCTGTATA 

Ucp1-Promoter_3.2_kb_129          GTCTTTATTTCTTCTTTTAAAATATTGTCATTTGGACATCTATCTGTATA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GCTACGCCCTGACACGTCCTCCTGGAGACAGATAAGAAGTTACGACGGGA 

Ucp1-Promoter_3.2_kb_129          GCTACGCCCTGACATGTCCTCCTGGAGACAGATAAGAAGTTACGACGGGA 

                                  ************** *********************************** 

 

Ucp1-Promoter_3.2_kb_B6           GGA-GCAGATGGAGGCAAAGCGCTGTGATGCTTTTGTGGTTTGAGTGCAC 

Ucp1-Promoter_3.2_kb_129          GGGTGCAGATGGAGGCAAAGCGCTGTGATGCTTTTGTGGTTTGAGTGCAC 

                                  **  ********************************************** 

 

Ucp1-Promoter_3.2_kb_B6           ACATTTGTTCAGTGATTCTGTGAAATGAGTGAGCAAATGGTGACCGGGTG 

Ucp1-Promoter_3.2_kb_129          ACATTTGTTCAGTGATTCTGTGAAATGAGTGAGCAAATGGTGACCGGGTG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CCCTGTAAATGGTGTTCTACATCTTAAGAGAAGAACACGGACACTAGGTA 

Ucp1-Promoter_3.2_kb_129          CCCTGTAAATGGCGTTCTACATCTTAAGAGAAGAACACGGACACTAGGTA 

                                  ************ ************************************* 

 

Ucp1-Promoter_3.2_kb_B6           AGTGAAGCTTGCTGTCACTCCTCTACAGCGTCACAGAGGGTCAGTCACCC 

Ucp1-Promoter_3.2_kb_129          AGTGAAGCTTGCTGTCACTCCTCTACAGCGTCACAGAGGGTCAGTCACCC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TTGACCACACTGAACTAGTCGTCACCTTTCCACTCTTCCTGCCAGAAGAG 

Ucp1-Promoter_3.2_kb_129          TTGACCACACTGAACTAGTCGTCACCTTTCCACTCTTCCTGCCAGAAGAG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CAGAAATCAGACTCTCTGGGGATATCAGCCTCACCCCTACTGCTCTCTCC 

Ucp1-Promoter_3.2_kb_129          CAGAAATCAGACTCTCTGGGGATATCAGCCTCACCCCTACTGCTCTCTCC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           ATTATGAGGCAAACTTTCTTTCACTTCCCAGAGGCTCTGGGGGCAGCAAG 

Ucp1-Promoter_3.2_kb_129          ATTATGAGGCAAACTTTCTTTCACTTCCCAGAGGCTCTGGGGGCAGCAAG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GTCAACCCTTTCCTCAGACTCTAGAACCACTCCCTGCCTTGAGTTGACAT 

Ucp1-Promoter_3.2_kb_129          GTCAACCCTTTCCTCAGACTCTAGAACCACTCCCTGCCTTGAGTTGACAT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CACGGGGCCTCCTTGAGCGAGAATTTCATTCTGCCATATGCCACATTTTG 

Ucp1-Promoter_3.2_kb_129          CACGGG-CCTCCTTGAGCGAGAATTTCATTCTGCCATATCCCACATTTTG 

                                  ****** ******************************** ********** 
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Ucp1-Promoter_3.2_kb_B6           GGCTCAGGAGTTCAGGAAAGCCTTTGCTGGGTAATAATTCTTTCTATTCA 

Ucp1-Promoter_3.2_kb_129          GGCTCAGGAGTTCAGGAAAGCCTTTGCTGGGTGATAATTCTTTCTATTTA 

                                  ******************************** *************** * 

 

Ucp1-Promoter_3.2_kb_B6           CATCACAGAAATGACTTGATGTGTGGAGCTGAGTAGCCGAAGGGTTCAGG 

Ucp1-Promoter_3.2_kb_129          CATCACAGAAATGACTTGATGTGTGGAGCTGAGTAGCCGAAGGGTTCAGG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GTGGTCGGGACCTTGGTGAGAAACAACAGAAGCTCCTATCTGGTCCCTCT 

Ucp1-Promoter_3.2_kb_129          GTGGTCGGGACCTTGGTGAGGAACAGCAGAAGCTCCTATCTGGTCCCTCT 

                                  ******************** **** ************************ 

 

Ucp1-Promoter_3.2_kb_B6           CAAGCATACCATCCTCAAGGGCATTTGATTTTTTTATGCCGTGGCCCAGG 

Ucp1-Promoter_3.2_kb_129          CAAGCATACCATCCTCAAGGGCATTTGATTTTTTTATGCCATGGCCCAGG 

                                  **************************************** ********* 

 

Ucp1-Promoter_3.2_kb_B6           GCTCCGAGTGCCACTCCTCTTAGACCATAGCTGTGGTTCCCAGGGCTCCG 

Ucp1-Promoter_3.2_kb_129          GCTCCGAGCACCACTCCTCTTAGACCATAGCTGTGGTTCCCAGGGCT--- 

                                  ********  *************************************    

 

Ucp1-Promoter_3.2_kb_B6           AGTGCCACTCCTCTTAGACCATAGCTGTGGTTCCCAGGGCTCCGAGTGCC 

Ucp1-Promoter_3.2_kb_129          -----------------------------------------CCGAGTGCC 

                                                                           ********* 

 

Ucp1-Promoter_3.2_kb_B6           ATTCCTCTAAGACCATAGCTTGGTTCCTCATGCTTTGTTCCTGTCTCCTT 

Ucp1-Promoter_3.2_kb_129          ATTCCTCTAAGACCATAGCTTGGTTCCTTATGCTTTGTTCCTGTTTCCTT 

                                  **************************** *************** ***** 

 

Ucp1-Promoter_3.2_kb_B6           TCAATCCGGCTGTGCTCATTCCCACAGAAAGTTACCAGTTCCTTCACTAC 

Ucp1-Promoter_3.2_kb_129          TCAATCCGGCTGTGCTCATTCCCACAGAAAGTTACCAGTTCCTTCACTAC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CCTACTAACCACCTCCGATACCTCTCAGCTTTGATTCTCTGATGCAAGTA 

Ucp1-Promoter_3.2_kb_129          CCTACTAACCACCTCCGATACCTCTCAGCTTTGATTCTCTGATGCAAGTA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GCATGACGCTTCCTATGGGATCATGATGCAAGCAGCATGATGTTTTAATG 

Ucp1-Promoter_3.2_kb_129          GCATGACGCTTCCTATGGGAGCATGATGCAAGCAGCATGATGTTTTAATG 

                                  ******************** ***************************** 

 

Ucp1-Promoter_3.2_kb_B6           AAAACATCAATGCCATTTTCTCCTAATAATCCTAAAACGGAAAGTTGCCA 

Ucp1-Promoter_3.2_kb_129          AAAACATCAATGCCATTTTCTCCTAATAATCCTAAAACGGAAAGTTGCCA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TCTTATAAAGAGTATTTACTTGCCAACTGCTTTGTGACAATCAAGTGGAA 

Ucp1-Promoter_3.2_kb_129          TCTTATAAAGAGTATTTACTTGCCAACTGCTTTGTGACAATCAAGTGGAA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           ACATTGCCAAGACTGCGGCCATCTTCTCAAGTGTAGAGTCATTTTCTAAT 

Ucp1-Promoter_3.2_kb_129          ACATTGCCAAGACTGCGGCCATCTTCTCAAGTGTAGAGTCATTTTCTAAT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           AATCTCTGACTCCATAGTAACCCTTTCTTAAGCTGTATTATCTGGTTAGA 

Ucp1-Promoter_3.2_kb_129          AATCTCTGACTCCATAGTAACCCTTTCTTAAGCTGTATTATCTGGTTAGA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGTGTCATTCATGTGAGCACAGTTTACGATCTACCAAGCCCTGCACAACA 

Ucp1-Promoter_3.2_kb_129          TGTGTCATTCATGTGAGCACAGTTTACGATCTACCAAGCCCTGCACAACA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TATAAGATGAACTCACATGCAGAAAGGATGCTCACAGACTGCCGTTTATT 

Ucp1-Promoter_3.2_kb_129          TATAAGATGAACTCACATGCAGAAAGGATGCTCACAGACTGCCGTTTATT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           ATACTGTTGTTGCTGCTGCTGTTTGGGGGTTTATTCTAGCCTCGGCAGCC 

Ucp1-Promoter_3.2_kb_129          ATACTGTTGTTGCTGCTGCTGTTTGGGGGTTTATTCTAGCCTCTGTAGCC 

                                  ******************************************* * **** 

 

Ucp1-Promoter_3.2_kb_B6           CTGGCTGTCCTAGAACTCACTCTGTAGACCAGGCTGGCCTCAAACTCACA 

Ucp1-Promoter_3.2_kb_129          CTGGCTGTCCTAGAACTCACTCTGTAGACCAGGCTGGCCTCAAACTCACA 

                                  ************************************************** 
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Ucp1-Promoter_3.2_kb_B6           AAGACCCCTTGCTGCTTTGGCCTCTGCCTCCCTGGTGCTGGGATTAAAGG 

Ucp1-Promoter_3.2_kb_129          AAGATCCCTTGCTGCTTTGGCCTCTGCCTCCCTGGTGCTGGGATTAAAGG 

                                  **** ********************************************* 

 

Ucp1-Promoter_3.2_kb_B6           TGTGTGTCACCACCACTAGGCTGCTTATTACACTTTTCATCCATAGGTCT 

Ucp1-Promoter_3.2_kb_129          TGTGTGTCATCACCACTAGGCTGTTTATTACACTTTTCATCCATAGGTCT 

                                  ********* ************* ************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGCAGCTTCCTGCCCCTGCCCCTCTTTTCTCCCCGCCCCCCATTCAGTTT 

Ucp1-Promoter_3.2_kb_129          TGCAGCTTCCTGCCCCTGCCCCTCTTTTCTCCCCGCCCCCCATTCAGTTT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CCCAGCCCCCAGGCATTCTGCTCCCCTCCATATCATTGTCTTCACACACA 

Ucp1-Promoter_3.2_kb_129          CCCAGCCCCCAGGCATTCTGCTCCCCTCCATATCATTGTCTTCACACACA 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CCACTGACTGCTCATCACTGCTGTTCTGGCTCAAGTTCCAGGTGTGTATT 

Ucp1-Promoter_3.2_kb_129          CCACTGACTGCTCATCACTGCTGTTCTGGCTCAAGTTCCAGGTGTGTATT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TTATTGTGGAAGCTCCCAGGACTAGGTTCTTGCTTAGTGTGCACGCTTGC 

Ucp1-Promoter_3.2_kb_129          TTATTGTGGAAGCTCCCAGGACTAGGTTCTTGCTTAGTGTGCACACTTAC 

                                  ******************************************** *** * 

 

Ucp1-Promoter_3.2_kb_B6           CCCTTTAAATGTGGTGTCCAGGGGTGTTGTCTCTTACATGCCCCAATCCA 

Ucp1-Promoter_3.2_kb_129          CCCTTTAAATGTGGTGTCCAGGGGTGTTGTCTCTTACATGCCCCACTCCA 

                                  ********************************************* **** 

 

Ucp1-Promoter_3.2_kb_B6           GGAGATGAGTCCCACCTCCTTCACTCTCCTGGGACCACGCTGAGTAGCAG 

Ucp1-Promoter_3.2_kb_129          GGAGATGAGTCCCACCTCCTTCACTCTCCTGGGACCACGCTGAGTAGCAG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           AACCTGGCCAACCAGGGAGGATACAGAGAACAGGCATCGGCTCCAGCCTG 

Ucp1-Promoter_3.2_kb_129          AACCTGGCCAACCAGGGAGGATACAGAGAACAGGCATCGGCTCCAGCCTG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CTCTCTTTCTCACCATTTCTTACGTAGTATTTTTTTT-AAAGCTTTTCAA 

Ucp1-Promoter_3.2_kb_129          CTCTCTTTCTCACCATTTCTTACGTAGTATTTTTTTTTAAAGCTTTTCAA 

                                  ************************************* ************ 

 

Ucp1-Promoter_3.2_kb_B6           ATACAAATCTTTGCTCAAAGATAGAAGTAAGAAACACCCCCCCCCCACAC 

Ucp1-Promoter_3.2_kb_129          ATACAAATCTTTGCTCAAAGATAGAAGTAAGAAACACCCCCCACACACAC 

                                  ****************************************** * ***** 

 

Ucp1-Promoter_3.2_kb_B6           ACACACACACCAACAAACCACCTTACAATGTCTGAACTGGCACTAGGGAT 

Ucp1-Promoter_3.2_kb_129          ACACACACACCAACAAACCACCTTACAATGTCTGAACTGGCACTAGGGAT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           AACAAGAGTTCAAATCTGGGACTATATTTGACACAATCACAAACCAAAGC 

Ucp1-Promoter_3.2_kb_129          AACAGGAGTTCAAATCTGGGACTATATTTGACACAATCACAAACCAAAGC 

                                  **** ********************************************* 

 

Ucp1-Promoter_3.2_kb_B6           TAGAGGACTTTCTCAGGGTCACGAAGCTGGTCAGATGGCTTGGTTGCATC 

Ucp1-Promoter_3.2_kb_129         TAGAGGACTTTCTCAGGGTCACGAAGCTGGTCAGATGGCTTGGTTGCATC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGCAGCCAACCAACCCTCTGTCCTTCCAGGGCTCCTGCTAAGAACTATTC 

Ucp1-Promoter_3.2_kb_129          TGCAGCCAACCAACCCTCTGTCCTTCCAGGGCTCCTGCTAAGAACTATTC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           AAAGGAGCAAGGGCTGGC-------------------------------- 

Ucp1-Promoter_3.2_kb_129          AAAGGAGCAAGGGCTGGCATTCCCTGCAGAGATCCACAGGCTTGCTAGCG 

                                  ******************                                 

 

Ucp1-Promoter_3.2_kb_B6           ---TTATGAGCTTAGTTGATCTCGCCCAACTAAAAGTGACCACACGATGC 

Ucp1-Promoter_3.2_kb_129          TGGCTATGAGCTTAGTTGATCTCGCCCAACTAAAAGTGACCACACGATGC 

                                      ********************************************** 

 

Ucp1-Promoter_3.2_kb_B6           ACTCACTTTCTCGAAAAAGTTTAGGGCGTTATTAGTTTTTGCATGGATTC 

Ucp1-Promoter_3.2_kb_129          ACTCACTTTCTCGAAAAAGTTTAGGGCGTTATTAGTTTTTGCATGGATTC 



Appendix 

102 
 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CCTCCCCTCCCACATCCTCATCCCCACCCCATCCAGTCACCCAAATCTGA 

Ucp1-Promoter_3.2_kb_129          CCTCCCCTCCCACATCCTCATCCCCACCCCATCCAGTCACCCGAATCTGA 

                                  ****************************************** ******* 

 

Ucp1-Promoter_3.2_kb_B6           AGGTGACATTTGAAAAGGAATGTAAAGAAAGGGACATTCAGAATTGAAAG 

Ucp1-Promoter_3.2_kb_129          AGGTGACATTTGAAAAGGAATGTAAAGAAAGGGACATTCAGAATTGAAAG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GAGAAGAATCAGTAGCCAAGTAGATGCATGGGAAGGGGGCCCGGGACTGG 

Ucp1-Promoter_3.2_kb_129          GAGAAGAATCAGTAGCCAAGTAGATGCATGGGAAGGGGGCCCGGGACTGG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GACGTTCATCCTACAGCTATTCTAGCTGTGGAACTTTTCAGCAAAATCTC 

Ucp1-Promoter_3.2_kb_129          GA-GTTCATCCTACAGCTATTCTAGCTGTGGAACTTTTCAGCAAAATCTC 

                                  ** *********************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GGAGGAGATCAGATCGCGCTTATTCAAGGGAACCAGCCCCTGCTCTGCGC 

Ucp1-Promoter_3.2_kb_129          GGAGGAGATCAGATCGCGCTTATTCAAGGGAGCCAGTCCCTGCTCTGCGC 

                                  ******************************* **** ************* 

 

Ucp1-Promoter_3.2_kb_B6           CCTGGTCCAAGGCT-----GTTGAAGAGTGACAAAAGGCACCACGCTGCG 

Ucp1-Promoter_3.2_kb_129          CCTGGTCCAAGGCTCCGCGGTTGAAGAGTGACAAAAGGCACCACGCTGCG 

                                  **************     ******************************* 

 

Ucp1-Promoter_3.2_kb_B6           GGGACGCGGGTGAAGCCCCTCTGTGTGTCCTCTGGGCATAATCAGGAACT 

Ucp1-Promoter_3.2_kb_129          GGAACGCGGGTGAAGCCCCTCTGTGTGTCCTCTGGGCATAATCAGGAACT 

                                  ** *********************************************** 

 

Ucp1-Promoter_3.2_kb_B6           GGTGCCAAATCAGAGGTGATGTGGCCAGGGCTTTGGGAGTGACGCGCGGC 

Ucp1-Promoter_3.2_kb_129          GGTGCCAAATCAGAGGTGATGTGGCCAGGGCTTTGGGAGTGACGCGCGGC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGGGAGGCTTGCGCACCCAAGGCACGCCCCTGCCAAGTCCCACTAGCAGC 

Ucp1-Promoter_3.2_kb_129          TGGGAGGCTTGCGCACCCAAGGCACGCCCCTGCCAAGTCCCACTAGCAGC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TCTTTGGAGACCTGGGCCGGCTCAGCCACTTCCCCCAGTCCCTCCTCCGG 

Ucp1-Promoter_3.2_kb_129          TCTTTGGAGACCTGGGCCGGCTCAGCCACTTCCCCCAGTCCCTCCTCCAG 

                                  ************************************************ * 

 

Ucp1-Promoter_3.2_kb_B6           CAAGGGGCTATATAGATCTCCCAGGTCAGGGCGCAGAAGTGCCGGGCAAT 

Ucp1-Promoter_3.2_kb_129          CAAGGGGCTATATAGATCTCCCAGGTCAGGGCGCAGAAGTGCCGGGCAAT 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           CTGGGCTTAACGGGTCCTCCCTGCCCGAGCAAGAGGAAGGGACGCTCACC 

Ucp1-Promoter_3.2_kb_129          CTGGGCTTAACGGGTCCTCCCTGCCCGAGCAAGAGGAAGGGACGCTCACC 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TTTGAGCTGCTCCACAGCGCCGCCTCTGCACTGGCACTACCTAGCCCAGG 

Ucp1-Promoter_3.2_kb_129          TTTGAGCTGCTCCACAGCGCCGCCTCTGCACTGGCACTACCTAGCCCAGG 

                                  ************************************************** 

 

Ucp1-Promoter_3.2_kb_B6           TGGCTCTGCAGGAGCTC 

Ucp1-Promoter_3.2_kb_129          TGGCTCTGCAGGAGCTC 

                                  ***************** 
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