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GRAPHICAL SUMMARY 

 

Key findings: 
• Embryos lacking Osr1 expression show a severe reduction of adipose tissue 

development 

• Osr1 interacts with epigenetic remodelers such as CEBPb, EP300, MLL3 and 

BRD4 that prime adipogenic identity 

• Osr1 marks a novel stem cell with brown adipogenic and myogenic capacity in 

the dorsal aorta compartment of an E9.5 embryo 

• Osr1 labels PAX7+/EBF2+ cells in the dermomyotome that gradually switch 

from a myogenic to a brown adipogenic identity 

• An Osr1+ mesenchymal stromal cell pool (MSC) identifies the earliest 

committed pre-adipogenic founder population, co-expressing the master 

regulator of adipogenesis Pparg at E11.5 

• The E11.5 Osr1 lineage contributes to adipogenic tissue organogenesis as well 

as to the adipogenic niche: the stromal vascular fraction (SVF) 

• Osr1+ cells in mature adipose tissue hold an adipogenic potential 
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ABSTRACT 
 

Adipose depots arise at diverse anatomical locations, at different time points in 

development, and serve in part complementary functions. While white adipose tissue 

serves as energy storage, brown adipose tissue is able to dissipate energy to generate 

heat. This remarkable feature has raised hope for the treatment of metabolic disorders. 

However, despite extensive work has been done on the identification of brown pre-

adipogenic progenitors in late embryogenesis and adult mice, their earliest origin is still 

obscure. This thesis combines latest techniques as single cell sequencing with 

classical approaches such as in vivo lineage tracing studies using the 

Osr1CreERt2/+;ROSAmTmG/+ mouse model to shed light on the very early steps of brown 

adipose tissue progenitor specification. By analyzing an early embryonic mesenchymal 

cell pool characterized by the expression of the transcription factor odd-skipped related 

1 (Osr1), my work identified two distinct pre-adipogenic progenitor populations. At 

embryonic day (E)11.5, a pool of Osr1+ cells expressing EBF2 and PAX7 was revealed 

in the dermomyotome, in line with previous observations that brown adipose tissue 

traces back to this compartment. Importantly, this work for the first-time localized cells 

in the dermomyotome that gradually switch from a myogenic to a brown adipogenic 

identity. In addition, close inspection of OSR1 and adipogenic marker 

(PPARg/EBF2/DLK1) expression identified and localized the so far undetected first 

adipogenic founder population to the peritoneal wall close to the dermomyotome. 

Surprisingly, lineage tracing revealed brown adipogenic capacity in the embryo even 

before E11.5, earlier than previously demonstrated. This was traced back to a novel 

OSR1+ and PAX7-/EBF2- non-dermomyotomal source that I identified as meso-

angioblast stem cells residing in the aorta-gonad-mesonephros (AGM) region.  

Loss of Osr1 resulted in a severe reduction of adipose tissue development, 

demonstrating functional involvement of Osr1 in adipogenesis. Further experiments 

revealed that Osr1 is required in vivo and sufficient in vitro to suppress the myogenic 

potential and promote adipogenesis. An interactome analysis suggested that during 

this process OSR1 cooperates with an array of epigenetic remodelers like MLL3, 

EP300, BRD4 as well as the pioneer TF of adipogenesis CEBPb, to prime and activate 

the adipogenic fate. 

In summary, this research introduces Osr1 as a common marker for two distinct pre-

adipogenic progenitors in earliest development and demonstrates that Osr1 is 
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necessary for a developmental lineage switch required for the establishment of 

adipose tissue. 
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ZUSAMMENFASSUNG 
 

Fettdepots entstehen an unterschiedlichen anatomischen Orten, zu unterschiedlichen 

Zeitpunkten der Entwicklung und erfüllen teilweise komplementäre Funktionen. 

Während weißes Fettgewebe als Energiespeicher dient, ist braunes Fettgewebe in der 

Lage, Energie abzubauen, um Wärme zu erzeugen. Diese bemerkenswerte 

Eigenschaft hat Hoffnung für die Behandlung von Stoffwechselstörungen geweckt. 

Trotz umfangreicher Arbeiten zur Identifizierung brauner prä-adipogener Vorläufer in 

der späten Embryogenese und bei erwachsenen Mäusen wurde deren initiale 

Entstehungsprozess noch nie klar visualisiert. Diese Dissertation kombiniert neueste 

Techniken wie die Einzel-Zell-mRNA-Sequenzierung mit klassischen Ansätzen, wie in 

vivo Linienverfolgungsstudien mit dem Osr1CreERt2/+;ROSAmTmG/+ Mausmodell, um die 

sehr frühen Schritte der Vorläuferspezifikation von braunem Fettgewebe zu 

beleuchten. Durch die Analyse eines frühen embryonalen mesenchymalen Zellpools, 

der durch die Expression des Transkriptionsfaktors Odd-Skipped Related 1 (Osr1) 

gekennzeichnet ist, identifizierte meine Arbeit zwei verschiedene prä-adipogene 

Vorläuferpopulationen. Am embryonalen Tag (E) 11.5 wurde ein Pool von Osr1+-

Zellen, die EBF2 und PAX7 exprimieren, im Dermomyotom entdeckt, in 

Übereinstimmung mit früheren Beobachtungen, dass braunes Fettgewebe auf dieses 

Kompartiment zurückgeht. Dadurch lokalisiert diese Arbeit zum ersten Mal Zellen im 

Dermomyotom, die allmählich von einer myogenen zu einer braunen adipogenen 

Identität wechseln. Darüber hinaus identifizierte und lokalisierte die genaue 

Untersuchung der OSR1- und adipogenen Marker (PPARg/EBF2/DLK1)-Expression 

die bisher unentdeckte erste adipogene Gründerpopulation an der Peritoneal-Wand in 

der Nähe des Dermomyotoms. 

Überraschenderweise zeigte die Nachverfolgung der Osr1 Abstammungslinie im 

Embryo bereits vor E11.5 eine braune adipogene Kapazität, wie es zuvor noch nie 

gezeigt wurde. Der Ursprung wurde auf eine neuartige OSR1+ und PAX7-/EBF2- 

nicht-dermomyotomale Quelle zurückgeführt, die ich als Mesoangioblasten 

Stammzellen identifizierte, die sich in der Aorta-Gonaden-Mesonephros (AGM) Region 

befinden. 

Der Verlust von Osr1 führte zu einer starken Reduktion der Fettgewebeentwicklung, 

was eine funktionelle Beteiligung von Osr1 an der Adipogenese demonstriert. Weitere 

Experimente zeigten, dass Osr1 in vivo erforderlich und in vitro ausreichend ist, um 
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das myogene Potenzial zu unterdrücken und die Adipogenese zu fördern. Eine 

Protein-Interaktomanalyse legte nahe, dass OSR1 während dieses Prozesses mit 

einer Reihe epigenetischer Remodeler wie MLL3, EP300, BRD4 sowie dem Pionier-

TF der Adipogenese CEBPb kooperiert, um das adipogene Schicksal zu fördern und 

zu aktivieren. 

Zusammenfassend führt diese Forschung Osr1 als gemeinsamen Marker für zwei 

verschiedene prä-adipogene Vorläufer in der frühesten Entwicklung ein und zeigt, dass 

Osr1 für einen Entwicklungslinienwechsel notwendig ist, der für die Entwicklung von 

Fettgewebe erforderlich ist. 
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1 INTRODUCTION 
 
1.1 The Adipose tissue at a glance 

1.1.1 The body’s rapid response unit 
 
In general terms, the most dominant function of adipose tissue is storing energy in the 

form of neutral lipids (Harvey et al., 2020, Santoro et al., 2021). Since food supply was 

not guaranteed in the daily life of an ancient human being, it was mandatory to develop 

the capacity to store excess energy and to mobilize it at any time to overcome bad 

living conditions. However, our lifestyle has changed considerably, and the modern 

world offers convenient sustenance everywhere at any time. However, the human body 

in terms of energy storing processes has not evolutionarily adapted to the modern 

lifestyle (Freese et al., 2017). This inevitably leads to many problems by which 

overnutrition and adipose tissue enlargement affect the body in many aspects of 

health. 

It all starts with food uptake and glucose in the blood, which results in rapid insulin 

secretion from the pancreatic b-cells (Marchetti et al., 2017). Insulin receptors bind its 

agonist and regulate glucose translocation into the cells. This is mediated via the 

insulin signaling pathway that activates GLUT4-transporter integration into the plasma 

membrane. After glucose transfer into the cell -GLUT4 transporters will be recycled to 

the surface as long as the insulin pathway remains activated (Harvey et al., 2020, 

Santoro et al., 2021). Of note, GLUT4 is highly abundant in striated muscle (skeletal- 

and cardiac fibers) and adipocytes, to facilitated prompt glucose uptake for metabolic 

activation and homeostasis (Mueckler and Thorens, 2013). 

In adipocytes 50% of internalized glucose will be converted to triacyl glycerides (TAGs) 

in lipid droplets (Flatt and Ball, 1964). TAG synthesis is based on glycolysis and 

gluconeogenesis which both involves free fatty acids (FFAs). While insulin supports 

TAG storage by actively regulating glucose and FFAs uptake, it inhibits lipolysis on the 

other hand (Santoro et al., 2021, Choi et al., 2006) (Fig. 1). Thus, over-nutrition results 

in accumulation of more lipids in adipocytes (hypertrophy) to prevent ectopic lipid 

accumulation in other tissues (Fig. 1). As soon as the actual maximum of hypertrophy 

(cells grow in size) is reached pre-adipogenic progenitor cells become activated to 

generate more adipocytes and store even higher levels of lipids (hyperplasia) (Santoro 

et al., 2021, Chawla et al., 2011, Makki et al., 2013). Finally, the absolute maximum of 
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adipose tissue expansion causes lipid accumulation in other organs and pro-

inflammatory cytokine secretion recruits immune cells like macrophages to infiltrate 

adipose tissue (Santoro et al., 2021, Chawla et al., 2011, Makki et al., 2013) (Fig. 1). 

The dysfunction of adipose tissue leads to insulin resistance and altered insulin and 

cytokine secretion (Santoro et al., 2021). Therefore, the summary of events generates 

the metabolic syndrome where obesity (lipotoxicity), high blood pressure and diabetes 

(blood glucose, ¯insulin secretion and sensitivity) represent a greater risk of death 

(Smith et al., 2001, Harvey et al., 2020, Cornier et al., 2008).  
Figure 1. Adipose tissue response 
to ingestion: A) Adipocytes undergo 
rapid and reversible morphologic 
alterations in the conversion 
between fasting and fed state. Upon 
food ingestion, adipocytes expand to 
store excess energy (lipids and 
glucose) as triacyl glycerides (TGs). 
Adipocytes can expand in size 
(hypertrophy) and in number 
(hyperplasia). As soon as the 
expansion limit is reached, 
adipocytes become dysfunctional. 
Chronic overnutrition causes 
hypertrophic adipocytes presenting 
crown-like structures, which contain 
necrotic cells and macrophages (in 
purple). Anormal adipose tissue 
remodeling with chronic overnutrition 
leads to immune cell recruitment and 
activation, hypoxia, and fibrosis. B) 
Insulin effects on glucose and lipid 
metabolism in functional and 
dysfunctional adipocytes. Healthy 
adipocytes are sensitive to metabolic 
actions of insulin (left) whereas 
overloaded or dysfunctional 
adipocytes are resistant to many 
actions of insulin (right). Altogether, 
this induces ectopic lipid 
accumulation in other tissues. 
(Santoro et al., 2021) 
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1.1.2 Diversity of adipose tissues and their respective functions 
 

Two main types of adipocytes exist in mammals: the brown fat cell which regulates 

body thermogenesis a process of energy expenditure and the white adipocyte that is 

engaged in energy storage as triglycerides (Schulz and Tseng, 2009). 

 
Figure 2. Schematic depiction of 
adipocyte heterogeneity: Three 
different types of adipocytes are 
shown. The white adipocyte on the left 
carries very few mitochondria and is 
filled with a single large lipid droplet. 
The brown (center) as well as the beige 
adipocyte (right) in contrast hold much 
higher numbers of mitochondria to 
drive their metabolic actions. Both 
beige and brown adipocytes carry 
multiple small lipid droplets. Brown and 
white adipocytes form distinct fat 
depots whereas beige adipocytes arise 
in white adipose tissue upon 
stimulation. 

 

The color of a white adipocyte is defined by a single large lipid droplet which occupies 

most of the cytoplasm. Brown adipocytes instead carry many small lipid droplets and 

a higher number of mitochondria giving them the typical brown look (Fig. 2). The most 

important signature gene of brown adipocytes encodes uncoupling protein 1 (UCP1) 

which locates in the inner membrane of mitochondria. UCP1 uncouples the respiratory 

chain and thereby diminishes the proton gradient that drives ATP-synthesis. The heat 

generating translocation of protons is mediated through binding of free fatty acid to 

UCP1 (Harms and Seale, 2013). To activate the brown adipose tissue (BAT), sufficient 

supply of oxygen, glucose, FFAs, circulating BAT stimulators and natriuretic peptides 

or stimuli from the sympathetic nervous system are mandatory (Thoonen et al., 2016). 

Thus, BAT resides in highly vascularized and innervated locations (Fig. 3). Brown 

adipose tissue in rodents develop throughout embryogenesis in the subscapular-, 

interscapular as well as in the cervical – neck region. Interestingly, only subcutaneous 

(subWAT) and not the visceral white adipose tissue (vWAT) forms during 

embryogenesis (Fig. 3). Of note, initial embryonic brown and subcutaneous adipose 

tissue share the same histological features. However, the visceral white adipose tissue 

that is important to preserve the inner organs and provide an energy reservoir develops 
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during postnatal life (Kozak, 2011, Kozak and Anunciado-Koza, 2008, Xue et al., 

2007). 

Nevertheless, a third adipocyte type exists that represents an intermediate state of 

brown and white fat cell (Fig. 2). The beige adipocyte appears in the white adipose 

tissue throughout a transdifferentiating process from a white to a brown like adipocyte 

or from a de novo activated perivascular progenitor that upon differentiation carries 

brown-like characteristics. Different stimuli like cold exposure and b3-adrenergic 

receptor activation promotes beige fat formation to contribute non-shivering 

thermogenesis (Jiang et al., 2017, Lee et al., 2014, Cinti, 2012, Cinti, 2009). 

 

Figure 3: Anatomical location of brown and white adipose tissues 
Brown fat depots are depicted in brown and white fat depots are highlighted in pink. The dotted line 
indicates the visceral cavity which contains the perigonadal white adipose tissue (pgWAT), 
perirenal brown adipose tissue (prBAT), mesenteric white adipose tissue (mWAT) and 
retroperitoneal white adipose tissue (rWAT). The most prominent interscapular (inscBAT) and 
subscapular brown depots (subscBAT) pattern in the shoulder gridle region and appear to be 
covered by the interscapular white adipose depot (inscWAT) and anterior subcutaneous white 
adipose depot (asWAT). The cervical brown adipose tissue (cBAT) represents the most cranial 
BAT. savWAT, salivary gland white adipose tissue; ingWAT, inguinal white adipose tissue; paBAT, 
peri-aortal brown adipose tissue. (Sebo and Rodeheffer, 2019) 
 

 

1.2 The developmental origin of adipose tissue 
 

1.2.1 Chronological sequence of adipose tissue organogenesis 
 

As mentioned above the time course of adipose tissue organogenesis is depot 

dependent. In rodents brown adipose tissue anlagen appear in the interscapular, 

cervical and subscapular region at E13 (thirteen days after fertilization). Interestingly, 

around the same stage subcutaneous white adipose tissue forms in the axillary and 



INTRODUCTION 

 5 

inguinal domain (Kozak, 2011, Kozak and Anunciado-Koza, 2008, Xue et al., 2007). 

The pre-adipogenic cells accumulating in the anlagen already express the adipogenic 

key regulator peroxisome proliferator-activated receptor g (PPARg) but do not 

recapitulate the typical phenotype of lipid laden adipocytes, since metabolic activation 

is pending (Mayeuf-Louchart et al., 2019). As embryogenesis proceeds at E15.5 the 

pre-adipogenic cells gradually change from a fibroblast like appearance to a mature 

lipid laden adipocyte expressing e.g. perilipin 1, adiponectin and fatty acid binding 

protein 4. Interestingly, prenatal developing adipose tissue – no matter if brown or white 

– share the same brown adipocyte phenotype. Also, it has been reported that the 

inguinal / subcutaneous white adipose tissue holds the highest capacity of browning 

(Vitali et al., 2012, Wang and Yang, 2017). Postnatally, visceral white adipose tissue 

appears surrounding its organs showing the classical white adipocyte characteristics 

(Xue et al., 2007, Kozak, 2011, Kozak and Anunciado-Koza, 2008).  

 

1.2.2 Adipocytes emerge from various lineages 
 

Extensive work has been done to define the ultimate adipogenic progenitor marker. 

However, tracing experiments have revealed that adipocytes emerge from numerous 

lineages that are heterogeneously and dynamically distributed during embryogenesis 

(Sanchez-Gurmaches and Guertin, 2014b, Sanchez-Gurmaches and Guertin, 2014a, 

Cristancho and Lazar, 2011, Sebo and Rodeheffer, 2019). Therewith, it has become 

clear that the main source of adipose tissue is from mesodermal origin (Gesta et al., 

2007, Cristancho and Lazar, 2011, Sebo and Rodeheffer, 2019, Matsuoka et al., 

2005). The only exception are ectodermal derived Sry-related HMg-Box gene 10 

(Sox10) expressing neural crest progenitors that have been recognized to form cranial 

white adipose tissue (Billon et al., 2007, Matsuoka et al., 2005) (Fig. 4). 

Since cell lineage commitment goes in line with cell specification, it was necessary to 

pinpoint events during embryogenesis that define the adipogenic trajectory. In the 

embryo gastrulation represents the first step of lineage segregation. Here, the epiblast 

stem cells differentiate into the three germ layers: mesoderm, ectoderm and endoderm 

(Sebo and Rodeheffer, 2019, Lawson et al., 1991). The mesoderm further 

differentiates into paraxial mesoderm that forms the somites, intermediate mesoderm 

(IM) and lateral plate mesoderm (LPM) (Sebo and Rodeheffer, 2019). Those three 



INTRODUCTION 

 6 

mesodermal compartments have been identified to express specific markers that 

define their prospective developmental fate. 

The intermediate mesenchyme which forms the urogenital and reproductive system is 

specified by odd skipped related gene 1 (Osr1), paired-box genes 2 and 8 (Pax2/8), 

lim-type homeobox 1 gene (Lhx1) and Wilms tumor 1 suppressor gene (Wt1) 

expression (Patel and Dressler, 2013). Lineage tracing studies using the Wt1-CreER 

mouse revealed a notable contribution to visceral - but not subWAT (Chau et al., 2014, 

Sebo and Rodeheffer, 2019). The Osr1-CreER lineage instead was stated to provide 

progenitors to subWAT and muscle interstitial adipocytes, exclusively (Vallecillo-

Garcia et al., 2017, Stumm et al., 2018). Moreover, Osr1 and Wt1 expression has not 

only been observed in the intermediate mesoderm but also in the lateral plate 

compartment (Sebo and Rodeheffer, 2019, Chau et al., 2014, Mugford et al., 2008, 

Prummel et al., 2019). This indicates that complete marker to tissue specificity is not 

guaranteed and thus supports the fact that adipogenic progenitors are 

heterogeneously and dynamically distributed during development. However, other 

markers of the LPM and its derived limb bud mesenchyme were studied whether their 

lineages hold adipogenic progenitors. The paired related homeobox 1 (Prx1) and 

homeobox B6 (HoxB6) lineages were investigated and confirmed adipogenic 

contribution of LPM to subWAT and ventrolateral white fat depots (Sanchez-

Gurmaches et al., 2015, Sebo et al., 2018). In sum, both the LPM (Prx1 and Hoxb6-

lineage) and IM (Osr1-lineage) provide progenitors to white adipose tissues (Fig. 4). 

Somites arise from the paraxial mesoderm and appear in the dorsal compartment as 

segmentally organized structures along the rostro-caudal body axis (Tajbakhsh and 

Spörle, 1998, Sebo and Rodeheffer, 2019). Here, they further specify into three 

subdomains: sclerotome, myotome and dermomyotome (Tajbakhsh and Spörle, 

1998). Each subdomain serves different qualities: the sclerotome harbors cells that 

generate cartilaginous and osteoid parts of the spinal column and the myotome 

generates progenitors that form skeletal muscle (Sebo et al., 2018, Sebo and 

Rodeheffer, 2019, Pang and Thompson, 2011). However, the dermomyotome 

represents the most heterogenic compartment. It has been demonstrated that the 

dermomyotome generates the myotome and consequently muscle tissue (Gros et al., 

2004, Pu et al., 2013) as well as the dermis of the dorsum (Olivera-Martinez et al., 

2004, Ben-Yair et al., 2003, Yusuf and Brand-Saberi, 2006). Finally, various lineage 

tracing studies targeting the dermomyotome proved adipogenic contribution. 
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Interestingly with contrasting distribution pattern compared to IM and LPM (Sebo et al., 

2018, Sebo and Rodeheffer, 2019). Tracing data of the pan-somite marker 

mesenchyme homeobox 1 (Meox1) revealed strongest contribution to interscapular- 

brown and white adipose tissue (iBAT and iWAT) as well as retroperitoneal WAT 

(rWAT) (Sebo et al., 2018). Furthermore, fate mapping experiments labeling the central 

dermomyotome have shown that the paired-box 7 (Pax7) as well as the engrailed 

homeobox 1 (En1) lineage play a role in the iBAT formation (Lepper and Fan, 2010, 

Lepper et al., 2009, Sebo et al., 2018, Keller et al., 2004, Atit et al., 2006, Sgaier et al., 

2005). However, tracing paired-box 3 (Pax3), a marker of the early dermomyotome 

and myotome, gave comparable results to fate mapping experiments from the 

myogenic factor 5 (Myf5) lineage that targets the myotome and myogenic progenitors. 

Both demonstrate a full coverage of the BATs in the shoulder gridle region and 

contribution to subWAT and rWAT (Sanchez-Gurmaches and Guertin, 2014b, 

Sanchez-Gurmaches and Guertin, 2014a, Seale et al., 2008, Engleka et al., 2005, 

Lang et al., 2005, Tallquist et al., 2000a). In short, the dermomyotomal derivates are 

the main source of brown pre-adipogenic progenitors (Fig. 4). 
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Figure 4: The embryonic adipocyte lineage tree. A) Schematic depiction of an E9.5 mouse 
embryo. A cross-section highlights important mesodermal and neuro ectodermal sub-
compartments. B) summarizes the current lineage-tracing data in mice introducing the posterior 
lateral plate mesoderm (PLPM) as a source of white adipose tissue, the neural crest cells as a 
cranial white adipose tissue progenitor and the somites that drive brown and white adipose tissue 
development. Grey text lists specific adipose depots; arrows describe cell lineage progression; ’?’ 
demonstrates an unknown relationship. asWAT, anterior subcutaneous white adipose tissue; 
inscBAT, interscapular brown adipose tissue; inscWAT, interscapular white adipose tissue;.(Sebo 
and Rodeheffer, 2019) 
 
 
1.2.3 Osr1, a potential marker for early adipogenesis 

 

As mentioned above the embryonic Osr1 lineage contributed to subcutaneous WAT at 

E18.5 (Vallecillo-Garcia et al., 2017). Of note, the Osr1 lineage displayed a huge 

overlap with the mesenchymal progenitor marker PDGFRa which has been highly 

B 

A 
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associated with an pre-adipogenic identity and implicates that Osr1 might have a 

higher relevance in adipose tissue development as previously recognized (Vallecillo-

Garcia et al., 2017, Sun et al., 2020). 

 

1.2.3.1 The evolutionary and molecular characteristics of Osr1 
 

The gene odd-skipped (odd) was first elaborately described in Drosophila 

melanogaster. In Drosophila the odd gene constitutes a member of the eight pair rule 

genes and plays a crucial role in the segmentation process during embryogenesis 

(Nüsslein-Volhard and Wieschaus, 1980, Coulter et al., 1990, Coulter and Wieschaus, 

1988). Thus, it is essential for initial developmental processes. Furthermore, the gene 

is conserved among different classes of the animal systematic, for example between 

insecta (fruit fly), amphibia (Xenopus), aves (chick) and mammalia (human and mouse) 

(Coulter et al., 1990, So and Danielian, 1999, Debeer et al., 2002, Katoh, 2002, Stricker 

et al., 2006, Tena et al., 2007, Lan et al., 2011).  

The Odd-skipped related 1 (OSR1) protein consists of 266 amino acids (aa) in mouse 

(So and Danielian, 1999) and was described as a transcription factor since OSR1 

showed capability to bind a specific sequence in the deoxyribonucleic acid (DNA) due 

to its aa sequence qualities and the architecture of the three identified C2H2 zinc finger 

domains to regulate activation or repression of downstream targets to promote a 

mesenchymal precursor state (Goldstein et al., 2005, Saulier-Le Drean et al., 1998, 

James et al., 2006, James and Schultheiss, 2005, Tena et al., 2007). 

 

1.2.3.2 Osr1 deficiency results in various malformations 
 

As mentioned before Osr1 is detectable in the IM and LPM in early embryogenesis, 

which indicates its importance in the formation of specific organ systems and tissues 

(James and Schultheiss, 2005, Prummel et al., 2019, Patel and Dressler, 2013). For 

instance, the loss of Osr1 in the IM region results in alterations in the urogenital system 

as kidneys and gonads fail to form (Wang et al., 2005, Mugford et al., 2008, James et 

al., 2006). Furthermore, data from the Stricker lab described that the lack of Osr1 in 

the early muscle connective tissue affects the extracellular matrix composition, which 

than negatively regulates the muscle fiber organization and muscle patterning 

(Vallecillo-Garcia et al., 2017). Supportingly, in 2012 it was stated that Osr1-knockout 
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connective tissue cells change identity from a fibroblast-like stromal cell towards a 

chondrogenic signature (Stricker et al., 2012). Moreover, published data describe that 

Osr1 has a role to keep cells in a proliferative state, since loss of Osr1 results in 

decreased numbers of G2/M cells (Zhou et al., 2015). Together, Osr1 influences the 

identity of mesenchymal cells and cell cycle progression. 

However, heart development is a critical and complex process in embryogenesis as a 

directed blood stream has to be established. On this matter, Osr1-knockout embryos 

failed to form the primary atrial septum (termed septum primum) in the heart which 

separates the right atrium from the left (Wang et al., 2005). This defect causes a wrong 

directed blood flow from the heart into the systemic veins. Moreover, the dilated atria 

and the hypoplastic venous valves represent further listed heart defects (Wang et al., 

2005). The incorrect heart development leads to lethality of Osr1 deficient embryos 

between the embryonic stage E14 and E15. 

 

1.2.3.3 Embryonically, Osr1 pursues a dynamic expression motif 
 

To understand the general developmental role of Osr1 in vertebrates a detailed 

expression analysis was obligatory and was first done on chicken. The chick embryo 

is a common model organism to investigate early developmental processes. The first 

observation was that Osr1 follows a very dynamic expression throughout 

embryogenesis and that it is generally overlapping among chicken and mouse 

embryos (Stricker et al., 2006). In mouse embryos Osr1 expression emerges at the 

embryonic stage E7.5 specifically in the embryonic mesoderm (seven and a half days 

after fertilization) (Wang et al., 2005) (Fig. 5A). At stage E8.5, Osr1 expression 

expands and marks the entire IM from caudal to approximately the cardiac crescent 

and the dorsal LPM (Wang et al., 2005, Stricker et al., 2006, Mugford et al., 2008) (Fig. 

5B and C). As development proceeds, the Osr1+ cell pool continuously spreads and 

labels various tissues like: fore- and hindgut endoderm, lung bud mesenchyme, a few 

myocardial cells of the atrial chamber wall and in the caudal IM that expands to the 

somitic mesoderm at stage E9.5 (Wang et al., 2005) (Fig. 5D-F). Osr1 expression at 

E10.5 is detectable in the developing branchial arches as well as in the upper trunk, 

the limb bud mesenchyme and forebrain (Fig. 7 G-H). In the followed stage E11.5, 

Osr1 expression in the limb buds is shifted to the anterior where a new Osr1 positive 

domain appears that encloses the proximal limb. Lastly, Osr1+ cells reside in the lateral 
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mesenchymal layer of the trunk (Wang et al., 2005, Stricker et al., 2006, So and 

Danielian, 1999). Together, these observations describe Osr1 as a transcription factor 

that assists organogenesis in a spatial and temporal manner. Of note, Mugford in 2008 

investigated the very early Osr1 lineage between E7.5 and E11.5 and stated that “Osr1 

expression demarcates a multipotent population (…) that undergoes progressive 

lineage restriction…“(Mugford et al., 2008). In this study, short pulse lineage tracing 

data revealed that the Osr1 lineage between E7.5 and E9.5 covers various identities 

like endothelial, interstitial cell and smooth muscle which disappear at later stages 

(Mugford et al., 2008). 

However, it remains unclear whether Osr1 expressing cells show co-expression with 

pre-myogenic precursors since it was stated that Osr1+ cells are observed near to the 

somites in early chicken embryos (Stricker et al., 2006). 

 
Figure 5: Osr1 expression pattern during early mouse embryogenesis.  
A) At E7.5 whole mount b-galactosidase staining (X-GAL) showed Osr1 expression (blue) in the 
intermediate region of the mesoderm layer but not in the primitive streak (pm). (B and C) At E8.5, 
Osr1 is detected throughout the intermediate mesoderm caudal to the cardiac crescent. D) By E9.5, 
Osr1 expression is observed not only in the intermediate mesoderm but also recognized at the 
dorsal region of the atrium and in the caudal somites. E, F) Sagittal and transverse sections, 
respectively, depict Osr1 expression in the lung bud mesenchyme, the fore- and hindgut endoderm, 
and in the dorsal atrial wall. (G, H) By E10.5, the Osr1 expression pattern expands and labeled the 
first branchial arches, limb buds, and somites. a, atrium; acv, anterior cardinal vein; fl, forelimb bud; 
hg, hindgut; hl, hindlimb bud; lb, lung bud; mb, mandibular process; mx, maxillary process; oe, 
esophagus; pm, primitive streak; s, somite; v, ventricle.(Wang et al., 2005) 
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1.3 The stromal vascular fraction 
 

1.3.1 Perivascular niche design 
 

As described before the adipose tissue has a high remodeling capacity to adapt rapidly 

to stressors that result in energy expenditure or storage. To adjust to new conditions 

the adipose tissue is controlled by its niche: the stroma vascular fraction (SVF). Two-

third of adipose tissue mass is comprised by the SVF that embeds mature adipocytes. 

Studies revealed that the SVF serves as a reservoir of heterogenous cell groups like 

endothelial progenitor cells, preadipocytes, mesenchymal stem cells (MSCs), 

pericytes, macrophages, T-cells and erythrocytes (Trevor et al., 2020, Bourin et al., 

2013, Sarantopoulos et al., 2018) (Fig. 6). 

 

 
Figure 6: The perivascular niche of adipose tissue 
The stromal vascular fraction arranges around the endothelium and comprises of heterogenic cell 
groups like endothelial progenitor cells, preadipocytes, mesenchymal stem cells (MSCs, like 
intermediate and progenitor cells), pericytes and macrophages. Every cell type is found in its 
distinct location until activation. Together, they orchestrate tissue remodeling and homeostasis. 
BAT: brown adipose tissue; WAT: white adipose tissue (Created with BioRender.com) 
 
 

1.3.2 SVF, assistance of adipose tissue expansion 
 

The adipose tissue is one of the most plastic organs that constantly remodels to 

maintain the state of health (Cao, 2007, Cao, 2010). Various stressors can activate 
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shrinking or tissue expansion. To facilitate adipose tissue adjustment the vascular 

network is the main component that has to restructure since delivery of nutrition, 

oxygen, hormones, growth factors, progenitor cells and immune cells are 

indispensable for tissue repair, growth and expansion (Cao, 2010, Cao, 2007, 

Folkman, 1995, Lijnen, 2008). Of note, studies have revealed that adipose tissue is 

already dependent on an established vascular supply during embryogenesis (Crandall 

et al., 1997, Cao, 2007). However, upon vascularization the interplay of different cell 

types in the constructive area supports functional tissue growth (Fig. 7). 

In obese individuals white adipose tissue experiences hypoxic conditions inducing 

upregulation of hypoxia-inducible transcription factor 1 (HIF1) and HIF2 which tips 

angiogenesis by supporting expression of angiogenesis-related factors and 

downregulation of angiogenic inhibitors (Cao et al., 2001, Hosogai et al., 2007, 

Trayhurn et al., 2008, de Fraipont et al., 2001). Besides that, obesity represents a state 

of chronic inflammation that is accompanied with infiltration of inflammatory cells (Cao, 

2010). Here, activated macrophages and leukocytes secrete pro-angiogenic factors 

and cytokines like vascular endothelial growth factor A (VEGFA), tumor necrosis factor 

(TNF), interleukin-6 (IL-6) and IL-8, too (Cao, 2010, Hotamisligil, 2006, Powell, 2007, 

Lazar, 2005, Lehrke and Lazar, 2005). Interestingly, adipocytes secrete self-regulating 

adipokines like leptin, which promotes angiogenesis and inflammation but also 

adiponectin, which is inhibiting neovascularization (Cao et al., 2001, Cao, 2010, 

Fantuzzi and Faggioni, 2000, Brakenhielm et al., 2004, Mahadev et al., 2008). These 

observations indicate a well titrated system of activation vs inhibition of angiogenic 

modulators in the adipose tissue. Moreover, both mature adipocytes and inflammatory 

cells initiate extracellular matrix (ECM) remodeling by producing metalloproteinases 

like MMP-2 and MMP-9 that are linked to promote preadipocyte differentiation and 

micro-vessel maturation since matrix-bound factors can be released (Cao, 2007, 

Kawaguchi et al., 2002, Bouloumié et al., 2001, Bergers et al., 2000, Christiaens and 

Lijnen, 2006, Park et al., 2001). 

However, adipo-derived stromal cells (ADSCs) represent a stem cell like population 

within in the SVF which was recognized to significantly contribute to adipose tissue 

modulation and regenerative processes (Cao, 2010, Meliga et al., 2007, Tang et al., 

2008, Gesta et al., 2007, Nakagami et al., 2006). First, secretion of pro-angiogenic 

molecules and second, the heterogenic cell pool that can differentiate into various cell 

types like endothelial cell, pericytes and preadipocytes enable efficient tissue 
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expansion (Grenier et al., 2007, Meliga et al., 2007, Cao, 2010). Taken together, 

mature adipocytes as well as macrophages regulate angiogenesis and facilitate ECM 

remodeling. The ADSC compartment on the other hand provides different types of 

progenitors to populate the obtained space (Fig. 7). 

A catabolic stimulus via the b3-adrenergic receptor (ADRB3) activation has also been 

described to initiate adipose tissue remodeling. Here, ADRB3 recruits its downstream 

target cAMP-dependent protein kinase (PKA) which thereafter induces hormone-

sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) to mediate lipolysis (Lee 

et al., 2012, Lee et al., 2014, Granneman et al., 2005, Lee et al., 2013b). Since ADRB3 

stimulates death of vulnerable adipocytes, non-inflammatory macrophages (M2) 

infiltrate the tissue (Lee et al., 2014, Lee et al., 2013b, Camell et al., 2017, Feingold et 

al., 1992). Of note, at that state a temporary niche forms: the “crown-like-structure 

(CLS)“ - M2 macrophages clear apoptotic adipocytes and thereby recruit progenitor 

cells from the ADSC compartment which replenish the space with newly formed brown 

/ beige adipocytes due to catabolic stimuli (Lee et al., 2014, Lee et al., 2013b). In 

summary, environmental cues regulate tissue remodeling by activating angiogenesis, 

the immune cell response and recruitment of different progenitor from the ADSC 

compartment (Fig. 7). 
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Figure 7: Adipose tissue remodeling 
With nutrient excess numerous events are provoked that influence adipose tissue appearance. 
Titration between adipocyte hypertrophy, hyperplasia and death dictates the energy storage 
capacity of a fat depot. Both, hypertrophy and hyperplasia are connected to angiogenic cues to 
support vascular expansion and nutrient availability to adipocytes. Adipocyte death, an indicator of 
adipose tissue stress, is a consequence of accumulating inflammatory adipose tissue 
macrophages (ATMs) that form crown-like structures (CLSs). Extracellular matrix (ECM) is 
reorganized throughout secretion of matrix metalloproteinases (MMP) upon hypertrophy or an 
inflammatory response. Abbreviations: CD11c+: cluster of differentiation 11c or integrin alpha X; 
HIF: hypoxia-inducible factor; TIMPs: tissue inhibitors of metalloproteinases; VEGF: vascular 
endothelial growth factor. (Martinez-Santibanez, 2015) 
 
 

1.4 The adipogenic progenitor pool 
 

As mentioned before the adipogenic niche serves as a heterogenous progenitor 

reservoir to enable tissue remodeling. In the last decades intensive work has been 

performed to disentangle the repertoire of pre-adipogenic progenitors (APs). 

Fluorescence-activated cell sorting (FACS) strategies were used to separate along 

different combinations of cell surface markers or reporter mouse lines to specify cell 

types residing in the SVF. A common observation was that the endothelial and 

haemopoietic lineage expressing CD31, Ter119 and CD45 (Lin+) do not hold a 
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significant adipogenic capacity (Rodeheffer et al., 2008, Joe et al., 2009, Sacco et al., 

2008, Steinbring et al., 2017, Lee et al., 2012). However, after Lin+ depletion from the 

SVF cell pool, markers that identify divergent mesenchymal progenitors were used to 

select for potential adipogenic progenitors. 

 

1.4.1 Established signatures 
 

Studies on subcutaneous white adipose tissue using the Lin- cells and a sequence of 

mesenchymal progenitor markers: CD29 (b1-integrin), CD34, stem cell antigen 1 

(Sca1) and CD24 confirmed an adipogenic identity upon in vitro adipogenic 

differentiation and transplantation experiments (Rodeheffer et al., 2008, Shackleton et 

al., 2006, Sidney et al., 2014). The Rossi lab in 2009 identified a similar cell population 

from Lin- cells expressing: CD34+ and Sca1+ cells in subWAT and vWAT (Joe et al., 

2009). Interestingly, cells from white adipose tissue that express CD34, Sca1 and 

platelet derived growth factor receptor alpha (PDGFRα) have been described as a bi-

potential progenitor population that forms either a white or brown/beige adipocyte (Joe 

et al., 2009, Lee et al., 2012, Wankhade and Rane, 2017), highlighting once again the 

plasticity of the adipogenic niche. Alike, brown adipose tissue was investigated 

whether brown adipogenic progenitors reside in the SVF too. Work from the Schulz 

group showed that the Lin- cell fraction expressing Sca1+ and PDGFRα+ hold a brown 

adipogenic capacity upon in vitro adipogenic differentiation (Steinbring et al., 2017). 

Fascinatingly, flow cytometric screening and cell isolation from the skeletal muscle 

demonstrated that the Lin-: Sca1+ muscle interstitial cells feature a brown adipogenic 

potential as well (Schulz et al., 2011). Moreover, single cell RNA sequencing confirmed 

that Lin-: Sca1+ cells from vWAT are sufficient to study the heterogeneity and 

adipogenic progenitor landscape in the SVF in the context of obesity (Cho et al., 2019). 

Altogether, the Lin-: Sca1+ signature seem to be precise enough to measure the full 

plasticity of the AP pool in adulthood. 

However, it is possible to specify the AP signature further by targeting a SVF sub-

compartment of interest. This was done in a study that investigated smooth muscle 

cells of the SVF via CD105+ (endoglin) that validated the adipogenic capacity in vitro 

(Cîmpean et al., 2007, Piao and Tokunaga, 2006, Lv et al., 2012). In a different work 

an inducible alpha smooth muscle actin (aSMA)-RFP (red fluorescent protein) lineage 

tracing mouse model was used to study the mural compartment of the vascular niche. 
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In vivo and in vitro experiments proved that the aSMA-lineage+ PPARg+ cell pool is 

required for adipose tissue homeostasis (Jiang et al., 2014). In the same study, 

investigations of the AdipoTrak mouse: a PPARgtTA (“Doxycycline Off’’ system) 

combined with a supplementary reporter system (e.g., TRE-H2B-GFP; TRE-Cre, 

R26RlacZ) highlighted the fact that depletion of the PPARg+ pool from embryonic stage 

E0 – E10.5 specifically failed to perform sufficient tissue homeostasis in adulthood. 

These observations were raising the point that the adipogenic niche is specified before 

embryonic stage E10.5. Also, depletion of the PPARg+ pool from E0 – P10 displayed 

a serious loss of adipose tissue (Jiang et al., 2014, Tang et al., 2008). These data 

outline that the embryonic signature of pre-adipogenic progenitors deserve higher 

attention. 

As mentioned before, it remains a challenging task to define the pre-adipogenic 

founder cell signature since their heterogeneity and dynamic distribution creates extra 

complexity during embryogenesis. Nevertheless, the first thorough embryonic brown 

adipogenic progenitor signature was defined by a combinatory approach. A study from 

2013 introduced the new preadipocyte marker early B cell factor-2 (Ebf2) which has 

been confirmed to implement and maintain the brown adipogenic identity pre- and 

postnatally (Rajakumari et al., 2013). One year later it was stated that the Ebf2+ 

PDGFRa+ cells hold a much higher adipogenic potential as the Ebf2- group (Wang et 

al., 2014). With this knowledge, generated transcriptomic data from the E14.5 Ebf2+ 

PDGFRa+ fraction was correlated with the transcriptomic data of the embryonic E14.5 

Myf5 lineage since previous studies of Myf5+ progenitor cells have proven a high level 

of BAT contribution (Wang et al., 2014, Sanchez-Gurmaches and Guertin, 2014b, 

Sanchez-Gurmaches and Guertin, 2014a). Genes which were enriched in the Ebf2+ 

PDGFRa+ and Myf5 lineage+ PDGFRa+ group have been validated as the first brown 

adipogenic progenitor signature which interestingly did not yield an adipogenic key 

marker (Wang et al., 2014). 

 

 

1.5 Programming the adipogenic cell identity 
 

It has been stated that mesenchymal progenitor cells undergo a sequential process to 

form mature adipocytes. This event is well orchestrated and involves chromatin 

remodeling, changes in the epigenetic landscape, and finally results in activation of a 
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transcriptional cascade that defines the adipogenic identity (Jiang et al., 2014, Rauch 

and Mandrup, 2021, Rosen and MacDougald, 2006, Cristancho and Lazar, 2011). 

 

1.5.1 Mesenchymal cell fate restriction 
 

The determination process in first place implies commitment of a pluripotent stem cell 

(embryonic stem cell, ESC) to a distinct lineage. Thus, the conversion of mesenchymal 

stromal cell to a preadipocyte identity (Rosen and MacDougald, 2006). 

Interestingly, on a low level, MSCs express various genes from different lineages that 

suppress each other to maintain the undifferentiated state (Rosen and MacDougald, 

2006). At the timepoint of environmental changes, the balance is tipped, and new 

established conditions enable one lineage to be favored over the others, entering a 

final cell fate decision process (Rosen and MacDougald, 2006). One of the most 

prominent examples is the vice versa repressive regulation between the adipogenic 

master regulator PPARg and osteogenic lineage specifier runt-related transcription 

factor 2 (RUNX2). Data on RUNX2-/- cells showed an elevated potential to form 

adipocytes, while PPARg+/- mice developed increased bone mass (Rosen and 

MacDougald, 2006, Jeon et al., 2003, Akune et al., 2004). A similar regulatory scenario 

was described between the myogenic and adipogenic fate. Here, Rho family of small 

GTPases have been demonstrated to regulate whether RHO-associated kinase 

(ROCK) translocates into the nucleus and promotes the myogenic cell fate or in case 

of Rho GTPase inactivation via p190B RHO-specific GTPase-activating protein (p190-

B RhoGAP) the adipogenic lineage (Cristancho and Lazar, 2011, Rosen and 

MacDougald, 2006). This has been confirmed on p190-B RhoGAP lacking mice that 

developed reduced adipose tissue and mouse embryonic fibroblasts (MEFs) with 

decreased adipogenic competence (Sordella et al., 2003). Moreover, treatment of 

C2C12 myotubes with insulin growth factor 1 (IGF1)- and ROCK- inhibitor induced lipid 

accumulation (Bryan et al., 2005, Rosen and MacDougald, 2006, Cristancho and 

Lazar, 2011). Together, these observations define a sensitive regulatory system which 

can after disbalance result in a cell lineage commitment. 
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1.5.2 Chromatin remodeling and enhancer communities 
 

Dynamical changes in the three-dimensional (3D) architecture of chromatin have been 

associated to be decisive for transcriptional adaption of a cell to environmental 

changes (Madsen et al., 2020, Rauch and Mandrup, 2021, Inagaki et al., 2016). 

Therefore, genome organizers like CCCTC binding factors (CTCFs) and cohesion 

modulate chromatin compartmentation by binding together strands of 

desoxyribonucleic acid (DNA) which in turn result in chromatin looping and or mounting 

to structures like the nuclear lamina (Phillips and Corces, 2009, Guelen et al., 2008, 

Hou et al., 2008). A homodimer of CTCFs has also been described as an inhibitor of 

transcription since their DNA binding prevents interaction between enhancers and 

promoters (Yusufzai et al., 2004). As mentioned above a CTCF homodimer defines 

the boundary of DNA loops which conversely describe a self-interacting genomic unit- 

also named topologically associated domain (TAD). Within TADs, DNA sequences 

physically interact with each other more frequently than with sequences outside of a 

TAD (Pombo and Dillon, 2015). Also, it has been observed that highly interconnected 

enhancers localize at their boundaries which actively regulate gene expression 

(Madsen et al., 2020) (Fig. 8). 

 
Figure: 8: Structural organization of 
chromatin. A) Chromosomes are 
found to occupy specific nuclear 
spaces, termed chromosomal 
territories. B) Each chromosome is 
segmented into topological associated 
domains (TADs). TADs with repressed 
transcriptional activity (red) tend to 
arrange close to the nuclear lamina 
(dashed line), whereas active TADs 
(green) tend to localize more in the 
center of a nucleus. Each TAD is 
framed by regions with low interaction 
frequencies “TAD boundaries” 
(magenta hexagon). C) An active TAD 
demonstrates several interactions 
between distal regulatory elements 
and genes within it. (Matharu and 
Ahituv, 2015) 
 

 

Moreover, different enhancer communities have been described to be involved in the 

3D chromatin modulation process and cell fate definition. Data from enhancer-capture 
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Hi-C experiments introduced and characterized firstly “regular enhancer communities” 

that showed less than eight enhancer-to-enhancer interactions and contained mainly 

motifs for transcription factors (TFs) that maintain the stem cell state (Madsen et al., 

2020). Secondly, “highly interconnected enhancer communities” (HICEs) were 

identified as organizing structural domains or 3D hubs (regulatory hotspots) that are 

highly enriched of CTCF motifs (Fig. 9). HICEs demonstrated much higher connectivity 

between enhancers as well as an enrichment of the total and dynamic enhancer-

promoter connections compared to regular enhancer communities (Madsen et al., 

2020) (Fig. 9). 

 
Figure 9: HICEs engage in multiple 
types of chromatin interactions. 
Schematic depicting how HICEs, but 
not regular enhancers, define TAD and 
sub-TAD boundaries. Regular 
enhancers rather define smaller sub-
TADs with lower numbers of enhancer-
enhancer interactions as well es 
enhancer-promoter connectivity 
compared to HICEs. Higher 
connectivity between HICEs and 
regulator enhancers enable 
transcriptional control on a higher scale 
“transcriptional hotspot”. (Madsen et 
al., 2020) 

 

However, super-enhancers (SEs) which have been used to study and analyze master 

regulators of cell fate and differentiation represent the third party (Hnisz et al., 2013, 

Whyte et al., 2013). Interestingly, the work from the Mandrup lab revealed that HICEs 

present distinct differences to SEs. First, HICEs show higher association with 

differentially expressed genes during differentiation and allow a better assignment of a 

current cell status. Moreover, HICEs compared to SEs demonstrated to be a more 

powerful cell fate predictor (Madsen et al., 2020). Altogether, HICEs are functional, 

preestablished structural domains in the stem cells that can upon differentiation drive 

possible fates of MSCs (Fig. 10) (Madsen et al., 2020, Rauch and Mandrup, 2021). 

Thus, PPARg as an adipogenic master regulator induces changes in the connectivity 

of functional units like promoter and enhancers that finally directs the adipogenic 

program (Rauch and Mandrup, 2021, Madsen et al., 2020). 
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Figure 10: HICE communities define lineage choice. Schematic demonstration how HICE 
communities conceive lineage choices in human mesenchymal stem cells (hMSCs). In stem cells 
established HICEs simultaneously modulate gene expression of all lineages to maintain 
pluripotency. During differentiation to osteoblasts (blue) or adipocytes (red), connectivity within 
lineage-specific HICE communities is gained, while connectivity decreases in the other lineage-
specific HICE communities. (Madsen et al., 2020) 
 

1.5.3 Modulations in the epigenetic landscape control the adipogenic 
transition… 

 

Epigenetics generally describes regulatory modifications that effect gene expression 

activity which can be mitotically and/or meiotically inherited but do not arise from 

changes in the DNA sequence (Weinhold, 2006, Dupont et al., 2009). Thus, the 

modulatory units are histone variants, covalent modifications of DNA bases, and 

posttranslational modifications of amino acids on the amino-terminal tail of histones 

(Dupont et al., 2009, Biswas and Rao, 2018). The main epigenetic actors which have 

been associated with these modifications are firstly, epigenetic writers – a large 

collection of enzymes proficient of modifying nucleotide base and distinct amino acid 

residues on histones, secondly, epigenetic erasers - a group of enzymes competent in 

erasing these modifications, and lastly epigenetic readers - a heterogenous group of 

proteins that own specialized domains capable of recognizing distinct epigenetic marks 

in a locus (Biswas and Rao, 2018). 

The most investigated epigenetic modifications are methylation and acetylation. Of 

note, methylation marks were observed on DNA and histone proteins whereas 

acetylation is exclusively associated with histones. Both modifications have been 

demonstrated to regulate gene expression pattern in a cell by controlling the state of 

transcriptional activation or repression (Biswas and Rao, 2018). Thus, epigenomic 

factors are recognized to play an important role in controlling cell-type-specific gene 
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expression during cell commitment and differentiation (Reik, 2007, Ong and Corces, 

2011, Lee et al., 2019). 

For example, the epigenetic landscape of the adipogenic program in embryonic stem 

(ES) cells has been shown to hold a bivalent signature of active H3K4me3 and 

repressive H3K27me3 marks. That combination of bivalent histone modifications 

keeps the adipogenic lineage specific genes like PPARg and CCAAT enhancer binding 

protein alpha (CEBPa) in a “poised” state by pausing the RNA polymerase II (Pol II) 

(Voigt et al., 2012, Bernstein et al., 2006, Chen and Dent, 2014) (Fig. 11, upper right). 

In contrast, an active chromatin state was observed in ES cells for pluripotent gene loci 

since acetylation on H3K27 at enhancer regions, H3K4me3 modifications in the 

promoter and H3K36me3 marks in the gene body represent an active state of 

transcription (Chen and Dent, 2014, Meissner et al., 2008, Guenther et al., 2007) (Fig. 

11, upper left). 

However, in preadipocytes pluripotent genes hold repressive H3K9me3 and 

H3K27me3 modifications at the promoter region and gene body as well as DNA 

hypermethylation at the promoter summarizing the state of heterochromatin (Meissner 

et al., 2008, Mikkelsen et al., 2007). 

The lineage specific genes of the adipogenic program though demonstrates an active 

motif of H3K4me1 and H3K27ac marks in the enhancer region. These marks were 

revealed to be established by epigenomic writers like MLL3/4 and CBP/p300 that got 

recruited by the pioneer adipogenic TF, CEBPb (Lee et al., 2013a, Lee et al., 2019). 

The epigenomic writers in turn recruited the epigenetic reader: bromodomain and extra 

terminal domain (BET) protein Brd4 to activate enhancers by recruitment of Pol II and 

co-activators (Lee et al., 2019, Brown et al., 2018). Moreover, the promoter region is 

labeled with active H3K4me3 marks and the gene body with H3K36me modifications 

describing transcriptional activity (Mikkelsen et al., 2007).  

At the same time genes of other lineages carry repressive marks like H3K27me3 and 

DNA methylation at their promoter regions (Fig. 11, bottom right), concluding that the 

epigenetic profile of a cell can describe the actual state of a cell.  
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Figure 11: Chromatin modifications describe the actual state of a cell.  
The epigenetic signature in embryonic stem (ES) cells show an active chromatin state as H3K4me 
and H3K27ac mark the enhancer region and H3K4me3 the promoter to maintain the pluripotent 
state (upper left). Lineage-specific genes instead, hold a bivalent signature such as H3K4me 
(active) and H3K27me3 (repressive) in the enhancer and promoter region representing a “poised” 
state of transcription (upper right). In contrast, cells that have differentiated hold repressive marks 
for genes of other lineages and pluripotent genes comprising of DNA methylation and H3K27me3 
in the promoter region (bottom left and right). However, the lineage-specific genes of the 
differentiated cell demonstrate an activate histone profile: H3K4me and H3K27ac in the enhancer 
and H3K4me3 in the promoter region (bottom center). (Inagaki et al., 2016) 
 

1.5.4 Key regulators of the early adipogenic transcriptional cascade 
 

To sequentially activate the adipogenic program CCAAT enhancer binding proteins are 

crucial (Lee and Ge, 2014, Lee et al., 2019, Farmer, 2006, Zuo et al., 2006, Lane et 

al., 1999, Barak et al., 1999). CEBP proteins belong to the basic leucine zipper family 

TFs that can form homo- and hetero-dimers to bind to their target sequences to 

regulate gene transcription (Lee et al., 2019, Landschulz et al., 1989). In the initial 

phase of adipogenic differentiation, CEBPb and CEBPd become immediately activated 

by either adipogenic chemicals like isobutylmethylxanthine (IBMX) and 

dexamethasone (DEX) in vitro or through other inducive cues (hormones) like insulin 

in vivo (Cao et al., 1991, Lee et al., 2019, Tang et al., 2005) (Fig. 12). The relevance 

of these TFs has been confirmed by overexpression of CEBPb alone or together with 

CEBPd, which in turn promoted PPARg expression in a non-adipogenic NIH3T3 cell 

line (Wu et al., 1995, Wu et al., 1996, Lee and Ge, 2014). Two isoforms of PPARg 

exist, PPARg1 is ubiquitously expressed, whereas PPARg2 expression is specifically 

restricted to adipose tissues (Cho et al., 2009). From now onwards, PPARg2 will be 

referred to as PPARg.  
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However, double knockout of CEBPb and CEBPd in mice decreased adipose tissue 

weight significantly (Tanaka et al., 1997). Also, ChIP-Seq data revealed that CEBPb 

functions as a pioneer TF in the initial state of adipogenesis since CEBPb was 

observed to bind to adipogenic enhancer regions and thereby enables the recruitment 

of other pro-adipogenic TFs to form adipogenic enhancers and consequently active 

expression of late acting TFs such as PPARg and CEBPa (Siersbæk et al., 2012, 

Siersbæk et al., 2011). 

CEBPa, like PPARg, is a pro-adipogenic TF, is decisive for adipogenesis since loss of 

CEBPa in mice leads to lack of white adipose tissue and smaller brown fat depots 

(Wang et al., 1995). Interestingly, the expression of CEBPa is observed relatively late 

during adipogenesis as compared to CEBPb and CEBPd (Lee and Ge, 2014, Farmer, 

2006, Lane et al., 1999) (Fig. 12). Of note, it is stated that the PPARg2 promoter 

sequence, contains two CEBP recognition elements which can be recognized by three 

CEBPs to activate PPARg2 expression (Zhu et al., 1995). Experiments support that 

CEBPa binding replaces early CEBPs such as -b and -d at later stages, which 

recapitulates their expression patterns (Salma et al., 2006, Clarke et al., 1997) (Fig. 

12). Additional data from Chromatin immune precipitation DNA-Sequencing (ChIP-

Seq) analyses confirmed that CEBPa, CEBPb and PPARg activate PPARg 

transcription itself as they bind to enhancer-like regions effecting the PPARg gene 

locus in a positive feedback loop driving adipogenesis (Lee et al., 2013a) (Fig. 12). 

 
Figure 12: The regulatory cascade controlling adipogenesis.  
Adipogenesis is dependent on a sequential activation and interaction of transcription factors, 
CEBPs and the master regulator PPARg. CEBPb and d peak immediately after adipogenic induction 
and are crucial to activate PPARg expression (day 0). Endogenous ligands potentiate the 
transcriptional activity of PPARg. Upon ligand activation, PPARg promotes the expression of 
CEBPa as well as other adipocyte genes later during adipogenesis (day 2). A positive feedback 
loop drives CEBPa to maintain the expression of PPARg. Both, PPARg and CEBPa promote 
adipocyte differentiation and insulin sensitivity.(Wu et al., 1999, Lane et al., 1999). 
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1.6 Modulators of the adipogenic program 
 

1.6.1 Signaling pathways regulate adipogenesis 
 

Several extracellular signaling molecules or hormones were involved in the decision-

making process between activation or inhibition of the adipogenic program in 

mesenchymal progenitor cells (Ghaben and Scherer, 2019). 

As already mentioned in the beginning of this study, insulin and insulin growth factor 1 

(IGF1) signaling have been confirmed to be highly pro-adipogenic stimulators (Rosen 

and MacDougald, 2006, Ghaben and Scherer, 2019). Inhibition of single factors of the 

intracellular signaling cascade including the insulin receptor, insulin receptor 

substrates (primarily IRS1) its downstream target phosphatidylinositol-3 kinase (PI3K) 

and finally protein kinase B (AKT-1 or -2) has been demonstrated to block 

adipogenesis (Blüher et al., 2002, Accili and Taylor, 1991, Tseng et al., 2004, Xu and 

Liao, 2004) (Fig. 13). Under normal conditions this pathway would activate cyclic AMP 

(cAMP) response element-binding protein (CREB) as well as regulate mammalian 

target of rapamycin (mTOR) and the family of forkhead proteins (FOXOs) to drive the 

adipogenic program in its early stages (Martin et al., 2015, Nakae et al., 2003, Haeusler 

et al., 2018, Klemm et al., 2001). 

Steroid hormones like glucocorticoids (GCs) that signal through glucocorticoid 

receptors (GCRs) represent another important pro-adipogenic regulator, as 

dexamethasone (Dex) - a synthetic GR ligand - accelerated adipogenic differentiation 

in vitro. GC expedites adipogenesis by recruiting histone acetyltransferase CBP to 

activate CEBP-primed enhancers in culture and drives upregulation of several 

transcription factors, including CEBPs (Lee et al., 2019, Ghaben and Scherer, 2019, 

Wiper-Bergeron et al., 2007). Furthermore, the glucocorticoid signaling pathway 

activation sensitizes preadipocytes to insulin signaling which in turn promotes the pro-

adipogenic actions of the insulin pathway (Tomlinson et al., 2010, Ghaben and 

Scherer, 2019) (Fig. 13). 

Bone morphogenic proteins (BMPs) belong to the superfamily of transforming growth 

factor-b (TGFb) proteins. BMPs are conserved signaling molecules that have been first 

recognized for their competence to promote cartilage and bone formation (Rosen and 

MacDougald, 2006). To date it is well described that BMPs are involved in many 

processes in the entire body (Sieber et al., 2009). The effect of BMPs on mesenchymal 
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cells have been described to be very heterogeneous depending on the BMP molecule, 

its concentration, type of precursor cell and presence of other regulators (Rosen and 

MacDougald, 2006). Activation of the BMP pathway involves BMP molecules binding 

to the BMP receptors, which induces intracellular phosphorylation and activation of 

SMAD proteins. Phosphorylated SMADs thereafter translocate to the nucleus and 

regulate transcription of their target genes (Ghaben and Scherer, 2019, Rosen and 

MacDougald, 2006) (Fig. 13). It was shown that C3H10T1/2 pluripotent stem cells need 

BMP signaling to commit to the adipogenic lineage in vitro and that SMAD4 can 

activate PPARg transcription to enable adipogenesis (Huang et al., 2009, Bowers et 

al., 2006, Tang et al., 2004). Expectedly, BMP molecules were confirmed to promote 

either white- or brown adipocyte formation. BMP4 have been recognized to be involved 

in white adipocyte- and BMP7 in brown adipocyte development (Modica et al., 2016, 

Tseng et al., 2008).  

 
Figure 13: Extracellular regulators of 
adipogenesis.  
Extracellular signaling ligands, including insulin, 
glucocorticoids (GC) and bone morphogenetic 
proteins (BMPs), directly activate PPARg and/or 
CEBPa to drive preadipocyte differentiation. In 
contrast, signaling molecules, of the WNT and 
Hedgehog families (SHH), suppress adipogenesis 
through direct repression of the PPARg–CEBPa 
complex or through intervention of other pro-
adipogenic signaling cascades, such as inhibition of 
insulin and BMP signaling by Hedgehog. GCR: 
glucocorticoid receptor; mTOR: mammalian target 
of rapamycin (Ghaben and Scherer, 2019) 
 

 

 

WNTs belong to a highly conserved family of paracrine and autocrine molecules which 

have been demonstrated to be important in the cell fate determination process and 

development (Ghaben and Scherer, 2019, Rosen and MacDougald, 2006). WNT 

proteins bind to the frizzled receptors and induce intracellular activation and 

stabilization of b-catenin that modulates gene expression of its targets (Logan and 

Nusse, 2004). Apart from their pro-growth roles, Wnt10b, Wnt10a and Wnt6 have been 

shown to suppress the adipogenic program by inhibition of CEBPa and PPARg 

transcription (Ross et al., 2000, Cawthorn et al., 2012) (Fig. 13). At the same time, it 

has been recognized that WNT treated cells shift towards an osteoblastic identity 
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(Cawthorn et al., 2012, Cristancho and Lazar, 2011). Moreover, in vivo data have 

revealed that WNT signaling from the vascular endothelium is regulating the 

adipogenic niche by inhibiting additional adipocyte formation (Rajashekhar et al., 

2008). These data emphasize the importance of a negative regulator to control tissue 

growth. 

Hedgehog signaling represents another highly conserved pathway that was 

recognized as an important regulator in controlling the body patterning during 

embryogenesis (Ghaben and Scherer, 2019). The Hedgehog family of ligands bind to 

patched (PTC) receptors to activate downstream signaling by releasing smoothened 

(SMO) which induces gene expression through members of the GLI family (Hooper 

and Scott, 2005) (Fig. 13). Sonic hedgehog (SHH) and or activated PTC was 

demonstrated to reduce the adipogenic potential in rodent fibroblasts due to 

interference with BMP-2 downstream signaling and alteration of insulin sensitivity 

(Zehentner et al., 2000, Fontaine et al., 2008). Interestingly, both, WNT and Hedgehog 

signaling convert adipose precursors into an osteogenic like cell in vivo (Suh et al., 

2006). 

 

 

1.7 Aims of the study 
 

Adipose tissue development has been introduced to be a highly complex process in 

which various lineages together orchestrates tissue organogenesis in a spatial and 

temporal manner (Sanchez-Gurmaches and Guertin, 2014b, Sanchez-Gurmaches 

and Guertin, 2014a, Sebo et al., 2018). In the last decades, studies that focused on 

the description of the initial pre-adipogenic progenitor mainly used lineage tracing 

strategies to underline the adipogenic competence of target genes at late 

embryogenesis or in adulthood. However, it still remains an open question when and 

where the first PPARg expressing cells appear and whether the newly identified 

markers overlap with other adipogenic regulators during development. Noteworthy, 

several pro-white and pro-brown pre-adipogenic markers have been identified but 

never brought together in one picture to reconstruct postulated developmental 

strategies to organize adipose tissue development. Thus, initial steps of the adipogenic 

fate determination in mesenchymal progenitor cells during early embryogenesis 

remain poorly described. 
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The overarching question of this thesis therefore is: 

 

May Osr1 represent a key factor characterizing adipogenic progenitor pools and 
mediating adipogenic cell fate determination in the early embryo? 
 

To achieve this, the early Osr1 expressing cell pool will be challenged in many aspects 

to decipher the gradual process of adipose tissue formation by approaching the 

following points: 

 

1. Does the early Osr1 cell pool hold a pre-adipogenic signature? To test that, 

single cell RNA-Seq data of the E9.5 and E11.5 Osr1+ cell pools will be 

investigated. 

 

2. Systematic assessment of the adipogenic contribution pattern of the Osr1 

lineage. In this case, inducible lineage tracing experiments will be performed 

during embryogenesis and in adulthood. Moreover, the Osr1-lineage in mature 

adipose tissue will be challenged by external stressors to prove their adipogenic 

potential. 

 

3. Is embryonic adipogenesis dependent on Osr1 expressing cells? E14.5 Osr1-

knockout embryos will be analyzed and GFP+ cells from E13.5 Osr1GCE 

embryos will be extracted to assess their adipogenic potential in vitro. 

 

4. Is the Osr1 lineage appropriate to capture the event of adipogenic cell fate 

commitment? To approach this, an in vivo expression analysis of multiple pro-

adipogenic markers will be performed during early embryogenesis. 

 

5. Mechanistically, how does Osr1 promote the adipogenic fate? Interactive 

proteomics data in mouse embryonic fibroblasts (MEFs) as well as lineage 

tracing experiments in Osr1 mutants will provide further details. 

 

In summary, this research will provide new insights into the process of the adipogenic 

lineage segregation in the embryo. Consequently, the obtained data contribute to 

develop a detailed understanding in how adipose tissue organogenesis and 
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homeostasis is established. In the far future this research could serve as new starting 

point to search for regulatory players that have high potential to modulate 

adipogenesis.  
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2 MATERIAL 
 

2.1 Mouse lines 
 

The animal facility of the Max Planck Institute for Molecular Genetics under the 

supervision of Dr. L. Hartmann maintained the mouse lines used in this study. All 

mouse lines were maintained on a C57BL/6 background except for the Osr1GCE/+ line 

that was breed on a CD-1 background. The following list introduces the used mouse 

lines:  

 
Osr1GCE/+ reporter line (Mugford et al., 2008). A transgene that expresses the GCE 

(eGFP-Cre-ERt2) cassette under the control of the Osr1 promoter. 

 
Osr1LacZ/+ reporter line (Stumm et al., 2018). A transgene that expresses the b-

galactosidase enzyme under the control of the Osr1 promoter. 

 

Osr1fl/+ line: This line was generated from the Osr1LacZ/+ reporter line introduced in 

(Stumm et al., 2018). In Stumm et al., the line carried a LacZ-reporter cassette on a 

multifunctional allele which through mating to the FLP recombinase mouse (Rodríguez 

et al., 2000) turned into a Osr1 exon 2 floxed mouse. 

The Osr1fl/+ line is a transgene that carries loxP sequences (fl) flanking the Osr1 exon 

2 which by mating to a Cre-recombinase mouse results in excision of exon 2. 

Moreover, a GFP sequence upon inversion, can be used as a reporter of the Osr1 

promoter activation. 

 
Myf5Cre/+ line (Tallquist et al., 2000b) provided by Prof. Carmen Birchmeyer, is a 

transgene that expresses under the control of the Myf5 promoter a Cre-recombinase 

gene.  

 

Pax7CreERt2/+ line (Murphy et al., 2011) is a transgene that expresses a Cre-

recombinase gene under the control of the Pax7 promoter. This line was provided by 

Prof. Gabrielle Kardon and Prof. Tim Schulz 
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Rosa26mTmG/+ line (Muzumdar et al., 2007) was provided by Prof. Andreas Kispert and 

is a conditional fluorescence reporter mouse, constitutively expressing a conditional 

td-Tomato transgene (mT). Cre mediated recombination converts the expression from 

mT to an EGFP (mG). 

 

CAGGCreERt2/+ line (Hayashi and McMahon, 2002) is a transgene that expresses a Cre-

recombinase gene under the control of the Cagg promoter. This line was provided by 

Dr. Heiner Schrewe.  

 

In addition to this, different XCre/+;Osr1fl/+ mouse lines were generated, breeding the 

Osr1fl/+ mice either to the constitutive Myf5Cre/+, the inducible Pax7CreERt2/+ or the 

inducible CAGGCreERt2/+ line.  

For lineage tracing experiments, different Cre lines such as the Osr1GCE/+, the 

Pax7CreERt2/+ and the Myf5Cre/+ was breed to the Rosa26mTmG/+ animals to generate the 

XCre/+; Rosa26mTmG/+ genotype. For tracing the Osr1-knockout lineage, a modified 

mouse model was used to overcome that both Osr1 alleles carry a Cre-enzyme. Thus, 

the Osr1GCE/+; Rosa26mTmG/+ line was breed to Osr1LacZ/+ reporter animals to generate 

the Osr1GCE/LacZ; Rosa26mTmG/+ genotype. 

To recognize Osr1 expression in lineage tracing experiments, the Osr1LacZ/+ reporter 

line was breed to the XCre/+; Rosa26mTmG/+ animals to obtain the XCre/+; 

Rosa26mTmG/+;Osr1LacZ/+. Of note, “X” refers to Myf5 and Pax7. 

 

2.2 Cell lines  
 

Table 1: Cell lines 

CELL LINE CELL TYPE SUPPLIER 

Wt1 Brown adipogenic progenitor Cell bank of Tim Schulz 

3T3-L1 White adipogenic progenitor Cell bank of Petra Knaus 

C2C12 Myoblast Cell bank of Stefan Mundlos 
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2.3 Instruments 
 

Table 2: Instruments 

 

 

 

 

NAME TYPE SUPPLIER 
Thermal PCR cycler ProFlex PCR System Thermo 

Real time PCR cycler ABI Prism HT 7900 Applied Biosystems 

Microwave DO2329 DOMO 

Thermomixer compact 5350 Eppendorf 

Water bath MD Julabo 

Microscope IX50 Olympus 

Florescence microscope DMi8 Leica 

Confocal laser scanning 

microscope 
SP8 Leica 

Confocal laser scanning 

microscope 
LSM 700 ZEISS 

FACS Aria II SORP BD Pharmingenä 

Protein electrophoresis 

equipment 
Mini Bio-Rad 

Protein transfer system Mini Trans-Blot Bio-Rad 

Power supply EPS301 Amersham Bioscience 

Nandrop 2000 Thermo Scientific 

TissueLyser LT Qiagen 

Cryotome H560 Microm 

Microtome Cool Cut HM355S Microm 

Embedding station EC 350-1&2 Microm 

Dehydration station TP 1020 Leica 

pH meter HI2211 HANNA instruments 

Automated Cell Counter  LunaTM 
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2.4 Chemicals 
 
If not otherwise specified, chemicals were purchased from Roth, Merck, Roche and 

Thermo Fisher. 

 

Table 3: Buffers and solutions 

BUFFER FORMULA 

Tamoxifen solution 
Dissolve 30 mg/ml tamoxifen in 95%Corn Oil / 5% ethanol 

solution and incubate at 37°C, protect from light 

10x PBS 
80g NaCl; 2g KCl; 14.4g Na2PO4; 2.4g KH2PO4; add 800ml 

bidest H20 and set pH to 7.4; Final volume: 1l 

PBX 
100 ml of 10x PBS solution. 1 ml of TritonX-100. Add bidest 

to 1l 

10x TBS 
24g Tris- HCl; 5.6g Tris base; 88g NaCl, dissolved in 900 ml 

bidest H20; adjust pH to 7.6; add H20 to 1l 

TBST 
Mix 100 ml of 10x TBS solution with 1 ml Tween-20. Add 

bidest H20 to 1l. 

RIPA buffer 
10mM Tris-HCl, pH 7.5; 150mM NaCl; 0.5mM EDTA; 1% 

Triton-X100; 1% NA-Deoxycholate; 0.1% SDS 

Protein lysis buffer 
200µl RIPA buffer; 1mg/ml DNase1; 2.5mM MgCl2; 1mM 

PMSF 

10x Transfer buffer 30.2g Tris; 144g Glycine; dissolve in bidest H20 to 1l 

10x Running buffer 
30g Tris base; 144g Glycine; 10g SDS; dissolve in bidest H20 

to 1l 

1x Transfer buffer 
Mix 100 ml of 10x transfer buffer with 200 ml methanol and 

700 ml bidest H20 

1x Running buffer Mix 100ml 10x running buffer with 900 ml bidest H20 

4% Stacking gel (2 

gels) 

Mix 990µl 30% Acrylamid; 1.89ml 0.5M Tris-HCl pH 6.8; 75µl 

10% SDS; 6.03ml bidest H20; 7.5µl TEMED; 75µl 10% APS 

(total volume: 15ml) 

10% Separation 

gel (2 gels) 

Mix 5ml 30% Acrylamid; 3.75ml 0.5M Tris-HCl pH 8.8; 150µl 

10% SDS; 4.5ml bidest H20; 7.5µl TEMED; 37.5µl 10% APS 

(total volume: 7.5ml) 
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6x Protein loading 

buffer 

Mix 3.75 ml 1M Tris pH 6.8; 1.2 g SDS; 6 ml Glycerol; 0.006g 

bromophenol blue; 0.462g DTT; Total volume: 10 ml 

50x TAE buffer 
242g Tris; 18.61g EDTA; 57.1g Glacial acetic acid; add bidest 

water to 1l 

6x Orange G DNA 

loading dye 

Mix 2ml of 50x TAE buffer; 0.15 g Orange G, 60 ml Glycerol 

and add bidest H20 to 100 ml 

Blocking buffer I 

(Paraffine) 

4.11g/l Citric acid, 10.76g/l Na2HPO4 • 2H2O, add bidest H2O 

to 1l 

Blocking buffer II 

(Paraffine) 
242 g/l Tris-Base, 18.6 g/l EDTA pH 9 (with HCl), add bidest 

H2O to 1l. Dilute for use 1:50 in H2O 

3% IF blocking 

solution 
Dissolve 3g BSA powder in 100ml 1x PBS 

1% IF Staining 

solution 
Dilute 3,33ml blocking solution with 6.66ml 1x PBS 

0,3% Sudan black 

solution 

Dissolve 0.3g Sudan black powder in 100ml, 70% ethanol 

(store stock solution in the dark) 

0.5% Oil Red O 

solution 

Dissolve 0.5g ORO powder in 100ml pure isopropanol (store 

stock solution in the dark) 

Rinsing buffer 
Mix 2 ml MgCl2 (stock: 1M), 0.2ml NP-40 and 0.1g Na-

deoxycholate and add 1xPBS to 1l 

β-Galactosidase 

staining solution 

0,01% sodium deoxycholate, 0.02% NonidetTM P40, 0.4mg/ml 

MgCl2, 1.7mg/ml K3Fe(CN)6, 2.1mg/ml K4Fe(CN)6 • 3H2O, 

1mg/ml X-Gal-substrate 

Duolink Buffer A 
Dissolve 0.88g NaCl; 0,12g Tris base; 50µl Tween20 in 80ml 

bidest H20; adjust pH to 7.4; add H20 to 100ml; filter 

Duolink Buffer B 
Dissolve 0.58g NaCl; 0,424g Tris base; 2.6g Tris-HCL in 50ml 

bidest H20; adjust pH to 7.5; add H20 to 100ml; filter 
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2.5 Medium and supplements for cell culture 
 

Table 4: Cell culture products 

 

Table 5: Cell culture medium 

PRODUCT SUPPLIER 

DPBS PAN BIOTECH 

FBS PAN BIOTECH 

100U Penicillin / 10mg/ml 

Streptomycin 
PAN BIOTECH 

Poly-lysine Millipore / Merck 

Trypsin Gibco 

DMEM 4.5g/l glucose PAN BIOTECH 

Insulin Kindly provided by Prof. T.J. Schulz 

Indomethacin Kindly provided by Prof. T.J. Schulz 

Dexamethasone Kindly provided by Prof. T.J. Schulz 

IBMX Kindly provided by Prof. T.J. Schulz 

T3 Kindly provided by Prof. T.J. Schulz 

BMP2 Kindly provided by Prof. P. Knaus 

BMP7 Kindly provided by Prof. T.J. Schulz 

Rosiglitazone  Kindly provided by Prof. T.J. Schulz 

SCR Ambionâ , Cat#: AM4635  

siOsr1 Ambionâ , Cat#: AM16706 

Opti-MEM Gibco™ 31985070 

FuGENE HD transfection reagent Promega E2311 

Lipofectamine™ RNAiMAX 

Transfection Reagent 
Thermo Fisher Scientific Cat#: 13778075 

MEDIUM COMPOSITION 

Growth medium 500ml DMEM; 50ml FCS; 5ml 100x Penicillin/Streptomycin 
Adipogenic 

induction medium 

(50ml) 

1ml FCS (2%), 5 μg/ml Insulin, 18 μg/ml Indomethacin, 0.1 

μg/ml IBMX, 0.4 μg/ml Dexamethasone, 0.7 μg/ml T3, 1x 

Penicillin/Streptomycin in DMEM  glucose 
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Table 6: Enzymes 

 

2.6 Plasmid 
 

 

The Osr1 c-Myc 6xHis pcDNA3.1 plasmid was 

used to overexpress Osr1 in C2C12 cells. This 

plasmid was created by David Warschkau 

whom I supervised in an internship. 

 

 

 

 

 

Table 7: Reagent Kits 

 

Adipogenic 

maintainment 

medium (50ml) 

1ml FCS (2%), 5μg/ml Insulin, 0.7μg/ml T3, 1x 

Penicillin/Streptomycin in DMEM  glucose 

NAME SUPPLIER 

Collagenase A Roche 

Taq-Polymerase Mundlos lab 

Trypsin-EDTA  Gibco 

M-MuLV Reverse transcriptase  enzymatics 

DNase 1 Quiagen 

Duolink® Ligase 
Merck 

Duolink® Polymerase 

KIT SUPPLIER 

Direct-zol RNA Miniprep Zymo Research 

Biozym Blue S'Green qPCR Kit Separate ROX Biozym 

M-MuLV Reverse transcriptase kit  enzymatics 

Duolink® PLA Merck 
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2.7 Antibodies 
 

Table 8: Primary antibodies 

NAME HOST DILUTION SUPPLIER 

PPARg Rabbit  1:100 Cell Signaling T.â 81B8 

OSR1 Rabbit  1:100 
Sigmaâ life science 

HPA015525 

GFP Chicken 1:800 Aves labs 1020 

FABP4 Rabbit 1:300 Abcam ab66682 

phosphoSMAD1/5/8 Rabbit 1:500 Milipore AB3848 

PAX7 Guinea pig 1:100 
Kindly provided by Prof 

C. Birchmeier 

DLK1 Rabbit 1:500 Santa Cruz sc-25437 

Myosin heavy chain Mouse 1:800 Merck 05-716 

EBF2 Sheep 1:20 R&D systems AF7006 

EP300 Rabbit 1:250 Novusbio NB100-507 

CEBPb Rabbit 1:200 
Antibodies-online.com 

ABIN205523  

a-TUBULIN Mouse 1:400 Santa Cruz sc-32293 

PECAM-1 Hamster 1:250 DSHB 2H8 

aSMA Rabbit 1:250 Abcam ab5694 

FLK1 (KDR) Rat 1:25 BD Pharmingenä 550549 

MYF5 Rabbit 1:150 Santa Cruz sc-302 

KI67 Rabbit 1:1000 Abcam ab833 

KI67 Mouse 1:100 BD Pharmingenä B66 

SCA1 Rat 1:50 Abcam ab51317 

LAMININ Rabbit 1:1000 Abcam ab11575 

GLP Mouse 1:200 
R&D systems PP-B0422-

00 

Perilipin A/B Rabbit 1:300 Sigma P1873-200UL  
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Table 9: Conjugated antibodies 

NAME CONJUGATE DILUTION SUPPLIER 

KI67 Alexa Fluor ® 555 1:100 
BD Pharmingenä 

558617 

CD31 APC  1:33 eBioscience 17-0311-82 

CD45 APC 1:33 eBioscience 17-0451-83 

SCA1 PE 1:67 BioLegend 108126 

Ter119 APC 1:33 eBioscience 17-5921-81 

Phalloidin Texas Red®-X 1:200 Invitrogen™ 

 

 
Table 10: Secondary antibodies 

NAME REACTIVITY DILUTION SUPPLIER 

Alexa Fluor ® 488, 568, 

680 

Anti-rabbit  

1:500 Invitrogen™ 

Alexa Fluor ® 568, 680 Anti-mouse 

Alexa Fluor ® 488 Anti-chicken 

Alexa Fluor ® 568, 680 Anti-hamster 

Alexa Fluor ® 568, 680 Anti-guinea pig 

Alexa Fluor ® 568, 680 Anti-rat 

Alexa Fluor ® 568, 680 Anti-sheep 

IgG-HRP Anti-mouse 1:1000 Kindly provided by Prof. 

S. Mundlos 

IgG-HRP Anti-rabbit 1:1000 Kindly provided by Prof. 

S. Mundlos  

 

A negative control for the Co-IP was used: normal mouse IgG diluted 1:400 (Santa 

Cruz B.: sc-2025) (see: 3.7.4). 
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2.8 Ladders 
 
Table 11: DNA and protein ladders 

 

2.9 Primer 
 

Table 12: Genotyping primer list 

 

Table 13: qRT-PCR primer list 

LADDER SUPPLIER 

100bp bp DNA ladder 
Fermentas 

1kb DNA ladder 

Protein Ladder,  
Page Ruler™ Plus Prestained 10-250kDa 

Thermo Scientific™ 

PRIMER NAME PRIMER SEQUENCE (5’ ® 3’) 

Reverse Osr1-WT CTGGCTTAGGGTGAATGACG 

Reverse Osr1-KO GTAGGTCAGGGTGGTCACGA 

Forward Osr1-WT/KO CCCTCTTCCTGTCTTTGCAG 

Forward LacZ CGCTGGATAACGACATTGG 

Reverse LacZ TAGCGGCTGATGTTGAACTG 

mTmG-WT-F CTCTGCTGCCTCCTGGCTTCT 

mTmG-WT-R CGAGGCGGATCACAAGCAATA 

mTmG-MUT-R TCAATGGGCGGGGGTCGTT 

Cre-F GAGTGATGAGGTTCGCAAGA 

Cre-R CTACACCAGAGACGGAAATC 

Osr1-spec1-F GCTTAGAATTCAGGAACTGGG 

Osr1-spec1-R CTG GCA GAG ACA TAC ATG TTG 

PRIMER NAME PRIMER SEQUENCE (5’ ® 3’) 

Ebf2_fw GCTGCGGGAACCGGAACGAGA 

Ebf2_rv ACACGACCTGGAACCGCCTCA 

Dlk1_fw TGTCAATGGAGTCTGCAAGG 

Dlk1_rv CTTTCCAGAGAACCCAGGTG 
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Meox1_fw TGGCCTATGCAGAATCCATTCC 

Meox1_rv TGGATCTGAGCTGCGCATGTG 

Pax7_fw CGATTAGCCGAGTGCTCAGAA 

Pax7_rv CCAGACGGTTCCCTTTGTCG 

PPARg2_fw GCATGGTGCCTTCGCTGA 

PPARg2_rv TGGCATCTCTGTGTCAACCATG 

Cebpa_fw CAAGAACAGCAACGAGTACCG 

Cebpa_rv GTCACTGGTCAACTCCAGCAC 

Cebpb_fw ACGACTTCCTCTCCGACCTCT 

Cebpb_rv CGAGGCTCACGTAACCGTAGT 

Cebpd_fw CGACTTCAGCGCCTACATTGA 

Cebpd_rv CTAGCGACAGACCCCACAC 

Myf5_fw CAGCCCCACCTCCAACTG 

Myf5_rv GGGACCAGACAGGGCTGTTA 

Myod1_fw CGCCACTCCGGGACATAG 

Myod1_rv GAAGTCGTCTGCTGTCTCAAAGG 

Mck_fw GCAAGCACCCCAAGTTTGA 

Mck_rv ACCTGTGCCGCGCTTCT 

Gapdh_fw CTGCACCACCAACTGCTTAG 

Gapdh_rv GGATGCAGGGATGATGTTCT 

Adipoq_fw GGCAGGAAAGGAGAACCTGG 

Adipoq_rv AGCCTTGTCCCTCTTGAAGAG 

Osr1_fw CCTGTATGGTTTCAGCGCTC 

Osr1_rv TGGCTTAGGGTGAATGACGT 

Ap2_fw ATGCCTTTGTGGGAACCTGGA 

Ap2_rv CGCCCAGTTTGAAGGAAATC 
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2.10 Tools and Software 
 

Table 14: Software 

PURPOSE NAME SUPPLIER 

Microscopy / imaging ZEN 2010 ZEISS 

Microscopy / imaging LAS-X 3.7.0 Leica 

Image processing Fiji Wayne Rasband 

Image processing Photoshop 23.0.2 Adobe 

Image processing CorelDRAW X7 Corel Corporation 

Documentation and data 

analysis 

Excel, Word, 

PowerPoint 
Microsoft Office 

Data analysis Prism 8.0.2 GraphPad 

Data analysis RStudio V 1.2.1335 RStudio, Inc. 

RTqPCR analyses SDS 2.4 Applied Biosystem 

FACS analyzing data FlowJo BD Bioscience 

Reference management  EndNote X9.3.3 Clarivate Analytics 

 

Table 15: Online Sources and Tools 

NAME URL 

String https://string-db.org 

Sivisca https://shiny.mdc-berlin.de/sivisca/ 

NCBI: Primer-BLAST https://www.ncbi.nlm.nih.gov 

NCBI: GEO https://www.ncbi.nlm.nih.gov 

CIPR: Cluster Identity Predictor https://aekiz.shinyapps.io/CIPR/ 

 
Table 16: GSE accession numbers for single cell analysis 

GSE GEO TITLE PUBLICATION 

GSE87038 Single-cell RNA-seq analysis unveils a 
prevalent epithelial/mesenchymal hybrid 
state during mouse organogenesis 

Pijuan-Sala et al., 2019 

GSE119945 The dynamic transcriptional landscape of 
mammalian organogenesis at single cell 
resolution 

Cao et al., 2019 

GSE164528 Defining the lineage of thermogenic 
perivascular adipose tissue 

Angueira et al., 2021 
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3 METHODS 
 

This work is based on the findings generated in my master thesis. Of note, listed 

methods have been established and explained in my master thesis: “Adipogenic 

potential of Osr1 expressing progenitor cells”, before. For completeness, experiments 

used in this work again were specified in the following chapter. 

 

3.1 Animal and tissue preparation 
 

3.1.1 Tamoxifen administration for lineage tracing experiments 
 

The lineage tracing approach was performed using the inducible Pax7CreERt2/+; 

Rosa26mTmG/+, the Osr1CreERt2/+; Rosa26mTmG/+ mouse lines as well as the constitutive 

Myf5Cre/+; Rosa26mTmG/+. In case of an inducible lineage tracing model, tamoxifen 

(TAM), an estrogen receptor agonist/antagonist (ERAAs) was administered to enable 

Cre translocation into the nucleus (Gallo and Kaufman, 1997, Zhong et al., 2015). It 

was stated that TAM can cause an early embryo abortion (Nakamura et al., 2006, 

Nguyen et al., 2009). Thus, progesterone (2 mg/40 g bodyweight) was administrated 

to reduce the negative side effects of TAM. 

For prenatal fate mapping experiments, the Cre recombinase was induced with TAM 

at a desired timepoint. Therefore, as indicated in the table 17, different amounts of 

tamoxifen were used dependent on the embryonic stage and was injected in the 

abdominal space (intraperitoneal) of a pregnant mouse. Importantly, at E11.5 the 

reported side effects of TAM were reduced, and progesterone was expendable. 

 

Table 17: Tamoxifen injection strategies 

INJECTION 
TIMEPOINT 

TAM 

CONC. 
PROGESTERONE 

CONC. 
AGE OF 

INVESTIGATION 

E9.5 3mg /40g bw 2mg /40g bw ≥ E18 

≥ E11.5 3mg /40g bw - ≥ E18 

E11.5 +E12.5 1.2 mg /40g bw 2mg /40g bw 11 weeks 
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3.1.2 Preparation of embryonic tissue 
 

Breeding was scheduled to harvest embryos at the preferred stages. Pregnant mice 

were killed by cervical delocalization and embryos were taken from the uterus. For 

genotyping, a small biopsy was sampled from the tail. The fixation of E9.5-E11.5 

embryos were performed with 4% paraformaldehyde (PFA)/ 1xPBS for 20 to 30 min at 

4°C. In contrast, embryos of stage E18.5 were dissected into two pieces between the 

trunk and the abdominal portion. The fixation with 4% PFA/PBS was carried out 

overnight (o/n) at 4°C. To remove the PFA properly, three 10 min washing steps with 

1xPBS were carried out. Next, sucrose treatments were applied to dehydrate the 

tissues and to ensure the tissue rigidity. Embryos were treated with 15% sucrose 

solution o/n at 4°C. On the next day, the 15% sucrose solution was replaced by a 30% 

sucrose solution. The incubation was performed o/n at 4°C. The prepared samples 

were transferred in O.C.T. compound, a viscose liquid, that provides a proper matrix 

for tissue orientation and for cryo-sectioning. The O.C.T. soaked tissues were 

embedded and orientated in O.C.T. filled chambers. A tank filled with dry ice chilled 

100% ethanol was prepared to freeze the tissues. The frozen tissue-blocks were stored 

at -80°C. For tissue investigations frozen samples were dissected with the cryostat in 

10 - 12 μm thin sections. 

 

3.1.3 Tissue preparation of adult mice and paraffine embedding 
 

Adult mice were killed at the age of eight to eleven weeks. Different adipose tissues 

and organs were collected. Tissues were fixed in 4% formalin 1xPBS solution o/n at 

room temperature. Three 10 min washing steps with 1xPBS were performed to remove 

formalin. For paraffin embedding, tissues were dehydrated stepwise. Hence, an 

increasing ethanol concentration-series (25% for 4 h, 50% for 4 h and 70% o/n) was 

carried out at 4°C. Afterwards, tissues were transferred into the Dehydration station 

TP 1020. The machine dehydrated and passaged the tissues from ethanol to the 

organic 1:1 UltraClear / liquid paraffin mixture. Processed tissues were embedded in 

liquid paraffin and finally stored at 4°C. For tissue analysis paraffin embedded tissues 

were dissected with the microtome in 6 μm sections. 
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3.2 Genotyping 
 

3.2.1 DNA extraction 
 

Sampled biopsies (embryonic tail tissue, adult ear material) were used for DNA 

extraction. The tissues were prepared on ice and separately loaded with 50 μl 

QuickExtractTM solution. The incubation was conducted on a thermomixer for 6 min 

at 65°C. To stop the reaction, enzymes were deactivated by a 2 min heat shock at 

98°C. The obtained DNA extracts were ready to use for genotyping. 

 

3.2.2 PCR protocol to identify the Osr1GCE genotypes 
The polymerase chain reaction (PCR) depicted in table 18 was performed to identify 

the possible genotypes. The base pair (bp) length of the amplified PCR-products was 

quantified through agarose gel electrophorese (WT: 355bp; GCE: 300bp). 

 

Table 18: Osr1 reaction master mix and PCR temperature profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TEMP. TIME 
(min) 

CYCLE 

95°C 2  

95°C 0.5  

65°C ¯  

60°C 

0.5 10x  
(-0.5°C/cycle) 

72°C 0.5  

95°C 0.5  

60°C 0.5  

72°C 0.5 25x 

72°C 0.5  

4°C ¥  

VOLUME REAGENT 

15 μl bidest H2O 

2.5 μl 10x PCR buffer (15mM) 

2 μl dNTP (1.25 mM) 

1 μl Reverse Osr1-WT (10 mM) 

2 μl Forward Osr1-WT/KO (10 mM) 

1 μl Reverse Osr1-KO (10 mM) 

0.5 μl Taq polymerase 10 U/ μl 

1.5 μl Template 

25.5 μl Total 
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3.2.3 Genotyping protocol to identify the Osr1LacZ 
Table 19 introduces the PCR reaction protocol that identifies the LacZ cassette in the 

Osr1 locus. The amplified PCR-product was quantified via agarose gel electrophorese 

(LacZ » 600bp). 

Table 19: LacZ reaction master mix and PCR temperature profile 

VOLUME REAGENT 

19 μl bidest H2O 

2.5 μl 10x PCR buffer (15mM) 

2 μl dNTP (1.25 mM) 

1 μl Reverse LacZ (10 mM) 

1 μl Forward LacZ (10 mM) 

0.5 μl Taq polymerase 10 U/ μl 

1.5 μl Template 

27.5 μl Total 

 

3.2.4 Genotyping protocol to identify the ROSAmTmG 
To identify mTmG constructs in the ROSA locus a PCR was performed (Table 20). The 

amplified PCR-products were quantified through agarose gel electrophorese (WT: 

330bp; mTmG: 250bp). 

 

Table 20: mTmG reaction master mix and PCR temperature profile 

 

 

 

 

 

 

 

 

 

 

 

 

TEMP. TIME (min) CYCLE 

95°C 5  

95°C 1  

58°C  1 35x 

72°C 1  

72°C 10  

4°C ¥  

VOLUME REAGENT 

12 μl bidest H2O 

2.5 μl 10x PCR buffer (15mM) 

2 μl Mg2+ (25 mM) 

2 μl dNTP (1.25 mM) 

1 μl mTmG-WT-F (10 mM) 

1 μl mTmG-WT-R (10 mM) 

2 μl mTmG-MUT-R (10 mM) 

0.5 μl Taq polymerase 10 U/ μl 

1.5 μl Template 

24.5 μl Total 

TEMP. TIME (min) CYCLE 

95°C 5  

95°C 1  

66°C  1 35x 

72°C 1  

72°C 7  

4°C ¥  
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3.2.5 Genotyping protocol to identify the Cre recombinase  
The Cre sequence of the Pax7-CreERt2, the CAGG-CreERt2 as well as the Myf5-Cre 

line was identified with the general Cre-PCR, introduced in table 21. The amplified 

PCR-products were quantified through agarose gel electrophorese (Cre: 650bp). 

 

Table 21: Cre reaction master mix and PCR temperature profile 

VOLUME REAGENT 

16 μl bidest H2O 

2.5 μl 10x PCR buffer (15mM) 

2 μl dNTP (1.25 mM) 

1 μl Reverse LacZ (10 mM) 

1 μl Forward LacZ (10 mM) 

0.5 μl Taq polymerase 10 U/ μl 

1.5 μl Template 

24.5 μl Total 

 

3.2.6 Genotyping protocol to identify the Osr1floxed 
Table 22 introduces the PCR reaction protocol that identifies the LacZ cassette in the 

Osr1 locus. The amplified PCR-product was quantified via agarose gel electrophorese 

(WT: 356bp; MUT: 295bp). 

Table 22: Osr1floxed reaction master mix and PCR temperature profile 

 

 

 

 

 

 

 

 

 

 

 

 

TEMP. TIME (min) CYCLE 

95°C 5  

95°C 0.5  

66°C  0.5 35x 

72°C 1  

72°C 10  

4°C ¥  

TEMP. TIME 
(min) 

CYCLE 

95°C 2  

95°C 0.5  

57°C ¯  

52°C 

0.5 10x  
(-0.5°C/cycle) 

72°C 0.5  

95°C 0.5  

60°C 0.5  

72°C 0.5 25x 

72°C 0.5  

4°C ¥  

VOLUME REAGENT 

17 μl bidest H2O 

2.5 μl 10x PCR buffer (15mM) 

2 μl dNTP (1.25 mM) 

1 μl Reverse Osr1-WT (10 mM) 

1 μl Reverse Osr1-KO (10 mM) 

0.5 μl Taq polymerase 10 U/ μl 

1.5 μl Template 

25.5 μl Total 
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3.2.7 Agarose gel electrophoresis 
 

A 1.5% agarose gel was preparade during the PCR reaction. 1.5g agarose powder 

was dissolved in 100ml 1x TAE buffer in the microwave. Under the hood, EtBr was 

added in a 1:14000 dilution. After 30min, the gel was ready to use. In the meantime, 

the PCR products were supplemented each with 4.5 μl 6x DNA loading buffer. Samples 

and a 100 bp DNA ladder were loaded on the gel. 1 x TAE buffer, was used as a 

running buffer. The voltmeter was set to 130V and the run was done after 20 min. UV 

light was used to visualize the PCR products in a gel documentation system. 

 

3.3 Staining procedures 
 

3.3.1 Immunolabeling on paraffine-sections 
 
To achieve paraffin removal and rehydration, slides were treated for 1 h with 

UltraClear. Afterwards, a treatment with a descending ethanol concentration-series 

from 100% down to 95%, 70% and 30% was carried out. Finally, slides were washed 

in bidistilled water (bidest) for 4 min. Next, the tissue sections were exposed for 15 min 

to a H2O2 containing blocking buffer I (table 3). This was done to enable endogenous 

peroxidases inhibition. Prepared slides were rinsed with bidest to remove H2O2. To 

unmask the antigen epitopes, tissue sections were treated with an antigen retrieval. 

The treatment was accomplished by using the blocking buffer II (table 3) and a 3-5 min 

cooking step in the microwave. The sections were shortly rinsed with 1xPBS. 

Thereafter, prepared sections were treated for 20 min with filtered 0,3% Sudan black 

solution that was dissolved in 70% ethanol. The dye was applied to reduce the 

autofluorescence of tissues. Three 10 min washing steps with 1xPBS were required to 

remove Sudan black particles. Before primary antibodies were applied on the tissue 

section, a 1 h blocking step with 1% bovine serum albumin (BSA) was conducted to 

prevent unspecific bindings. The primary antibodies were diluted, as required (table 8) 

in 1% BSA. The incubation was carried out o/n at 4°C. Three washing steps with 

1xPBS (each 10 min) were performed to remove excessive material and eliminate 

unspecific bindings of antibodies. The secondary antibodies and DAPI (1:1000) were 

applied on the tissue sections for 1 h at room temperature. The secondary antibodies 
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were removed with three 10 min washing steps of 1xPBS. Finally, sections were 

mounted with Fluoromount-G and stored in the dark at 4°C. 

 

3.3.2 Immunolabeling on cryo-sections 
 

Cryo-sections were carefully thawed: 30min room temperature in the unopened box 

which was followed by 15min incubation on the 37°C heating board. A 10min 1xPBS 

washing was done to remove the O.C.T. matrix. The following incubation steps were 

conducted in a humid chamber. 0,4% TritonX-100 solution was applied on the sections 

for 10 min at room temperature. TritonX-100 is detergent and permeabilizes tissues for 

better primary antibodies penetration and epitope targeting. The permeabilized tissues 

were blocked for 1h at room temperature with a 3% blocking solution (table 3), to 

prevent unspecific bindings. Primary antibodies were diluted in 1% staining buffer 

(table 8). The sections were treated o/n at 4°C with the primary antibody solution. Three 

10 min washing steps were performed with 1xPBX (1xPBS contained 0.1% of TritonX-

100) to ensure the complete removal of the excess primary antibodies. Before the 

secondary antibodies and DAPI were applied, a short rinsing step with 1xPBS was 

conducted to remove the detergent. The sections were treated with the fluorescent 

secondary antibodies (1:500) and DAPI (1:1000) for 1 h at room temperature. Three 

10 min washing steps with 1xPBX were carried out to remove the excess antibody 

material. Finally, the sections were mounted with Fluoromount-G and stored in the dark 

at 4°C.  

 

3.3.3 Oil red O staining  
 
3.3.3.1 On cryo-sections and embryos 
 
O.C.T. was removed from the tissue-sections with 1xPBS as described previously. The 

Oil Red O (ORO) 0.5% stock solution was prepared with isopropanol in a water bath 

(table 3). The stock solution was diluted down to 0.3% with bidest water. The staining 

solution had to rest for 10 min and was filtered afterwards. The prepared slides were 

rinsed in 60% isopropanol before they were stained for 30 min in the ORO staining 

solution at room temperature. To remove the excess material, a short rinsing step with 

60% isopropanol was processed. If necessary, an immunolabeling was performed 
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(see: 3.6.2). Finally, the stained tissues were rinsed with 1xPBS and mounted with 

Fluoromount-G and stored at 4°C.  

 

3.3.3.2 On whole embryos 
 
E18.5 embryos were carefully skinned and fixed for 1h with 4% PFA. The embryos 

were treated with 0,4% TritonX-100 solution for 15 min. A rinsing step with 60% 

isopropanol was performed. The ORO staining solution was prepared as described 

before and added to the skinned and permeabilized embryos for 30min. Excessive 

staining solution was removed with 60% isopropanol. 60% isopropanol was replaced 

with fresh one if necessary. Washing was continued until the background staining was 

removed. Finally, the embryos were washed three times with 1xPBS.  

 

3.3.4 β-Galactosidase color reaction 
 
3.3.4.1 On cryo-sections 
 
The O.C.T. was removed from the cryo-sections with 1xPBS as described above. An 

additional PBX washing step was performed to permeabilize the tissue sections. The 

slides were transferred into the staining solution, which contained the artificial 

substrate (5-bromo- 4-chloro-3-indolyl-β-D-galactopyranoside, X-Gal) of the β-

galactosidase. Exposure of X-Gal to β-galactosidase positive tissues initiated the 

enzymatic color reaction (blue) and enabled identification of reporter expression. The 

incubation was conducted in the dark at 37°C. The staining process took 3 h to 8 h, 

depending on the embryonic stage. On the next day, the slides were washed with 1x 

PBS and mounted with Fluoromount-G and stored in the dark at 4°C. 

 

3.3.4.2 On organs that need paraffine embedding 
 
For β-galactosidase staining on mature adipose tissue, a whole mount staining was 

conducted. Therefore, freshly dissected tissue was fixed in 4% formalin 1xPBS solution 

for 1h at 4°C. That was followed by 4x30min washing steps using the rinsing buffer. 

The buffer contained MgCl2, NP-40 and Na-Deoxycholate (table 3) to further 

permeabilize the tissue. Upon permeabilization, the tissues were transferred into the 

X-GAL containing staining solution. The staining was performed overnight at 37°C in 
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the dark. On the next day, the stained tissues were washed with rinsing buffer and 

prepared for paraffine embedding (see: 3.1.3). 

 

3.3.5 Eosin staining on paraffine-sections 
 

To do an Eosin staining on paraffin sections, a one-hour incubation with UltraClear to 

achieve paraffin removal and a treatment with a descending ethanol concentration-

series from 100% down to 95%, 70% and 30% was carried out to rehydrate the tissue 

slides. Afterwards, the slides were washed with bidistillated water for 4 min. In the 

meantime, 200ml Eosin was activated using 1ml of Glacial acetic acid. The slides were 

stained for three seconds to 1min. Before the slides were mounted with Entellan, a 

dehydration process had to follow. An increasing ethanol concentration-series was 

applied, starting from 70% ethanol (very short incubation), next 95% ethanol (5 min) 

which was replaced by 100% ethanol (5 min). Finally, the slides were treated with 

UltraClear for 10min. 

 

3.4 RNA and Protein extraction and assays 
 
3.4.1 RNA extraction with Direct-zol RNA Miniprep (Zymo) 
 
3.4.1.1 Tissue 
 
Adipose tissue samples were dissected from adult mice. The following steps were 

conducted on ice and with pre-cooled reagents. First, the tissue was lysed using 600 

µl TRI Reagent®. A clean grinding ball was added to each tube. The TissueLyser set 

to 30Hz, was used for tissue homogenization for 3x 1min intervals. The tissue lysate 

was centrifuged at 20.000xg for 20min at 4°C. The supernatant was transferred to a 

new tube. An equal volume (600 µl) of ethanol (95-100%) was added to each sample 

and mixed thoroughly. (Continue as described in: Cells, second paragraph) 
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3.4.1.2 Cells 
 
Directly in the dish, cells were resuspended in 300 µl TRI Reagent®. An equal volume 

(300 µl) of ethanol (95-100%) was added to each sample lysed in TRI Reagent® and 

mix thoroughly. 

The following steps were performed at room temperature and centrifugation at 10,000-

16,000 x g for 30 seconds, unless specified. 

The TRI Reagent® / ethanol mixture was transferred into a Zymo-SpinTM IICR Column 

which was inserted in a collection tube. A centrifugation step was conducted. The flow-

through was discarded and the column was transferred into a new collection tube and 

discard. 400 μl RNA Wash Buffer was added to the column and another centrifugation 

step was performed. For DNase I treatment, an RNase-free tube was used, to mix 5 μl 

DNase I (6 U/μl) with 75 μl DNA Digestion Buffer. The DNase I supplemented buffer 

was added directly to the column matrix. A 15min incubation step at room temperature 

was implemented. 400 μl Direct-zolTM RNA PreWash was added to the column and 

another centrifugation step was conducted. The flow-through was discarded and the 

treatment was repeated. 700 μl RNA Wash Buffer was added to the column and a 1min 

centrifugation step was performed to ensure complete removal of the wash buffer. The 

column was transferred carefully into a RNase-free tube for elution. To elute RNA, 20 

μl of DNase/RNase-Free water was added directly to the column matrix and a 

centrifugation step after a 5min incubation step was implemented. This final step was 

repeated. The mRNA concentration was measured right after extraction, using the 

Nanodrop2000. MRNA was stored at -80°C. 
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3.4.2 Reverse transcription 
 
For one reverse transcription reaction, 1 μg of mRNA was used. For the reaction mix, 

1 μg of mRNA was supplemented with 1 μl of Rnasin (40 U/ μl) and RNase free water 

was added to a volume of 40.5 μl. The components of the master mix for one reaction 

are listed in the following table 23, as well as the program of the thermal PCR cycler. 

The total volume (mRNA mix + master mix) for each reaction was 100 μl. 

Complementary DNA (cDNA) was stored at -20°C. 

 

Table 23: Master mix per reaction 

VOLUME REAGENT 

10 μl 10x M-MuLV Buffer 

22 μl MgCl2 (25mM) 

20 μl dNTP (2.5 mM) 

5 μl Random Hexamer (50 µM) 

2.5 μl M-MuLV Reverse Transcriptase (200,000 

U/µl) 

59.5 μl Total 

 

3.4.3 Quantitative polymerase chain reaction (qPCR) 
 

Biozyme Blue S’-Green-based method was used for real-time qPCR. The cDNA was 

diluted with Rnase free water 1:10. For a qPCR, 980 μl of the 2x Blue S’-Green mix 

was combined with 20 μl of the 50 μM ROX additive. 6 μl of blue S’-Green / ROX 

additive was used per reaction. 4 μl of the 1:10 cDNA was added to the well. Finally, 2 

μl of the 2,4 μM primer mixture (14,4 μl of forward and reverse primer stock solution 

(100 μM) were diluted in 571.2 μl pure water) was added to complete the reaction mix 

for a 384 well plate. The total qPCR reaction volume was 12 μl. All reactions were 

performed in triplicates. For negative controls, the cDNA was replaced by 4 μl water 

for each gene. Gapdh was used as a housekeeping gene to target genes relative 

expression and enabled normalization. A 7900 HT Fast Real-Time PCR Cycler was 

used to run the qPCR reaction. Raw data extraction and plate analysis was done in 

the SDS 2.4 data analysis system. Extracted data were further analyzed and visualized 

in Excel. 

TEMP. TIME (min) 

25°C 10 

48°C 30 

95°C  5 

4°C ¥ 
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3.4.4 Co-immunoprecipitation 
 
Whole WT embryos from stage E11.5 and E13.5 were dissected. The following steps 

were conducted on ice and with pre-cooled reagents. First, the tissue was lysed using 

600 to 1000 µl proteinase inhibitor supplemented lysis buffer. A clean grinding ball was 

added to each tube. The TissueLyser set to 30Hz, was used for tissue homogenization 

for 3x 1min intervals. The tissue lysate was centrifuged at 20.000xg for 20min at 4°C. 

Only the supernatant was transferred to a new tube. The NanoDrop was used to 

estimate the protein concentration. 120 µg of the protein extract was used as input and 

thus mixed with an equivalent volume of 2x sample buffer. The input was denatured 

on a thermomixer at 400rpm for 5min at 98°C. The input was stored for a western blot 

analysis at -20°C. 

In the meantime, a defined volume of agarose G beads were equilibrated by a single 

washing step with 1 ml proteinase inhibitor supplemented RIPA buffer. A centrifugation 

step at 3000 rpm at 4°C was conducted and the supernatant was discarded. RIPA 

buffer was used to set the beads back to the original volume.  

In this case, 60 µl of the G bead solution was added to 490 µl embryonic protein extract 

to perform a pre-clearing on a rotating device for 1h at 4°C. After a centrifugation step 

at 3000 rpm at 4°C, the supernatant was transferred to a new tube. 300 µl of the pre-

cleared protein extract was used per Co-IP reaction. The primary antibody GLP was 

diluted 1:1000 in 300 µl protein extract. As a negative control, an anti-mouse IGg 

antibody was used 1:200 in a separate reaction. The primary antibodies in the protein 

extract were incubating on a rotating device over night at 4°C. On the next day, 35 µl 

of the agarose G beads were added to each Co-IP reaction. The beads were mixing 

with the antibody-protein extract on a shaking device for 2h at 4°C. A centrifugation 

step at 3000 rpm at 4°C was implemented to discard the supernatant. The beads were 

washed 3x with 1xPBS carefully. PBS was removed after another centrifugation step 

at 3000 rpm at 4°C. Finally, the agarose G beads were resuspended in 30 µl 2x sample 

buffer. The denaturation was done on a thermomixer at 98°C for 10min. A short 

centrifugation step was performed to separate the supernatant from the beads. The 

Co-PIs were further investigated in a western blot assay (see SDS-Page). 
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3.4.5 SDS-PAGE 
 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

separate proteins through a gel matrix. According to their size, proteins will migrate 

with different pace, meaning that smaller proteins for example, migrate faster 

(Laemmli, 1970). A 10% polyacrylamide gel was prepared to separate GLP (~130kDA) 

from OSR1 (~35kDa). The stacking gel was prepared with 4% polyacrylamide 

(formulation, see materials). First the separation gel was prepared and covered with 

100% ethanol to prevent contact with oxygen. After 45 min, ethanol was removed 

carefully. Second, the stacking gel was poured on top, and a comb was inserted to 

allow the acrylamide to polymerize. 

Gels were placed into a gel chamber and covered with 1x running buffer. Samples 

were loaded in the center of the gel flanked by a lane of protein ladder. As long as the 

samples were migrating in the stacking gel, the voltage was set to 80V (~30min) and 

was increased to 120V (~1h) for the separation gel. 

 

3.4.6 Western blot 
 
After protein separation, a western blot was performed. For this purpose, a transfer 

buffer (table 3) was prepared during the SDS-PAGE run and stored at -20°C, until 

needed. In this study, only the wet transfer was conducted. The SDS-PAGE was 

stopped as the blue dye and the protein ladder reached the bottom of the gel. Next, 

the stacking gel was discarded, whereas the remaining separation gel was measured 

in size to cut the PVDF (polyvinylidene fluoride) membrane based on that. Pure 

methanol was used to activate the PVDF membrane for 30 sec. Right after, the 

membrane was transferred to 1x transfer buffer to equilibrate. All components of the 

transfer sandwich were soaked in chilled transfer buffer before use. Transfer sandwich 

assembly: sponge, three layers of Whatman paper, gel, PVDF membrane, three layers 

of Whatman paper, and another sponge. Air bubbles between the different layers were 

removed by rolling a falcon over it. The transfer sandwich was placed in the transfer 

chamber, the gel near to the cathode. Before additional transfer buffer was added, 

freezer packs were arranged around the transfer sandwich to ensure cooling. 

Moreover, the transfer chamber was put on ice, to prevent that the heat production 

affects the transfer. A 1.5h transfer at 100V was implemented. Directly after the 
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transfer, the PVDF membrane was stained with ponceau for 10min to validate efficient 

protein transfer. PBST was used to remove the red dye from the membrane. 5 % milk 

powder in TBST was prepared to block the membrane for 1h on a shaking device at 

room temperature. In the meantime, the primary antibody solutions were mixed, using 

5 % milk/TBST with either OSR1 1:100 or GLP 1:2000. The membrane was cut in two, 

to stain one half with GLP and the other with OSR1. Incubation was done shaking at 

4°C overnight. Excessive primary antibodies were removed with 3x 10min TBST 

washing steps. The secondary antibodies (anti-rabbit and anti-mouse) were diluted 

1:1000 in TBST. The membranes were stained with the secondary antibody mixtures 

for 1h at room temperature. Again, excessive antibodies were removed with 3x 10min 

TBST washing steps. An ECL solution was prepared just before result documentation. 

The membranes were incubating with the ECL solution for 1min at room temperature. 

The excessive ECL solution was removed before the membrane was imaged with the 

western blot gel document system. 

 

3.5 Fluorescence-activated Cell Sorting 
 

3.5.1 Embryo and organ preparations for FACS analysis 
 
Embryos of the Osr1GCE reporter line as well as the adipose tissue from Osr1GCE/+; 

Rosa26mTmG/+ lineage tracing experiments were collected as explained in point 3.1.2. 

To specifically investigate the Osr1 expressing cells as well as the Osr1 lineage FACS 

sorting was performed. 

 

3.5.2 FACS sorting to perform a single cell mRNA-Seq 
 
For the single cell mRNA-Seq, GFP+ cells from E9.5 and E11.5 embryos of the 

Osr1GCE/+ line were isolated. Single embryos were dissociated in 2ml tubes, containing 

400 µl GM and 3 µl of Col A (100 µg/µl). Embryos were minced and placed in a 37°C 

pre-warmed thermomixer. For E9.5 embryos, the incubation was timed to 5min and for 

E11.5, to 10-15min. The cell suspension was pipetted carefully up and down. The cells 

were centrifuged at 300xg for 5min. The supernatant was discarded, and the cell pellet 

was washed with 1x PBS. After another centrifugation step, 1xPBS was replaced by 

the FACS sorting medium, containing 1% FCS, 2mM EDTA mixed in 1xPBS (filtered). 
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Before FACS, the cell suspensions were strained, using a 40 µm mesh to enable cell 

separation. The isolation of GFP+ cells was done by C. Bräuning in the FACS core 

facility of the MDC in the Berlin Institute for Medical System Biology (BIMSB, team 

leader: Dr. T. Conrad) as described in (Vallecillo-Garcia et al., 2017). GFP+ isolated 

cells were prepared for ICell8 sequencing as described in https://www.takarabio.com 

by C. Bräuning. The initial steps of the single cell mRNA-Seq analysis was performed 

by Dr. C. Fischer, a group member of Dr. T. Conrad’s Single Cell Technologies Unit. 

 

3.5.3 FACS sorting to obtain GFP+ embryonic progenitor cells 
 
Osr1GCE/GCE and Osr1GCE/+ embryos of stage E11.5, E12.5 and E13.5 were dissected. 

For FACS, distinct parts of the embryonic body were used. The torso without limbs, 

head and tail was isolated from E11.5 and E12.5. In contrast, the upper torso of an 

E13.5 embryo was of interest. Each torso was transferred to a single 2ml tube, 

containing 800 µl GM and 8 µl of Col A (100 µg/µl). The tissue was minced and 

digested in a 37°C water bath. The incubation was stopped as soon as tissue lumps 

disintegrated into a single cell suspension (E11.5: 12 min; E12.5: 18min and E13.5: 23 

min). Cells were washed and resuspended in FACS sorting medium as described 

before. FACS sorting was performed in the FACS core facility of the MPI of Molecular 

Genetics lead by Dr. C. Giesecke-Thiel as described in (Vallecillo-Garcia et al., 2017). 

Sorted cells were collected in GM. Isolated cells were used for qPCR analysis (see: 

3.4.3), in a PLA assay (see: 3.6) and cell culture assay to obtain the adipogenic 

potential of E13.5 GFP+ cells (see: 3.8.4). 

 

3.5.4 FACS analysis of the Osr1 lineage in the SVF 
 

The E11.5 + E12.5 Osr1 lineage was traced using the Osr1GCE/+; Rosa26mTmG/+ mouse 

model. Adipose tissues were dissected from 11 weeks old animals. A piece of each 

adipose tissue was placed in a 2ml tube, containing 1 ml GM and 10 µl of Col A (100 

µg/µl). The samples were incubating for 30min at 37°C on a thermomixer in the dark. 

The reaction was stopped as described above. The adipocyte layer was aspirated. The 

cells were resuspended in 1xPBS on ice. To identify mesenchymal progenitors from 

the SVF, an antibody staining was performed. To remove the hematopoietic cells from 

the suspension, antibodies identifying Ter119/CD31/CD45 were used. Sca1 was 
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added to mark cells that function as progenitors of the adipogenic niche. The FACS 

experiment was done with Dr. P. Vallecillo-Garcia in the FACS core facility of the MPI 

of Molecular Genetics lead by Dr. C. Giesecke-Thiel. 

 

3.6 DuolinkÒ Proximity ligation assay 
 
To validate protein-protein interactions a proximity ligation assay (PLA) was 

conducted. OSR1 in combination with GLP, EP300 and CEBPb was tested. This was 

conducted either on FACS sorted Osr1-GFP+ cells of embryonic stage E11.5 and 

E13.5 or on undifferentiated 3T3-L1 cells. 

3T3-L1 cells were plated on coverslips and cultured for 2 days until they reached 40% 

of confluency. Or 20.000 freshly FACS sorted Osr1-GFP+ cells were plated on 

coverslips for 1h at 4°C. Both were fixed for 10 min with 4% PFA/PBS solution and 

directly washed twice with 1xPBS. The coverslips were permeabilized with a 0.4% 

TritonX/PBS solution for 10 min. Per coverslip, 40 µl DuolinkÒ blocking solution was 

added. The incubation time in a heated humidity chamber was 1h at 37°C. The primary 

antibodies were diluted in the DuolinkÒ antibody diluent. Then, the DuolinkÒ blocking 

solution was replaced by 40 µl primary antibody-DuolinkÒ antibody diluent. The primary 

antibody mix was incubating in the humidity chamber over night at 4°C. On the next 

day, the DuolinkÒ PLA probes PLUS and MINUS were diluted 1:5 in 40 µl DuolinkÒ 

antibody diluent. The primary antibody-DuolinkÒ antibody diluent solution was removed 

from the coverslips and washed 2x 5 min with wash buffer A (table 3). The PLA probe 

solution was added to the coverslips and was incubating in a humidity chamber for 1h 

at 37°C. To do the ligation, a 5x DuolinkÒ ligation buffer was diluted 1:5 in pure water. 

Before ligation, the coverslips were washed 2x 5 min with wash buffer A. Then, just 

before adding the diluted ligation solution to the coverslips, the ligase enzyme was 

diluted 1:40 in 40 µl 1x DuolinkÒ ligation buffer. The incubation was conducted in a 

humidity chamber for 30 min at 37°C. In the meantime, the 5x DuolinkÒ amplification 

buffer was diluted 1:5 in pure water. This solution is light sensitive and had to be kept 

in the dark. Upon DuolinkÒ ligase reaction, the coverslips were washed 2x 5 min with 

wash buffer A. Just before the washing steps finished, the polymerase enzyme was 

diluted 1:80 in 40 µl DuolinkÒ amplification reaction buffer. The amplification was again 

done in a humidity chamber for 100 min at 37°C. Finally, the coverslips were washed 

2x 10 min with 1x wash buffer B (table 3) that was mixed prior with DAPI (1:1000). The 
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last washing step was done with 0.01x wash buffer B for 1min. The coverslips were 

mounted with Fluorumount-G. 

 

3.7  Osr1 BIO-ID 
 

The Osr1 BIO-ID was performed in collaboration. The lab of Prof. M. Koch (Dr. T. 

Imhof) together with the CECAD / CMMC Proteomics Facility (Dr. Jan-Wilm Lackmann) 

of the University of Colone performed on SV40 immortalized mouse embryonic 

fibroblasts (MEFs) an Osr1 protein-protein interaction assay. Therefore, the DNA 

sequence of TurboID His tag was fused to the C-terminus of murine Osr1 (NP_035989, 

aa: 1-266) and cloned into sleeping beauty transposon vectors. A control plasmid was 

generated by cloning of TurboID His tag into sleeping beauty vectors. MEFs were 

stably transfected with FuGENE HD transfection reagent (#E2311, Promega, 

Mannheim, Germany). The protein expression was then induced with 1 µg/ml 

doxycycline (#D9891, Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Next, the medium 

was replaced by 50 µM biotin containing DMEM and the cells were incubated for 1 h. 

After two washing steps with 1xPBS, cell pellets were lysed with 50 mM Tris, pH 7.4, 

500 mM NaCl, 0.4 % SDS, 1 mM dithiothreitol, and 1x cOmplete protease inhibitor 

(#11697498001, Roche, Basel, Switzerland). Triton X-100 was added to the cell lysate 

to a final concentration of 2 %. Next, the samples were liquefied by sonification, diluted 

with an equal volume 50 mM Tris (pH 7.4) 500 mM buffer, and cleaned by 

centrifugation at full speed. The supernatant was then collected and purified with 

MagStrep type 3 XT magnetic beads (#2-4090-002, IBA Lifesciences, Göttingen, 

Germany), washed 2x with lysis buffer, 2x 50 mM Tris, 1 M NaCl, pH 8 buffer, 2x 50 

mM Tris, pH 8 and eluted with 8 M Urea 50 mM NaOH. The elution was then 

neutralized by 50 mM HCl and 50 mM triethylammoniumbicarbonate buffer (#T7408, 

Merck KGaA, Darmstadt) were added. The samples were then incubated with DTT (5 

mM) (#43819, Merck KGaA, Darmstadt) for 60 min followed by 2-chloroacetamide (40 

mM) (#22790, Merck KGaA, Darmstadt) for 30 min in the dark at room temperature for 

reduction and alkylation of disulfide bonds. Next, the samples were digested by lysyl 

endopeptidase (#V1671, Promega, Walldorf) for 4h. The sample urea concentration 

was then reduced to 2M urea by adding triethylammoniumbicarbonate buffer and 

trypsin (#V5280, Promega, Walldorf) digestion was performed overnight. Finally, the 

digestion was stopped by 1% formic acid and peptides were purified with SDB-RP 
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stage tips as previously described (Nat Protoc doi: 10.1038/nprot.2007.261.). Samples 

were analyzed using a Q Exactive Plus Orbitrap (#IQLAAEGAAPFALGMBDK, Thermo 

Fisher Scientific, Waltham, MA, USA) mass spectrometer coupled to an EASY nLC LC 

(#LC140, Thermo Fisher Scientific, Waltham, MA, USA). The mass spectrometric raw 

data were processed with Maxquant (version 1.5.3.8) with default settings. 

 

3.7.1 Mass spectrometer set up 
 
All samples were analyzed by the Proteomics Facility at CECAD on a Q Exactive Plus 

Orbitrap mass spectrometer that was coupled to an EASY nLC (both Thermo 

Scientific). Peptides were loaded with solvent A (0.1% formic acid in water) onto an in-

house packed analytical column (50 cm — 75 µm I.D., filled with 2.7 µm Poroshell 

EC120 C18, Agilent). Peptides were chromatographically separated at a constant flow 

rate of 250 nL/min using the following gradient: 3-5% solvent B (0.1% formic acid in 80 

% acetonitrile) within 1.0 min, 5-30% solvent B within 40.0 min, 30-50% solvent B within 

8.0 min, 50-95% solvent B within 1.0 min, followed by washing and column 

equilibration. The mass spectrometer was operated in data-dependent acquisition 

mode. The MS1 survey scan was acquired from 300-1750 m/z at a resolution of 

70,000. The top 10 most abundant peptides were isolated within a 1.8 Th window and 

subjected to HCD fragmentation at a normalized collision energy of 27%. The AGC 

target was set to 5e5 charges, allowing a maximum injection time of 110 ms. Product 

ions were detected in the Orbitrap at a resolution of 35,000. Precursors were 

dynamically excluded for 10.0 s. 

  

3.7.2 Raw data processing 
 
All mass spectrometric raw data were processed with Maxquant (version 1.5.3.8) using 

default parameters. Briefly, MS2 spectra were searched against the canonical murine 

Uniprot FASTA (UP000000589, downloaded at: 26.08.2020) database, including a list 

of common contaminants. False discovery rates on protein and PSM level were 

estimated by the target-decoy approach to 1% (Protein FDR) and 1% (PSM FDR) 

respectively. The minimal peptide length was set to 7 amino acids and 

carbamidomethylation at cysteine residues was considered as a fixed modification. 

Oxidation (M) and Acetyl (Protein N-term) were included as variable modifications. The 
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match-between runs option was enabled. LFQ quantification was enabled using default 

settings. 

 

3.8 In vitro approach 
 

3.8.1 BMP treatment 
 

This experiment was conducted in a 12 well plate. 35.000 WT1 cells / well were seeded 

in GM. On the next morning, a cell confluence of 55% was reached. The cells were 

starved for three hours. Right after, the cells were treated with BMP supplemented GM 

or pure GM, as depicted in table 24. 

 

Table 24: BMP treatment scheme 

BMP CONC. RNA ISOLATION after 

BMP2 2.5 nM 24h, 48h 

BMP2 5 nM 24h, 48h 

BMP7 3.3 nM 3h, 24h, 48h, 72h 

BMP7 8 nM 3h, 24h, 48h, 72h 

Negative Ctrl 0 0h, 3h, 24h, 48h, 72h 

 

RNA was isolated to measure Osr1 expression levels via qPCR. 

 

3.8.2 Osr1 knockdown in Wt1 cells 
 
This assay was conducted in 24 well plates. A reverse transfecting siRNA assay using 

Lipofectamineä RNAIMAX reagents was performed. For one well, add 9 pmol siOsr1 

(or SCR) mixed with 100 µl Opti-MEMâ and 1 µl Lipofectamineä RNAIMAX to an empty 

well (table 4). The plate was moved thoroughly to enable mixing. The reagents were 

incubating for 20 min. 500 µl GM containing 18000 cells were added to the mixture 

(cell confluence should reach 30%-50% in the next 24h). The transfection-cell solution 

was mixed by rocking the plate back and forth (Pin liu, 2017 from Thermo fisher 

scientific). On the next day, the transfection was stopped by replacing the medium with 

8 nM BMP7 supplemented GM. The cells were cultured for three consecutive days 

under the same conditions. MRNA was sampled from one day, two and three days 
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after transfection to test the knockdown efficiency. After three days of BMP7 treatment, 

an adipogenic differentiation was conducted. For two days, cells were treated with an 

adipogenic induction medium (table 5). The medium was replaced by an adipogenic 

maintainment medium, which was changed every second day. After four days 

maintainment medium, mRNA samples were collected for qPCR and additionally, cells 

were fixed to perform an ORO staining (see: 3.8.5). 

 

3.8.3 Osr1 overexpression in C2C12 myoblasts 
 

This assay was conducted in 12 well plates. 60.000 cells / well were plated on 

coverslips with GM. On the next day, C2C12 cells were transfected with Osr1-Myc 

plasmid (or GFP plasmid) using the FuGENE reagent. A 3:1 ratio was chosen, meaning 

98 µl Opti-MEMâ was mixed with 2 µg plasmid. Upon vortexing, 6 µl of FuGENE was 

added. The master mix was incubating for 5-10 min.  

Each well was already prepared with only 500 µl GM to which 75 µl transfection mixture 

was added. After six hours, the medium was replayed by pure GM. In the afternoon of 

the following day, adipogenesis was induced by using the adipogenic induction 

medium supplemented with 1 µM rosiglitazone (ROSI). The induction medium was 

removed after 2 days and replaced by adipogenic maintainment medium 

supplemented with 1 µM ROSI. The differentiation was stopped three days later. 

Coverslips were fixed with 4% PFA for 10min and stained with PLIN and MYHC (see: 

3.8.5). Of note, mRNA was collected 24h after transfection to measure Osr1 

expression. 

 

3.8.4 Adipogenic differentiation assay on E13.5 GFP+ cells 
 

Collected GFP+ cells from FACS were centrifuged at 300xg for 5 min. The supernatant 

was replaced by normal GM. 80.000 cells / well were plated in a 24 well-plate. 

Afterwards, the cells were kept in the incubator at 37°C overnight in GM. On the next 

day, the cells were confluent enough to start the adipogenic differentiation. 

The components of the adipogenic induction medium were 5 μg/μl insulin, 1 μM 

dexamethasone, 0.5 μM 3-isobutyl-1-methylxanthine (IBMX), 1 nM 3,3′,5-triiodo-

Lthyronine (T3) and indomethacin. After the two days treatment with induction medium, 

the medium was replaced by adipogenic maintainment medium that was composed of 
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insulin (c = 5 μg/μl) and T3 (c = 1 nM). After seven days of adipogenic differentiation, 

cells were fixed and stained as described in point 3.8.5. 

 

3.8.5 Oil red O and immunolabeling in vitro 
 

For ORO and immunolabeling, cells were plated in wells equipped with coverslips. 

After an adipogenic differentiation, coverslips were fixed with 4% PFA for 20 min at 

room temperature to perform an ORO staining. The PFA was directly replaced by the 

ORO staining solution, which was prepared like explained previously (see: 3.6.3). The 

incubation was carried out for 1 h at room temperature in the dark. 60% isopropanol 

was used to wash off excessive staining solutions. Another three 10 min washing steps 

were conducted with bidest H2O to remove precipitated dye. The cell culture plates 

were air-dried and stored at room temperature. If necessary, ORO-stained cells were 

further analyzed for adipogenic markers by performing an immunolabeling. 

For this purpose, coverslips were removed carefully from the cell culture plate and 

washed shortly with 1xPBS. The cells were permeabilized with 0,4% TritonX-100 

solution for 10 min at room temperature. The prepared coverslips were blocked with 

3% BSA/PBS to avoid unspecific bindings of primary antibodies. The blocking step was 

performed for 1 h at room temperature. The followed staining procedure was carried 

out like described in point 3.3.2. 
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4 RESULTS 
 

Extensive work has been done on the identification of early BAT-progenitors in late 

embryogenesis and adult mice. Since development is a complex procedure and 

heterogenic cell types come in action – the process itself is not yet fully understood. 

This research applies latest techniques combined with traditional approaches to shed 

light on the very early steps of brown adipose tissue progenitor specification in the 

Osr1-lineage. 

 

4.1 ICell8 single cell RNA Seq data of the E11.5 Osr1+ cell pool 
provides novel details of a pre-adipogenic-progenitor source 

 

A study in 2017 introduced Osr1 as a marker of embryonic fibro-adipogenic progenitors 

and provided first evidence of the adipogenic capacity in the Osr1 lineage (Vallecillo-

Garcia et al., 2017). Genetic lineage tracing captured adipogenic potential of Osr1 cells 

at the stage of E11.5. To identify the Osr1 adipogenic progenitor cell pool at E11.5 

whole Osr1GCE/+ embryos were used to sort out Osr1-green fluorescent (GFP) cells to 

perform an ICell8 single-cell RNA-seq experiment. 

 

4.1.1 Computational evaluation of Osr1-cluster identities through 
integration of a reference dataset 

 

The E11.5 Osr1+ single-cell transcriptome dataset was mapped to a reference study 

of a whole E11.5 embryo (Cao et al., 2019) to ensure quality and to verify overlap of 

the isolated Osr1+ cell pool with the endogenous Osr1 expressing cells of the reference 

dataset (Fig. 14A-B). 
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Figure 14: Representative mapping of the Osr1+-E11.5 scRNAseq dataset to an equivalent 
reference 
A) displays the E11.5 Osr1+ single-cell dataset in green, mapped to the reference dataset of a 
whole E11.5 embryo in coral (Cao et al., 2019). B) represents the actual Osr1 expression in the 
reference data. The Main-Trajectories of the Cao et al. dataset is visualized in C). The reference 
data defined Sub-Trajectories, which are depicted in D). The color-coded outlines in D) represent 
the Main-Trajectories in C). The color-code of the depicted cells refers to the Sub-Trajectories (see 
appendix). Both C) and D) show the Osr1-dataset in black. The expression profile of Osr1 in the 
Cao et al. 2019 data is listed in E). 
 
The Osr1 cells cluster within the reference dataset and strongly overlap with the cells 

from Cao et al. where active expression of Osr1 can be detected (Fig. 14A-B), 

supporting successful purification of the complete Osr1+ cell pool at E11.5. The color-

coded main-trajectories of the reference-object hold first insights of possible identities 

within the extracted Osr1+ cell pool. Clearly, Osr1 cells (depicted in black) are most 

abundant in the mesenchymal trajectory (Fig. 14C). Investigations of the Sub-

Trajectories allow further specifications regarding the isolated cell types of the E11.5 

Osr1 dataset. The reference object displays highest Osr1 expression levels and cell 

abundance inside the mesenchymal trajectory -specifically in the connective tissue 

compartment (Fig. 14D-E). In conclusion, the main cell type in the isolated Osr1+-

dataset has mesenchymal identity. 

 

4.1.2 Identification and annotation of 11 UMAP clusters 
 

The first impressions of the proposed cell identities using the Cao et al. dataset 

provided an ideal basis to address the final cell annotation.  

Figure 14A presents a UMAP plot which divides the Osr1 cell pool in 11 clusters. Three 

main cluster build the center of the UMAP: cl0, cl1 and cl2. Furthermore, a density plot 
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demonstrates that the core clusters hold the highest cell density (Fig. 14B). The scaled 

level of density highlights explicitly cl0 as the most abundant cell type – closely followed 

by cl2 and cl1. The core clusters are surrounded by nine smaller clusters. It is important 

to note that the nine peripheral cluster consist of very low cell numbers (Fig. 15B). 

Moreover, the signature genes of the peripheral clusters show a clear expression 

profile, which enabled direct cell type annotation (Fig. 15D). To determine the overall 

level of differentiation a pseudotime analysis was performed which identified cl1 as the 

most developed cluster (Fig. 15B). 

 

 
Figure 15: 11 cluster define the Osr1 cell pool at E11.5 
The UMAP visualization of the 11 Osr1 clusters is displayed in A), highlighting that there are only 
three major cell types that define the Osr1 single cell RNA-object. The density plot in B) reveals 
that cl0 has highest number of cells followed by cluster cl2 and cl1. C) demonstrates the 
pseudotime, which ranks cl1 as the most developed cell type. Signature genes are used to define 
cluster identities in D). The signature genes in D) show that cl0 and cl2 are very similar, cl2 is 
characterized by expression of cell cycle genes too. 
 
Looking at the signature genes of the main clusters, it is obvious that cluster cl0 and 

cl2 show a very similar expression profile. Both are high in genes which are widely 

expressed in the embryonic body. Especially strong Osr1 expression (Fig. 15D) marks 

cell types with fibroblastic identity. Apart from that, Osr2 and Pdgfra show a similar 

expression profile as Osr1, which postulates a mesenchymal stromal cell identity for 

cl2 and cl0 (Fig. 15D) (Farahani and Xaymardan, 2015, Stricker et al., 2012). The 
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significant difference between cl0 and cl2 is that genes which define the G2/M phase 

of the cell cycle e.g., Ccnb1 and Cdk1 are enriched in cl2. Cl1 on the other hand, does 

not show any of these markers, it is rather very high in mitochondrial genes that are 

well known to identify tissue with myogenic potential: like heart and skeletal- or smooth 

muscle cells (Fig. 15D and 16) (Gabella, 1989, Kuznetsov et al., 2009, Wang et al., 

2020, Thul PJ, 2017). Supportingly, cl7 shows expression of Acta1 and Myl7 and 

identifies a mature cardiomyocyte cell type which is also rich in mt-genes (Fig. 15D). 

To further validate the predicted cluster identities, a gene ontology (GO) analysis was 

performed by using the top 50 marker genes (Fig. 16). 

 

Figure 16: Gene ontology analysis of the main clusters cl0, cl1 and cl2 
The online tool “Enrichr” https://maayanlab.cloud/Enrichr/ prognosed based on the respective top 
50 cluster signature genes possible identities. The used reference database is “Descartes Cell 
Types and Tissue 2021”. The length of the bars as well as the red color-code represents the level 
of significance. The green frames highlight the most common cell type for the respective clusters, 
depicting that cl0 and cl2 on the left show stromal cell type characteristics, whereas cl1 on the right, 
presents myogenic identity. 
 
Enrichr is a powerful online tool to define cell types with a representative signature list 

(Chen et al., 2013, Kuleshov et al., 2016, Xie et al., 2021). The readout for cl0 and cl2 

exhibits stromal cell identity from any possible tissue. That goes together with the 

previously proposed cluster status: “mesenchymal stromal cell, progenitor”. 

Furthermore, cl1 is assigned to a smooth - / skeletal muscle identity which supports 

once again the potential “early smooth muscle like cell” character (Fig. 15A and 16). 

 

Considering the obtained cluster definitions and the Osr1 expression pattern at E11.5 

a map was developed- visualizing possible cluster to tissue assignment (Fig. 17B-C). 
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Osr1 expression in for e.g limb mesenchyme, the branchial arches, the stomach, the 

pharynx, the esophagus, lung tissue (Fig. 17C) and a cell collective lining the 

abdominal wall (Fig. 17B) are regions that overlapped with tissues considered to 

represent stromal cell identity and thus could indicate cl0 and cl2. Noteworthy, 

immunolabeling reveals OSR1+ expression in specific parts of the dermomyotomal 

derivate intermingling with the PAX7 cell pool (Fig. 17B-C).  

Smooth muscle like cells of cl1 are found around the main vasculature – the dorsal 

aorta and outflow tract of the heart. The Osr1+ neuronal cluster 3 demonstrates tubulin, 

beta 3 class III (Tubb3) expression and explicitly marks cells of the dorsal root ganglion 

and the ventral horns of the spinal cord, where motor neurons reside (Kinameri et al., 

2008) (Fig. 17A and 17C). Expression of tight-junction proteins claudin-5 and 6 (Cldn5, 

Cldn6) define epithelial cells (Sugimoto et al., 2013, Zhang et al., 2018). Here, Osr1 

expressing cells residing in the inner epithelial cell layer of the stomach and the 

diaphragm could represent cl4. Finally, the meningeal cluster 5 is forming a multi 

layered cell group, that surrounds the central nerve system along the cranial to caudal 

axis (Fig. 17B-C). 

In summary, Osr1 is widely expressed but also defines specific areas providing 

different sources to the developing embryo. However, the main interest of this study is 

to investigate the Osr1+ pool for an adipogenic progenitor identity. 
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Figure 17: Merging clusters with the OSR1 expression map of an E11.5 embryo 
A) depicts UMAP-feature plots, highlighting expression of cell type defining signature genes. As 
genes listed in A) are found in specific regions of an embryo, it can be assumed that OSR1 is 
colocalizing. B) and C) displays the expression pattern of OSR1 in green at embryonic stage E11.5. 
B) illustrates a longitudinal – and C) a cross section with a co-staining of PAX7 in magenta to 
discriminate OSR1+ locations. Regions of OSR1 expression were assigned to their most likely 
cluster identity. 
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4.1.3 Cluster 0 holds a pre-adipogenic identity 
 
To unmask the adipogenic potential of the Osr1 dataset a computational strategy was 

chosen. 

The earliest brown adipogenic precursor signature in development has been described 

in the Seale lab (Wang et al., 2014). They investigated freshly sorted Ebf2+Pdgfrα+ 

cells and Pdgfrα+ cells of the Myf5 lineage at the stage of E14.5. After revealing brown 

adipogenic potential of those cells, an Ebf2 pre-brown adipogenic gene signature (Ebf2 

pre-BAT) of the most strongly enriched genes was defined. This Ebf2 pre-BAT 

signature was mapped on the Osr1 dataset and a signature enrichment in cl0 was 

observed (Fig. 18A). This finding indicates that the mesenchymal stromal cluster 0 

could hold an adipogenic potential. For further validation a recent single cell RNA 

sequencing (scRNA-Seq) dataset derived from perivascular adipose tissue of P3 

thoracic aorta was used. Importantly, this scRNA-Seq dataset provides information 

about different types of fibroblasts that serve as a source of adipose tissue remodeling 

(Angueira et al., 2021) (Fig. 18B). Interestingly, they identified three different fibroblast 

populations that reside in discrete anatomical compartments within the developing 

perivascular adipose tissue (PVAT) niche of the thoracic aorta. “Intermediate” 

fibroblasts express Clec11a, Bace, Cd124 and are intimately associated with smooth 

muscle cells. Those showed enriched hedgehog signaling and did not reveal an 

adipogenic potential in vitro. In contrast, the identified Ly6a expressing “Progenitor” 

pool that resides in the adventitial cell region as well as the Pparg and Pdgfra 

expressing “Preadipocytes” that locate at the periphery of adipose tissue lobes were 

highly adipogenic (Fig. 18B)(Angueira et al., 2021). However, signatures from the main 

Osr1 clusters (cl0, cl1 and cl2) were used to correlate with the identities of the P3 

thoracic aorta object in figure 18B, confirming that cl0 has highest potential of pre-

adipogenic identity (Fig. 18C). The dot plot shows that cl0 has the best overlap with 

the signatures of “Intermediate cells”, “Progenitor cells” and “Preadipocytes”. The cl1-

signature on the other hand, is rich in cell types which hold smooth muscle 

characteristics like “SMC-a/b/c”. Cl2 does not correspond very well with the object 

since cell cycle genes peak in cl2. Figure 18D displays the quality of the match between 

the Osr1-signatures and the PVAT-object, recapitulating the information of the dot plot 

in figure 18C. Finally, the same approach was used in opposite direction to test the 

PVAT-fibroblast identities on the main body of the Osr1 dataset (Fig. 18E). In summary, 
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it can be stated that cluster 0 holds the highest potential to provide a source of 

adipogenic progenitors to the developing embryo. 

 

 
Figure 18: Identification of a pre-adipogenic signature in the Osr1+ scRNA-Seq dataset 
A) shows a feature plot of the Osr1-object which highlights the overlap with the Ebf2 pre-BAT 
signature. An overview of a scRNA-Seq project on P3 thoracic aorta is displayed in B). The 
signature expression level of cl0, cl1 and cl2 from the Osr1-dataset is correlated with the P3 thoracic 
aorta project and represented in a dot plot in C). D) recapitulates the dot plot in C), highlighting the 
best fit of the three main Osr1 identities. In E) the signatures of most interesting cell types from P3 
thoracic aorta-object were used to find the best match with the Osr1-main body. 
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4.1.4 Osr1+ cells colocalize with pre-adipogenic markers in distinct 
regions of an E11.5 embryo 

 

Many studies have been focusing on the detection of new key markers that pinpoint 

the ultimate adipogenic progenitor pool during embryogenesis but have not been able 

to capture them in vivo as early as stage E11.5.  

The E11.5 Osr1-scRNA-Seq dataset holds first evidence that a subpopulation of cl0 

carries a pre-adipogenic identity. Combining published information of well-defined pre-

adipogenic markers and the Osr1 expression profile enabled one of the first 

visualizations of an initial pre-adipogenic cell pool. Since an Ebf2 pre-BAT signature 

has been used, it is pivotal to prove co-expression (Fig. 19). Immunolabeling (IF) for 

EBF2 and OSR1 on longitudinal Osr1GCE/+ sections display co-expression in distinct 

regions. Section 1 displays a very lateral plane of the embryo which shows the OSR1 

staining in green - marking the midline of the body. Although EBF2 seem to be 

expressed widely and especially in the periphery of the OSR1 labeled area -they do 

co-express in the very center of the embryo (Fig. 19.1A). A more medial plane of the 

embryo is shown in figure 19.2. Here, it becomes clear that co-labeling of both markers 

is detected in the surrounding tissue of the aorta or outflow tract of the heart (Fig. 

19.2A). Further monitoring carried out that a small subset of cells in the 

dermomyotomal derivate (dmd) co-express OSR1 and EBF2 too (Fig. 19.2B). The 

scheme in figure 19B represents the expression pattern of the stained candidates. In 

summary, the analysis of IF supports that OSR1 and EBF2 co-express indeed in 

regions close to the heart and in the dermomyotomal derivates (dmd). 
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Figure 19: The pre-BAT marker Ebf2 colocalizes with Osr1 expressing cells 
A) displays longitudinal sections of an E11.5 Osr1GCE/+ embryo. An immunofluorescent staining for 
OSR1 in green and EBF2 in magenta was conducted. Section 1 represents a more lateral region 
than section 2. Yellow arrow heads in the closeups 1A, 2A and 2B point at the magnified inserts 
proving co-expression in the Osr1+ midline of 1A, in proximity to the aorta next to the heart (2A) 
and within the dmd region (2B). The schemata in B) illustrates a map of PAX7, OSR1 and EBF2 
expression pattern at E11.5. A UMAP feature plot of the Osr1-dataset for Ebf2 expression is shown 
in C). 
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Further validation was needed to prove the identified location of the early pre-

adipogenic cell pool. Another well-known marker for pre-adipogenic progenitors in the 

embryo is Dlk1- also known as Pref1 (Hudak et al., 2014, Nueda et al., 2007). 

Investigations of the same regions has been done to test whether Dlk1+ cells gather 

in the same region as Ebf2+ cells (Fig. 20A). The magnified regions in figure 20.1A-1D 

and 20.2A-2D presents the expression pattern of DLK1, which is quite similar to the 

EBF2 expression, depicted in figure 19. The most interesting differences are depicted 

in figure 20.2A-2D: here, DLK1+ cells cluster in proximity to the abdominal wall which 

express OSR1-GFP too. In contrast, DLK1+ was not observed in the PAX7+ dmd as 

EBF2 showed. These findings indicate that there are two different anatomical locations 

that hold adipogenic progenitors: first the dmd and second the space around the 

abdominal wall (Fig. 19.2B and 20A.2). However, Dlk1 is highly enriched similar to 

Ebf2 in cl0 of the Osr1-object (Fig. 19C, 20C). 

 

 
Figure 20: Dlk1 and Osr1 co-express in proximity of the heart and along the abdomen 
An immunostaining for GFP in green (OSR1), DLK1 in white and PAX7 in magenta is shown on an 
Osr1GCE/+ embryo. The overview-section in A) presents the areas of interest. In both regions 1 and 
2 co-expression of DLK1 and OSR1 was detected. Yellow arrowheads in 1A-D and 2A-D point to 
double positive cells that are magnified once again and highlighted in respective inserts. B) 
presents a schematic summary of the investigated expression patterns of OSR1, PAX7 and DLK1. 
The Osr1 single cell dataset in C) displays high expression of Dlk1 in cl0. 
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4.1.4.1 Osr1+ cells at E11.5 mark a small subpopulation of the dermomyotomal 
derivate 

 

Since PAX7+ cells were identified as a source of brown adipogenic progenitors (Lepper 

and Fan, 2010) the overlap and co-expression pattern of PAX7 and Osr1 was studied. 

The PAX7+ cells define the dmd region that expands along the dorsal to ventral axis. 

Strikingly, OSR1-GFP staining is observed in a subset of PAX7+ cells which locate in 

the midline of the PAX7 dmd stream (Fig. 212A-C). To date, it has nerve shown that a 

small pool of OSR1+ PAX7+ cells exist. Most likely the subpopulation of OSR1+PAX7+ 

cells could represent the same cell pool identified in figure 19.2B co-expressing EBF2.  

 

 
Figure 21: OSR1+ cells in the dermomyotomal derivate 
A) a co-staining of GFP in green (OSR1) and PAX7 in red was performed on longitudinal sections 
of an E11.5 Osr1GCE/+ embryo. The overview images 1A-B demonstrate distinct expression patterns 
of both proteins. OSR1-GFP labels the midline along the cranial to caudal axis and PAX7 marks 
the dermomyotomal derivate which propagates from the ventral to dorsal part of the embryonic 
body. The indicated area 2 magnifies the overlapping space of PAX7 and OSR1. The white arrows 
specify cells that express both markers. The schematic overview of the PAX7- and OSR1-
expression pattern is depicted in B). 
 

Another observation was that the tips of the dermomyotomal derivates end in a pool of 

OSR1-GFP+ cells that do not show co-expression with PAX7, which indicate that the 

OSR1-GFP+ cell pool near the peritoneum has different capacities than those cells 
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that co-express PAX7. To test whether the two OSR1 marked compartments hold 

different pre-adipogenic potentials, a staining for PPARg was conducted. 

Finally, the expression profile of the key marker of adipogenesis PPARg was 

investigated (Rosen et al., 2002). So far, the very early pattering of PPARg during 

embryogenesis has only been shown a few times as whole mounts using a GFP-

Reporter of the AdipoTrak mouse model (Jiang et al., 2014). Unfortunately, the 

published data do not provide many details. Here, figure 22 presents the distribution 

profile of PPARg cells on a new level at E11.5. 

 

 
Figure 22: First observed PPARg+ cells cluster near the embryonic heart 
A co-immunostaining on E11.5 Osr1GCE/+ longitudinal sections in A) demonstrates the first 
detectable PPARg+ (red) cell pool near the heart. The Osr1-GFP is labeled in green and 
recapitulates the same patterning that is found in the area where PAX7+ cells would be expected. 
B) simplifies the distribution map of OSR1-GFP and PPARg. 
 
The images in figure 22A demonstrate that the PPARg cells cluster near the heart, 

close to the ventral tips of the dmd. OSR1 in green, labels the midline of the dmd 

compartment in the embryo that most likely overlaps with the PAX7+ cells, as observed 

in figure 21.  

To fully understand the distribution profile and overlap of PPARg, PAX7 and OSR1 

regions cross section were studied. Figure 23 clearly demonstrates that PAX7+ and 

OSR1+ cells at E11.5 merge in two region of the dermomyotome (Fig. 23.1 and 23.2). 
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Figure 23: PAX7+ and OSR1+ cells merge only in distinct zones of the dermomyotome 
Cross sections of an E11.5 Osr1GCE/+ embryo highlight PAX7 in red, OSR1-GFP in green and a-
TUBULIN in grey. A) and B) provide an overview of the expression pattern of PAX7 and OSR1. B) 
specifies two regions (1-2) of the dermomyotome where both markers colocalize. The yellow arrows 
mark co-expression in the central part (1C-1E) and in the hypaxial (2C-2E) dermomyotome. 
 
 
A graphical scheme in figure 24A simplifies the OSR1 expression pattern within the 

dermomyotome summarizing that OSR1 was detected only in the central part and 

ventral tip. The UMAP-feature blot of the Osr1-scRNA-Seq in figure 24B validated that 

a few cells express Pax7 in cl0 and cl2 which goes in line with the fact that cl0 harbors 

pre-adipogenic progenitors. 
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Figure 24: Schematic representation – distribution of OSR1+ cells in the dermomyotome 
The graphic in A) demonstrates the somites which divides into the sclerotome, myotome and 
dermomyotome. The latter is rich in Pax7 positive cells. Only a few cells of the dermomyotome- 
exclusively those in the central and the hypaxial lip show Osr1 expression. A UMAP-feature plot of 
Pax7 in B) demonstrates that there are once again very few Osr1 cells that are Pax7 positive but 
manly cluster in cl0 and cl2. 
 
 
Cross sections of an embryo at stage E11.5 gave a more detailed picture of how the 

organization of OSR1, PPARg and PAX7 looks like. Figure 25.1A-1C and 25.2A-2C 

clearly show several PPARg+ OSR1+ cells that arrange themselves along the 

abdominal wall. PAX7+ cells on the other hand, do not combine with the PPARg+ 

population, concluding that they represent two distinct populations with different 

characteristics: adipogenic vs. myogenic. OSR1 instead is detected in both the 

myogenic and adipogenic cell population. That implicates that OSR1 might has 

different functions – for example: PAX7+ cells are more prone to become myogenic, 

but a myogenic contribution has never been reported of the E11.5 Osr1-lineage 

(Vallecillo-Garcia et al., 2017). Here, one could assume that Osr1 reprograms the 

PAX7 cell to become a pre-adipogenic progenitor. Osr1 expression in the PPARg+ cell 

instead, might rather support the pre-adipogenic state to allow further proliferation, 

migration and a gradual specification process throughout development. 
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Figure 25: OSR1 positive PPARg cells reside along the abdominal wall 
A cross section from an E11.5 Osr1GCE/+ embryo displays a staining for PAX7 (red); OSR1-GFP 
(green) and PPARg (white). A) and B) give an overview of the expression patterns and tissue 
context. The two highlighted areas (1A-1C and 2A-C) convey the distribution of all three markers 
at the same time. Blue arrows point at OSR1+ PPARg+ positive cells detected along the abdominal 
wall. The colocalization of PAX7 and OSR1 is marked with yellow arrowheads. Interestingly, the 
distance between the OSR1+PAX7+ cells and the OSR1+PPARg+ cell pool appears to be small. 
Co-stainings of PAX7 and PPARg were not observed. 
 

In summary, a computational approach highlighted cl0 with mesenchymal stromal cell 

identity as the candidate that holds highest pre-adipogenic potential of the Osr1-single 

cell-object. The application of traditional methods enabled the visualization of well-

known pre-adipogenic markers like EBF2, DLK1, PAX7 and PPARg in E11.5 OSR1 

expressing cells. Once again, all investigated markers are clearly enriched in cl0. 

The graphical overview in figure 26 demonstrates that OSR1 and PPARg co-express 

in the ventral part of the embryo. Figure 20 shows that DLK1+ cells reside in the same 
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region – specifying the early pre-adipogenic cell pool. Furthermore, the co-expression 

of PAX7 and OSR1 is observed in the midline of the dmd region (Fig. 21; 23 and 26). 

EBF2 and OSR1 also display colocalization in the same region and might label a 

common myogenic-to-adipogenic progenitor.  

 
Figure 26: Graphical summary of the OSR1, PAX7 and 
PPARg expression analysis 
The lateral view on an E11.5 embryo shows the expression 
map of PAX7 in red that is recapitulating the 
dermomyotomal derivate. The OSR1 expression profile is 
depicted in green and overlaps with the center of the 
PAX7+ region where the forelimb buds. Apart from that, the 
PAX7 extensions culminate ventrally in the OSR1+ region 
along the peritoneum which overlap with the initial PPARg 
population (grey). 
 
 
 
 
 
 

 
According to these findings it can be concluded that a Osr1 marks pre-adipogenic 

progenitor cells in the lateral region along the dorsal to ventral axis. 

 

A further question to be addressed is to elucidate what might drive the adipogenic fate 

commitment during embryogenesis? 

 

4.1.5 Active BMP signaling is observed in Osr1+ cells around the 
vasculature in the area of early brown adipose tissue 

 

It has been described that BMPs are required to develop brown adipose tissue through 

embryogenesis. Especially studies on BMP7 provided evidence that BMP signaling is 

involved in the fate determination process between the myogenic and adipogenic 

identity (Tseng et al., 2008, Schulz et al., 2011, Schulz et al., 2013). Thus, 

investigations of active BMP signaling via the pSMAD1/5/8 mark was performed to 

detect its localization in the early BAT anlagen of embryonic stage E12.5 and E13.5 

(Fig. 27). Widespread pSMAD1/5/8 signal-positive cells were found in the neural 

system and in the early muscle masses where co-expression with PAX7 and MyHC 

can be seen (Fig. 27.1D; 27.3D). Importantly, in the early developing BAT anlage, 

sparse pSMAD1/5/8 labeled cells were observed arranged around the vasculature 
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(Fig. 27.1C, 2C, 3C, 4C). That finding is interesting since it is reported that the 

vasculature is a known source of BMPs and thus possibly act as signaling centers in 

the BAT anlage (Saito and Takahashi, 2015, Katagiri and Watabe, 2016). 

 

 
Figure 27: pSMAD1/5/8+ cells localize around the early BAT vasculature 
1A-2C) shows IF stainings for PAX7 in magenta and pSMAD1/5/8 in green on two different sections 
of an embryo at E12.5. 1A-1B) and 2A-2B) provide an overview of the anatomical location of the 
early BAT anlage. 3A-4C) displays IFs from MyHC in magenta and pSMAD1/5/8 in green on two 
different sections of an embryo at E13.5. The overview images in 3A-3B) and 4A-4B) allocate tissue 
context. 1C, 2C, 3C and 4C present closeups from the iBAT and sBAT. Violet arrowheads point at 
vessels that show a pSMAD1/5/8+ signal in proximity. 1D and 3D demonstrate that pSMAD1/5/8 is 
enriched in myogenic cells as co-localization with Pax7 and MyHC expression was found (orange 
square). iBAT: interscapular brown adipose tissue; sBAT: subscapular brown adipose tissue 
 



RESULTS 

 81 

This study has already proved that Osr1+ cells label a PPARg+ pre-adipogenic 

progenitor pool at E11.5 but is not yet clarified how the Osr1 expression is controlled 

to drive adipose tissue development?  

 

4.1.5.1 BMP molecules modulate Osr1 expression 
 

The previous observations raise the question, whether Osr1+ is regulated through 

bone morphogenic protein (BMP) signaling to mediate BAT development? To test that, 

a brown pre-adipogenic cell line “Wt1” was used to investigate the expression levels of 

Osr1 after BMP treatment (Tseng et al., 2005, Tseng et al., 2004). Different BMP 

molecules were tested to identify whether Osr1 specifically responds to one or rather 

follows a general expression pattern upon BMP stimuli. First BMP2 was used, which 

is known to signal through receptor BMPR-IA and BMPR-IB to promote bone formation 

(ten Dijke et al., 1994, Miyazono et al., 2010, Lin et al., 2019). Figure 28 presents that 

Osr1 expression has almost doubled after 24h treatment with 5nM BMP2 and reaches 

even higher levels after 48h compared to its respective controls. Apart from that, a 

lower concentration of BMP2 could not significantly recapitulate the effect due to high 

inter-experimental variability.  

 
Figure 28: BMP2 titration modulates Osr1 expression  
Osr1 expression levels were measured via RT-qPCR on 
undifferentiated Wt1 cells. Cells were starved for 3hs and 
cultured with BMP2 2,5nM (light grey) or 5nM (dark grey) 
for 24hs and 48hs. The control group (green) was starved 
but not treated with BMP. Relative expression of Osr1 is 
slightly upregulated after 24hs and significantly 
upregulated after 48hs upon a 5nM BMP2 treatment. The 
lower BMP2 concentration showed no statistically 
significant Osr1 upregulation. Data are presented as 
mean ± SEM (n = 3); statistical analysis was done using 
two-tailed Student’s t tests: * p<0.05, **p<0.001. 
 
 
 
 
 

Interestingly, the experiments with BMP7 showed something different (Fig. 29). A 

1,5nM BMP7 treatment demonstrated a significant enrichment of Osr1 transcripts after 

the first 3h only (Fig. 29A). However, using 8nM BMP7 instead of 1,5nM demonstrated 

the opposite results. The expression level of Osr1 was notably higher after 48h and 

72h compared to 3h and 24h (Fig. 29B). In summary, it can be seen that BMPs regulate 
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Osr1 expression to a certain extent. This suggests that dependent on the BMP type 

and its local concentration, the expression of Osr1 can be titrated. 

 

 
Figure 29: Different BMP7 concentrations affect the time-course of Osr1 expression 
Osr1 expression levels were measured via RT-qPCR on undifferentiated Wt1 cells. Cells were 
starved for 3h and cultured with BMP7 (light grey) for 3hs, 24hs, 48hs and 72hs. The control group 
(green) was starved but not treated with BMP. A) Relative expression of Osr1 is significantly 
upregulated after 3hs of BMP7 1.5nM treatment compared to its respective controls. The following 
timepoints do not demonstrate notable changes. B) 8nM of BMP7 present a different time course 
of Osr1 expression. With higher BMP7 concentration significantly higher Osr1 levels were 
recognized at 48hs and 72hs. Data are presented as mean ± SEM (n = 3); statistical analysis was 
done using two-tailed Student’s t tests: * p<0.05, **p<0.001. 
 
Next it remained to be clarified whether BMP-downstream targets are detected in the 

Osr1-scRNA-dataset. Figure 30 visualizes the UMAP-feature-plots for Id1, Id2 and Id3 

which clearly demonstrate active BMP signaling in the Osr1+ cell pool of stage E11.5. 

Figure 30: Osr1+ cells at E11.5 are high in expression of BMP downstream targets  
Here, three different downstream targets of BMPs - Id1, Id2 and Id3 - are tested for their expression 
levels in the Osr1-scRNA-object. The feature-plots highlight that the Ids are well expressed in the 
entire dataset. Demonstrating that the Osr1+ cells respond to BMP molecules. 
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The only missing information here is the distribution profile of pSMAD1/5/8 labeled 

cells at stage E11.5. This is required to understand if the Osr1+ pre-adipogenic 

progenitor cell pool colocalizes with the BMP activated once. To approach that 

immunofluorescent stainings for OSR1, myogenic markers and pSMAD1/5/8 were 

performed on cross sections (Fig. 31, 32). Since both pSMAD1/5/8 and Osr1 

antibodies were produced in the same host a co-immunostaining was not possible. 

However, pSMAD1/5/8 expressing cells were manly observed around the dorsal aorta. 

Only here, a spatial overlap of OSR1 and pSMAD1/5/8 was detected (Fig. 31.1A-4B; 

Fig. 32.3A-3B). In dmd regions, pSMAD1/5/8 signals were exclusively detected in the 

early myotubes, but not in Osr1+ cells (Fig. 32.1A-2C). 

 

 
Figure 31: OSR1+ and pSMAD1/5/8+ cells reside along the dorsal aorta at E11.5 
Immunostainings for PAX7 (magenta) and OSR1 (green) are displayed in A.1A-2B. A) represents 
an overview image with the dorsal aorta in its center. Indicated regions in A.1 and A.2 are magnified 
on the right side. The closeups capture that OSR1+ cells arrange along the dorsal aorta (1A-1B). 
B) shows an IF for pSMAD1/5/8 (green) and PAX7 (magenta) on a similar section to A. Indicated 
regions in B.1 and B.2 are magnified on the right side. The closeups in 3A-4B) almost recapitulat 
the expression pattern of OSR1 in the dorsal aorta compartment. Considering the distribution 
pattern from OSR1 and pSMAD1/5/8, it is very likely that both markers merge in the dorsal aorta 
region. da: dorsal aorta; cv: cardinal vein 
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Figure 32: At E11.5 the dorsal aorta compartment holds BMP activated OSR1+ cells 
The IF for pSMAD1/5/8 (white), MyHC (magenta), OSR1-GFP (green) was performed on E11.5 
Osr1GCE/+ embryos. In A) an overview image shows the distribution pattern of all markers. The 
indicated regions A.1) and A.2) are magnified in 1A-2C. The closeups display that most of the 
pSMAD1/5/8 labled cells are detected in the MyHC positive myotubes. No colocalization of GFP 
and pSMAD1/5/8 was obsereved in the dmd region. B) represents the dorsal aorta compartment. 
The magnified region 3A-3B) demonstrate that both - GFP and pSMAD1/5/8 – are recognized in 
the the same cell (blue arrowhead). 
 

4.1.6 BMP signaling is not involved in the process of very early pre-
adipogenic progenitor specification 

 

Finally, a PPARg staining was performed to test whether early PPARg+ cells show 

BMP/pSMAD1/5/8 signaling. Cross sections were investigated where PAX7+ cells 

almost touch the abdominal wall, where (as shown above) the first PPARg+ cells arise 

(Fig. 33A). The staining for pSMAD1/5/8 in figure 33.1A-1C labeled cells that 

intermingle with the PAX7+ cells. In this region just very few OSR1+ cells show 

pSMAD1/5/8 expression. The same was observed for the PAX7+ population. In figure 

33.2A-2C, PPARg+ cells were detected more closely to the peritoneum instead of 

mixing with the PAX7 cell pool. Co-expression of PPARg and pSMAD1/5/8 was not 

detectable. However, OSR1 could be observed colocalizing with all three markers.  
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Figure 33: The PPARg labeled cells are pSMAD1/5/8 negative at E11.5 
A) presents an overview of an IF staining for PAX7 (magenta), OSR1-GFP (green) on E11.5 
Osr1GCE/+ embryos. The specified area A1/2) was investigated on adjacent sections more closely 
for pSMAD1/5/8 (white) expression pattern 1A-1C. The red arrowhead points at cells that show co-
expression for PAX7 and pSMAD1/5/8. A orange arrowhead highlights cells that express 
pSMAD1/5/8 and GFP. The same investigations have been performed with a PPARg (white) co-
immunolableing (2A-2C). PPARg was not detected in the center of the PAX7+ cell pool (orange 
arrowhead), which was the opposite for pSMAD1/5/8. However, GFP expression was observed in 
the PPARg+ cells close to the abdominal wall (red arrowhead). PPARg+ cells reside in the indicated 
region (white dashed line). No pSMAD1/5/8+ cells were observed in this region (1A-C). 
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The expression profile of pSMAD1/5/8, OSR1, PAX7 and PPARg is simplified in the 

graphical summary in figure 34, focusing once again on the lateral view of an E11.5 

embryo. The graphic highlights that pSMAD1/5/8 mixes with dermomyotomal derivate 

but is not recognized in the same region with PPARg. Within the dmd, active 

BMP/pSMAD1/5/8 signaling was detected predominantly in nascent myotubes.  

 
Figure 34: Graphical summary: BMP activated cells map 
with the myogenic but not adipogenic cell pool 
A lateral view of an E11.5 embryo map displays the 
expression profile of PAX7, pSMAD1/5/8, OSR1 and 
PPARg. The graphic summarizes that BMP activated cells 
mix with PAX7 cells but mostly express MyHC (not shown 
here). PPARg only overlaps with the OSR1+ region but not 
with the PAX7-pSMAD1/5/8 zone. Thus, the OSR1-PPARg 
cell pool is clearly separated from the myogenic party. 
 
 
 
 
 
 
 

 
It can be concluded that BMP signaling in the Osr1+ cell pool of E11.5 occurs but it is 

not clear that BMP signaling is involved in the very first steps of adipogenic fate 

commitment.  

 

 
4.2 The Osr1 lineage is a source of individual adipogenic progenitor 

populations of the developing adipose tissue 
 

4.2.1 Inducible genetic lineage tracing of the E11.5 Osr1+ population 
confirms adipogenic contribution 

 
The Osr1 single cell RNA-Seq dataset from E11.5 embryos gave evidence that cells 

of mesenchymal stromal cell identity (cl0) harbor pre-adipogenic progenitor potential. 

Furthermore, immunolabeling in vivo proved that E11.5 OSR1+ cells express pre-

adipogenic progenitor markers like PAX7, EBF2, DLK1 and PPARg. These findings 

indicate that the Osr1 cell pool at E11.5 may contribute to adipose tissue development. 

To test this, an inducible Cre-loxP based lineage tracing approach was chosen using 



RESULTS 

 87 

the Osr1CreERt2/+;ROSAmTmG/+ mouse model. Cre recombinase expression is controlled 

by the Osr1 promoter. At a desired timepoint, Cre translocation into the nucleus was 

induced by tamoxifen administration. The Cre enzyme recognizes loxP sites in the 

ROSA locus which flank the membrane Tomato (mT) gene and a transcriptional stop 

signal. After recombination, the mT sequence as well as the stop signal is removed 

which results in membrane GFP (mGFP) transcription in Osr1+ cells and its 

descendants exclusively. 

The Osr1 progeny that have been labelled by a TAM pulse at E11.5, were traced until 

stage E18.5 to investigate the adipose tissue, which is anatomically apparent at this 

stage (Fig. 35). The chased Osr1 descendants are, as mentioned above, marked by 

recombination-mediated expression of mGFP. FABP4 was used to label and identify 

mature adipocytes. Figure 35 introduces that the E11.5 Osr1-lineage contributes to 

cBAT, sBAT and latBAT (upper panel) and to axiWAT, subWAT (lower-panel). The 

only exception is the interscapular brown adipose tissue (iBAT) (lower panel), which 

displays very few mGFP cells. This suggests that the iBAT recruits a different source 

than the Osr1+ progenitors. 

 

 

 

 

 

 

 

 

 

___________________________________________________________________ 
Figure 35: E9.5 and E11.5 Osr1 progeny contribute to adipose tissue (next page) 
Inducible lineage tracing experiments starting from E9.5 or E11.5 till E18.5 were conducted on the 
Osr1CreERt2/+;ROSAmTmG/+ mouse model. FABP4, depicted in red, is expressed in the central nerve 
system and in mature adipocytes. The Osr1 lineage is labeled with mGFP. A and E) show cross 
sections to provide an overview of adipose tissue patterning at E18.5 at different rostro-caudal 
levels of the fetus. A whole-mount Oil Red O (ORO) staining is displayed on skinned E18.5 embryos 
to highlight the organization of different subcutaneous white adipose tissues; brown adipose tissues 
are not visible, as they are covered by WAT (B, C and D). The dashed line in B, C and D refers to 
the section planes in A) and E). mGFP+ FABP4+ adipocytes were detected in all fat depots for the 
E9.5 and E11.5 Osr1 lineages. The only exception with very few mGFP+ cells is presented in 
interscapular brown adipose tissue (iBAT). cBAT: cervical Brown adipose tissue; sBAT: 
subscapular brown adipose tissue; latBAT: lateral brown adipose tissue; iBAT: interscapular brown 
adipose tissue; axiWAT: axillary white adipose tissue; subWAT: subcutaneous white adipose 
tissue. 
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4.2.2 Adipogenic potential in the Osr1+ lineage is captured earlier 
than E11.5 

 

Osr1 is expressed in mesenchymal cells before E11.5. To assess, if even earlier Osr1+ 

cells show adipogenic potential, Cre-recombinase was activated at stage E9.5. The 

analysis was done again at stage E18.5 using the same markers and comparable 

sections as described above. Figure 35 demonstrates that, indeed, E9.5 Osr1 progeny 

contributes to mGFP+ FABP4+ adipocytes of the same depots (cBAT, sBAT, latBAT, 

axiWAT and subWAT) as the E11.5 Osr1-lineage. Once again, the E9.5 Osr1 lineage 

does not provide adipocytes to the iBAT. The mGFP+FABP4+ cells of the E11.5 and 

E9.5 Osr1 lineage were quantified in three well-defined brown fat depots: the cervical 

brown adipose tissue (cBAT), interscapular brown adipose tissue (iBAT) and 

subscapular adipose tissue (sBAT). As expected already from the IFs the iBAT showed 

very low contribution from the Osr1 lineage. The percentages of adipogenic 

contribution from E9.5 and E11.5 are completely comparable between each other: 

around 25% in the sBAT and approximately 15% in the cBAT (Fig. 36). 

Here, the question arises whether the Osr1 lineage would provide up to 100% 

contribution to brown fat- except the iBAT- in a constitutive lineage tracing model? 

Unfortunately, there was no constitutive Osr1-Cre mouse line available. 

 
Figure 36: Quantification of the 
Osr1 lineage to adipose tissue 
contribution 
The quantification was done on the 
E9.5 and E11.5 Osr1 lineage. Three 
well definable brown adipose depots: 
cBAT, iBAT and sBAT were 
investigated. Obviously, both 
lineages follow a similar trend and 
show a comparable adipogenic 
contribution pattern. The highest 
contribution was observed for the 
sBAT (» 25%). The smallest 
contribution was measured in the 
iBAT (» 2%). The cBAT instead 
shows roundabout 15% of 
adipogenic contribution. Data are 
presented as mean ± SEM (n = 3). 
cBAT: cervical brown adipose tissue; 
iBAT: interscapular brown adipose 
tissue; sBAT: subscapular brown 
adipose tissue 
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Lastly, an even earlier Cre induction timepoint was used to identify the initial pre-

adipogenic source of the Osr1 pool. Thus, tamoxifen was administered at stage E7.5. 

The adipose tissue was investigated using an immunolabeling strategy for PPARg and 

CD31 (also known as PECAM1) at stage E18.5 (Fig. 37). Interestingly, the immuno-

stainings for mGFP in figure 37 disclosed that the Osr1 progeny from E7.5 contribute 

mainly to interstitial cells or CD31+ cells of the brown- and subcutaneous adipose 

tissue. These data suggest that the E7.5 Osr1 pool is not as adipogenic as opposed 

to the lineage from E9.5 or E11.5.  

 

 
Figure 37: E7.5 Osr1 progeny contribute to endothelial and interstitial cells of adipose tissue 
Inducible lineage tracing experiments starting from E7.5 till E18.5 were implemented on the 
Osr1CreERt2/+; ROSAmTmG/+ mouse model. PPARg, depicted in red, marks the nucleus of adipogenic 
cells. The Osr1 lineage is labeled with mGFP. A and B) show cross sections to provide an overview 
of adipose tissue patterning at E18.5. mGFP+ PPARg+ cells are rare in sBAT, latBAT, 
submanWAT, iBAT and axiWAT but mGFP+ CD31+ cells instead, were found more often cBAT, 
sBAT, latBAT, submanWAT and iBAT. 
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Since the distribution pattern of the E7.5 Osr1 descendants is highly different to E9.5 

or E11.5 a more detailed contribution profile was generated (Fig. 38).  

For direct comparison, E9.5 and E7.5 lineage tracing tissue sections were 

immunolabeled for mGFP to visualize the Osr1 progeny, PLIN to label mature 

adipocytes and MyHC to show the muscle patterning. Figure 38 confirms that the E9.5 

Osr1 lineage gave rise to adipose tissue (F1-2, I1-2), and muscle interstitial cells as 

expected (F1-2, G1-2, I1-2, J1-2). Surprisingly, the E9.5 Osr1 lineage in addition 

contributed to skeletal muscle of forelimbs (G1-2, J1-2), the pectoral muscle (I1-2) as 

well as the panniculus carnosus muscle (F1-2). This was never observed when tracing 

the Osr1 lineage at E11.5 or later (this study, Vallecillo 2017, Master thesis Verena). 

No recognizable contribution was seen to bone marrow (H1-2). The contribution 

pattern of the E7.5 Osr1 lineage on the other hand displayed that almost all tissue 

types: endothelium (A1-2), bone marrow (C1-2), myotubes (A1-2, B1-2, D1-2) as well 

as muscle interstitial cells (A1-2, B1-2, D1-2, E1-2) hold mGFP cells. Notably, the 

global amount of mGFP+ cells per tissue appears lower compared to the E9.5-lineage. 

In conclusion at E7.5 the Osr1 pool represents a more undefined multipotent progenitor 

cell type, which is able to convert into a wide range of cell types like muscle, connective 

tissue, adipose tissue, bone marrow and endothelial cells throughout development. 

The lineage tracing experiments confirmed that the Osr1 cell pool at E9.5 and E11.5 

hold an adipogenic potential. This raises the question, whether the adipogenic Osr1+ 

cells at E9.5 and E11.5 represent an overlapping pool, or distinct lineages. To further 

investigate the cell identities of the E9.5 Osr1 pool, a single cell RNA-Seq was 

performed, which was compared to and integrated into the E11.5 Osr1 dataset. 
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Figure 38: The E7.5 Osr1 lineage has various differentiation potentials 
Inducible lineage tracing experiments starting from E7.5 or E9.5 till E18.5 were performed on the 
Osr1CreERt2/+; ROSAmTmG/+ mouse model. Immunolabeling for myogenic tissue (MyHC in white), 
adipogenic (PLIN in red) and the Osr1 lineage (mGFP in green) was conducted to compare and 
assess the differentiation potentials of both lineages. 1 and 2) show cross sections to provide an 
overview of the investigated regions. Myogenic tissue contribution is indicted with orange 
arrowheads. At Cre induction timepoint E9.5, MyHC+mGFP+ are observed in the following regions: 
2F, G, I, J. The E7.5 Osr1 lineage shows myogenic contribution too (1A, B, D), but not to the same 
extent as the E9.5-lineage. Furthermore, at Cre induction timepoint E7.5 the mGFP cells locate in 
the bone marrow (1J) which was not observed for the E9.5-lineage (2H). The adipose tissue (1A 
and 2F) confirmed that the E7.5 lineage provides endothelial and interstitial cells, but not mature 
adipocytes. In general, the mGFP pattern from 1A-E confirms that the Osr1 cell pool of E7.5 has 
various differentiation potential. 
 
 
 

4.3 ICell8 RNA-Seq dataset of E9.5 Osr1+ cells present distinct 
differences to the embryonic stage E11.5 

 
A general investigation of the E9.5 Osr1 scRNA-seq dataset was done as described 

for the E11.5 Osr1-object in the beginning. To do so the dataset from E9.5 was mapped 

to the reference project from Cao et al.. Here, the reference specimen was subsetted 

before to cells of an E9.5 embryo (Fig. 39). 
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Figure 39: Representative mapping of the Osr1+-E9.5 scRNAseq dataset to an equivalent 
reference 
A) displays the distribution pattern of the Osr1+ E11.5 and E9.5 single-cell dataset (in green) 
mapped to its respective reference object of an E11.5 embryo and E9.5 embryo (in coral) for direct 
correlation (Cao et al., 2019). Comparing the two stages with each another it becomes obvious that 
the Osr1 pool at E9.5 is distributed more evenly in the reference object. B) shows the actual Osr1 
expression in the reference dataset that recapitulates the pattern of the E9.5 Osr1-dataset. The 
Main-Trajectories from the Cao et al. file are visualized in C). The reference data defined Sub-
Trajectories, which are depicted in D). The color-coded outlines in D) represent the Main-
Trajectories in C). The color-code of the depicted cells refers to the Sub-Trajectories (see 
appendix). Both C) and D) display the Osr1 E9.5 dataset in black. The cell types that have enriched 
the most in the Osr1+ object are from endothelial-, cardiomyocyte-, epithelial- and the 
haematopoiesis trajectory. The expression profile of Osr1 in the E9.5 Cao et al. 2019 data is listed 
in E).  
 

 

The dataset comparison of E11.5 (E11.5 data from Fig. 14A) and E9.5 showed that 

the Osr1 cells from E9.5 are more evenly distributed among the reference object (Fig. 

39A), suggesting that the cell pool is much more diverse. Furthermore, the profile of 

the Osr1-sc-dataset was correlated with the distribution pattern of the Osr1 expressing 

cells of the E9.5 reference object (Fig. 39A and B). The provided Main-trajectories in 

figure 39C introduced that the E9.5 Osr1 cell pool has higher content of endothelial-, 

epithelial-, haemopoietic cells and cardiomyocytes. Analyzing the Osr1 expression 

level of the reference Sub-trajectories in figure 39E indicated that the Osr1-sc-dataset 

hold epithelial cells from the pericardium and stomach, limb mesenchymal cells, cells 

of the intermediate mesoderm, endothelial cells as well as very few cells from muscle 

trajectories. All together the E9.5 dataset shows much higher variability than the E11.5 

object. 
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4.3.1 Computational correlation and ID prediction of the Osr1 scRNA-
dataset through a reference single-cell-map of gastrulation and 
early organogenesis 

 

Next, the whole Osr1-dataset was aligned to a single cell object of mouse gastrulation 

and early organogenesis (Pijuan-Sala et al., 2019) to evaluate where and when the 

Osr1 cells emerge in the time context of development (Fig. 40). 

 
Figure 40: Integration of the Osr1-object into a mouse gastrulation and early organogenesis 
dataset 
A) displays the reference dataset from (Pijuan-Sala et al., 2019) with a color-coded list of sub-
trajectories on the right. The main-trajectories are directly assigned to the UMAP plot. The 
reference dataset comprises the embryonic stages from E6.5-E8.5. B) presents small groups of 
overlayed cell density landscapes of indicated embryonic stages. Each color represents a different 
stage. The Osr1-dataset is plotted in grey that showed first similarities with the dataset of stage 
E8.5 (in salmon). The table in C), in the color-code of the Osr1 sc-dataset highlights that especially 
signatures of mesodermal identity match with the Osr1-specimen. The UMAP-plot in D) 
prognosticates where the clusters of the Osr1-dataset arrange. 

um
ap

 v
is

ua
liz

at
io

n 



RESULTS 

 95 

The whole object from Pijuan-Sala et al. is depicted in figure 40A. The project 

summarizes the early embryonic stages from E6.5 to E8.5. Figure 40A provides a 

colorcoded list of sub-trajectories which can be recognized in the UMAP-object in their 

respective main trajectories of early development. Within the Pijuan-Sala dataset, cells 

from the Osr1-specimen (depicted in black) specifically align with the main trajectoies 

of early mesoderm, mesenchyme, early endoderm and heamato-endothelial 

develoment. These observations go in line with the proposed identities of the Cao et 

al. reference dataset of stage E9.5 and E11.5. 

Furthermore, the cell density landscape of all available embryonic stages of the Pijuan-

Sala-specimen were plotted and aligned in groups to trace the developmental time 

course (Fig. 40B). The Pijuan-Sala dataset starts of with stage E6.5 that manly consists 

of two islands: the epiblast and extra embryonic ectoderm. These two founder 

populations progressively expand until stage E7.75. The final stages (E8.0, E8.25 

E8.5), on the other hand, appear to evolve backwards, which can be explained by 

specification processes – cell commitment. Thus, new smaller centers appear in the 

cell density landscape. However, as expected, the Osr1 object from E9.5 and E11.5 

cells do not overlap much with the objects of the stages: E6.5, E6.75 and E7.0, 

indicating that Osr1 cells represent a more advanced mesodermal population than the 

naïve mesoderm. The same was observed for the datasets of E7.25, E7.5 and E7.75, 

although the landscapes seem to match each other better compared to the earlier 

stages. Focusing on the last stages E8.0, E8.25 and E8.5, the Osr1-profile can be 

almost recapitulated from the E8.5-dataset. There are only a few cells that do not 

cluster within the Pijuan-Sala dataset, that probably can be explained by 

developmental progression. Notably, the contours of the E8.5 dataset demonstrate 

more cell-density-centers within single trajectories whether the Osr1 density landscape 

shows only one per main trajectory (Fig. 40B). This finding suggests that the Osr1-

object consists of a more general cell type of each main trajectory, which again is 

observed in figure 40B, demonstrating that the main Osr1 clusters: cl0, cl1 and cl2 

distribute within the mesenchyme, early mesoderm and early ectoderm /epiblast 

trajectories of the Pijuan-Sala UMAP plot. Only the small peripheral clusters of the 

Osr1-object (Fig. 15A and 41A) take specific positions (Fig. 40D). 

Additionally, the Pijuan-Sala-object was used to predict cluster identities of the Osr1-

dataset from a developmental point of view (Fig. 40C). The findings demonstrate that 

the main cluster cl0, cl1 and cl2 are high in mesodermal identity. It should be noted 
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that cl1 seems to carry a higher myogenic identity than the others. Unclear is the 

predicted neurogenic potential for cl1. This could be an artifact from the computational 

analysis since a comparision from early embryonic stages with later stages is not 

always conclusive. Altogether, the correlation of both datasets showed that the Osr1-

object holds a rather general progenitor identity of different tissues as indicated among 

the density plots in figure 40B and the UMAP plot in figure 40D. 

 

 
Figure 41: Integration of the E9.5-Osr1-dataset into the E11.5-object 
The UMAP visualization of the E9.5 Osr1 clusters is displayed in A). Obviously, the small satellite 
clusters grew in cell numbers. That is also demonstrated in the density plot in B). The new centers 
are again cl0, cl2 and cl1. C) presents the pseudotime, which ranks cl1, cl7 and cl8 as the most 
developed cell types. The cluster signature genes are listed in D). The signature genes recapitulate 
to a greater extent the E11.5 dataset.  
 

Reference datasets from Pijuan-Sala et al. and Cao et al. were applied to facilitate cell 

type predictions of the entire Osr1 single cell dataset. Next, the Osr1-E9.5 sc-dataset 

was further specified after integration into the Osr1-E11.5 UMAP visualization pattern 

(Fig. 41), meaning that the distribution of E9.5 cells as well as their gene signatures 

pattern based on the E11.5 Osr1-dataset. Thus, the global structure of the UMAP 

remained unchanged (Fig. 41A). The density plot, on the other hand, revealed that 

more cells localize in the satellite clusters compared to the Osr1-E11.5 dataset. 

Furthermore, cell density differences have been recognized within the main clusters: It 

seems like that the cl1 and cl2 embodies more cells than detected in the E11.5 
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specimen (Fig. 41B; Fig. 15B). The pseudotime analysis presents that cl1, cl7 and cl8 

have a higher grade in differentiation than the other clusters (Fig. 41C). That is 

consistent with the pseudotime of stage E11.5. The signature genes of the clusters are 

listed in figure 41D. Cl0 and cl2 again show a very similar expression profile with one 

exception that cl2 is highly enriched of G2/M genes. Furthermore, the signature genes 

like: Aldh1a2, Pdgfra, Meox1 and Hoxb1 are broadly expressed in mesenchyme along 

the cranial to caudal axis at stage E9.5 (Mic et al., 2004, Kirilenko et al., 2011, 

Niederreither et al., 2003, Qian et al., 2017). Notably, since Osr1 expression is not 

present in the head at this stage, the focus for further investigations was laid on the 

main body of the E9.5 embryo (Wang et al., 2005). Cl1 shows the same signature as 

described before in the E11.5 Osr1-dataset. Both record expression of myogenic 

genes, which were also detected in the cardiomyogenic cl7. One of the main 

differences between the E9.5- and E11.5- objects is that the small peripheral clusters 

consist of a significant higher number of cells. Thus, E9.5 shows a higher variability in 

cell types: especially (cl4) epithelial-, (cl6) endothelia-, (cl7) cardiomyocyte as well as 

cells of the haemato-endothelial trajectory (cl8, cl9, cl10). This was already proposed 

from the E9.5 Cao et al. reference object in figure 39. 

 

4.3.2 Osr1 expressing cells pattern around the central body axis of 
an E9.5 embryo…. 

 
Next, immunostainings were performed to validate the sc-dataset of E9.5 Osr1+ cells. 

Figure 42 presents a sequence of cross sections throughout a whole E9.5 embryo. 

OSR1 in green was used together with PAX7 in red to mark the early dermomyotome 

and PECAM1 in white, to identify the endothelial cells. Obviously, OSR1 was mainly 

detected in the central-axis or midline of the embryo (Fig. 42A-F). Regions with OSR1 

staining are found in the pharynx and in the heart (A), the trachea and lung buds (B), 

the intermediate mesoderm, urogenital ridge, gut (C, D) and finally the dorsal aorta 

compartment (E). The detected OSR1 expression pattern is summarized in the 

scheme of figure 42F. Obviously, there are clear differences in the OSR1+ cell 

distribution between E9.5 and E11.5. 
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Figure 42: The distribution pattern of OSR1 at stage E9.5  
A-E) displays immunostainings on indicated cross sections for OSR1 in green, PAX7 in red and 
PECAM1 in white. A and B) revealed that Osr1 is expressed in the pharynx, the outflow tract of the 
heart and the primitive structures of trachea and lung buds. In the more caudal part of the embryo 
OSR1 is observed in the gut-epithelium, urogenital ridge, the intermediate mesoderm and the 
dorsal aorta compartment (C-E). In none of the section was OSR1 and PAX7 co-expression 
recognized. F) summarizes the more centralized OSR1 expression pattern in a graphical schema. 
h: heart; ph: pharynx; t: trachea; lb: lung bud; da: dorsal aorta; urg: urogenital ridge; im: intermediate 
mesoderm 
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Most importantly, there is no evidence that the OSR1+ cell pool colocalizes with the 

PAX7+ cells (Fig. 42B-E and 43.1/2/4). This was further investigated in figure 43 on 

comparable sections to figure 42B and E, which demonstrates magnifications of the 

early dermomyotome. In none of the cases co-expression of PAX7 and OSR1 was 

observed.  

 

 
Figure 43: OSR1 is not expressed in the somites of stage E9.5 
Respective sections from figure 42 were further analyzed in area 1) and 2) whether OSR1 (green) 
and the myogenic marker PAX7 (red) colocalize. Both indicated regions are negative for OSR1. 
Section 3) reveals that MYF5 (green) - another early myogenic marker - is only expressed in a 
subset of the PAX7+ (red) cells, concluding that OSR1 and MYF5 clearly not overlap. 
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4.3.3 At E9.5 the myogenic lineage is separate from the Osr1+ cell 
pool 

 

On the one hand, BAT progenitors arise from the myogenic lineage; on the other hand, 

the Osr1 lineage tracing experiments demonstrated that the E9.5 Osr1 cell pool holds 

a myogenic potential (Fig. 38.2). Immunolabeling suggested no overlap of Osr1 

expression with early myogenic markers at E9.5, however, to confirm that Osr1 is not 

expressed at this stage in cells of the myogenic lineage or their progeny, the Myf5 

lineage was examined via genetic lineage tracing. Here, the constitutive Myf5Cre/+; 

ROSA26mTmG/+ mouse was used to capture the myogenic lineage; Myf5 was shown to 

label approx. 95% of the myogenic lineage (Gensch et al., 2008, Picard and Marcelle, 

2013) and practically 100% of subscapular BAT progenitors (Sanchez-Gurmaches and 

Guertin, 2014b). In addition, this line was crossed to an allele that carried a LacZ 

reporter in the Osr1 locus (Osr1LacZ/+). Thus, in the combination line (Myf5Cre/+; 

ROSA26mTmG/+;Osr1LacZ/+), mGFP labeled cells derive from the Myf5-lineage and the 

b-Galactosidase activity (X-Gal- staining) identifies Osr1 expression.  

The investigations of the Myf5Cre/+; ROSA26mTmG/+; Osr1LacZ/+ E9.5 embryo revealed 

that throughout the entire embryo mGFP+ Myf5-progeny was negative for b-

Galactosidase activity (grey) (Fig. 44). That leads to the conclusion that figure 44 

provides further proofs that the early myogenic lineage and the Osr1-b-Galactosidase 

cells intermingled with Myf5-derived cells expression pattern but do not colocalize. 

Consequently, there must be an independent source of skeletal muscle progenitors 

apart from the somites. 

These findings change the focus of attention. What could be the source of embryonic 

brown adipose tissue and skeletal muscle apart from the somites? It could be a cell 

type which is most likely not available in the E11.5 Osr1-sc-dataset since the myogenic 

potential was not observed later than E9.5. To tackle these questions a direct 

comparison between the clusters of the E9.5- and E11.5- dataset was performed.  
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Figure 44: Osr1 is not expressed in the early Myf5 lineage 
A constitutive Myf5-Cre was used to trace the entire Myf5 cell population. The 
Myf5Cre/+;ROSA26mTmG/+ mouse model that also carries a LacZ cassette in the Osr1 locus to allow 
Osr1 detection via a b-Galactosidase activity staining (X-GAL). Immunolabeling for the Myf5 
progeny (mGFP) and a X-GAL staining for Osr1 was performed on consecutive cross section (1-5) 
of an E9.5 embryo. In none of the investigated areas did the Myf5 lineage overlap with the Osr1 
expression, indicating that indeed Osr1 expression is separated from the myogenic progenitor pool. 
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4.3.4 At E9.5, Osr1 labels a cell population in the dorsal aorta 
compartment 

 

The observation that Osr1 cells are found in the aorta-gonadal-mesonephros (AGM) 

region, raised interest, since this region was characterized harboring potent cells like 

mesoangioblasts. Mesoangioblasts were described to specifically arise from the dorsal 

aorta, hold an early endothelial signature and which among development, can give rise 

to different mesodermal tissues such as skeletal muscle, bone and adipocytes (Minasi 

et al., 2002, Cossu and Bianco, 2003). Thus, the most interesting candidates in the 

single cell RNA dataset are smooth muscle like cells of cl1 as well as cl6, representing 

endothelial characteristics. Cl6 has not received much of attention at E11.5 since it 

harbors only very few cells.  

It has been demonstrated that especially the dorsal aorta at E9.5 or the aorta-gonadal-

mesonephros (AGM) region of an E10.5 embryo provides a multipotent, self-renewing 

cell “the mesoangioblast” that can differentiate into most mesodermal tissues (Minasi 

et al., 2002, Esner et al., 2006). To assess whether the Osr1 cell pool of stage E9.5 

holds mesoangioblast identity, additional immunostainings were essential. First, it was 

addressed whether OSR1+PECAM1+ cells cluster along the dorsal aorta. Figure 45 

displays some cells along the dorsa aorta that co-express OSR1 and PECAM1. The 

amount of detected PECAM1 positive cells nicely represents the cluster size. Pecam1 

expression is exclusively detected in cluster 6 (Fig. 45.3). 
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Figure 45: Osr1+ cells reside in the dorsal aorta at E9.5 
Cross sections 1 and 2) were studied more closely to confirm that Osr1+ localize in endothelial 
layer of the dorsal aorta. Immunolabeling for PECAM1 was used to mark the endothelium. All 
investigated regions of the dorsal aorta hold a few numbers of OSR1+ (green) cells. Yellow arrows 
indicate some of them. The E9.5 Osr1-object was tested for Pecam1 expression levels in 3). A 
relative smaller cluster (cl6: endothelium) was exclusively enriched for Pecam1 which perfectly 
reflects the findings on tissue sections. 
 

 

Since the mesoangioblast signature is defined by a collection of genes like vascular 

endothelial growth factor receptor 2 (KDR) (also known as FLK1) and CD34 (Cossu 

and Bianco, 2003). Additional co-expression experiments were conducted on tissue 

sections to confirm mesoangioblast identity (Fig. 46). Interestingly, the immunolabeling 

in figure 46A resolves that KDR (in red) is detected in the entire vasculature, like 

PECAM1 (in white). Consequently, the whole OSR1+ PECAM1+ cell pool expresses 

KDR+. This is consistent with the UMAP-feature plots of the Osr1 E9.5 object. 

Furthermore, Cd34 seems to cluster on a high extent with Kdr (Fig. 46B). The only 

detectable difference between Pecam1 and Kdr or Cd34 is that also cl1 (early smooth 

muscle-like cells) includes cells with endothelial identity, which is characteristic of 

mesoangioblast (Cossu and Bianco, 2003). 
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Figure 46: At E9.5 cl6 and cl1 holds mesoangioblast identity 
Cross sections of an embryo at E9.5 were immunolabeled for PECAM1 (white) and KDR (red) to 
detect potential mesoangioblasts. Interestingly, the entire endothelium at E9.5 expresses KDR A). 
Consequently, the OSR1+ PECAM1+ cell pool expresses KDR+. The E9.5 Osr1-object 
demonstrates in B) that Kdr is mainly enriched in the endothelium but seem to be available in the 
smooth muscle like cell cluster too. The same expression pattern was observed for Cd34 – another 
marker for mesoangioblast identity. C) summarizes that the OSR1+ cells of the dorsal aorta hold 
mesoangioblast identity. 
 

These findings propose that cl1 and cl6 could be a potential source for skeletal muscle 

and most likely brown adipose tissue. Therefore, the E9.5 and E11.5 Osr1-object were 

tested for Ebf2 expression to assess a pre-adipogenic signature in Osr1 cells at this 

stage (Fig. 47).  

The UMAP-feature-plots in figure 47 show clearly that Ebf2+ cells cluster mainly in cl0 

at stage E11.5. However, at E9.5 Ebf2 expression is lower and seem to be randomly 

distributed, indicating that they might not mark pre-adipogenic progenitors at this point. 

The same result is visualized in the Ebf2 dot-plot. Thus, it is not reasonable to use the 

Ebf2 based pre-BAT signature to identify pre-adipogenic progenitors on the E9.5 Osr1-

sc-dataset. 
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Figure 47: Ebf2 expression is diminished 
at E9.5  
E11.5 and E9.5 UMAP-feature plots for Ebf2 
are displayed for direct comparison. 
Obviously, E9.5 demonstrates a smaller 
number of Ebf2+ cells that also follow a 
random distribution pattern. The dot-plot 
visualizes and ranks the Ebf2 expression 
level among the 11 clusters of both stages. 
Once more, cl0 of stage E11.5 contains the 
highest level of Ebf2. Notably, the Ebf2 
expression level at E9.5 is comparatively 
low to stage E11.5. 
 

 

 

 

 

 

 

Nevertheless, the three core clusters of the E9.5 Osr1-object were investigated for 

adiopgenic potential by using the Angueira-object. Figure 48A displays the project “P3 

thoracic aorta”- overview. First, the signatures of the three main E9.5 clusters were 

used and mapped to the P3 thoracic aorta dataset. Figure 48B demonstrates that cl0 

is slightly enriched for the progenitor as well as for the preadipocyte identity. However, 

recapitulating the signature match from the E11.5-cl0 to the Angueira-object (Fig.18) 

presented a much better overlap to the fibroblast signatures as shown in figure 48B at 

E9.5. Cl2 instead, did not significantly change in identity between the E11.5 and E9.5 

datasets, not matching the P3 thoracic aorta dataset properly (Fig.18, 48B). Most 

interesting is that cl1 is highly detectable in the smooth muscle but more importantly in 

the preadipocyte cluster. This finding could indicate that cl1 represents a more potent 

progenitor, expressing sigantures of various cell populations as indicated in figure 48B. 

Second, vice versa testing showed that the signatures from the Angueira-object do not 

match as good as on the E11.5 object depicted in figure 18E. Only cl1 from the E9.5-

specimen recapitulates the three fibroblast-signatures to a low extent (Fig. 48C), which 

is in line with figure 48B. This is an intersting finding since cl1 cells are defined as a 

smooth muscle-like cell with expression of endothelial progenitor markers: Kdr and 

Cd34. 
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Figure 48: Cl1 could serve as an alternative source for pre-adipogenic progenitors at E9.5 
A) shows an overview of the Angueira-object from the P3 thoracic aorta. B) demonstrates the match 
of the main E9.5 Osr1 cluster signatures to the P3 thoracic aorta object, showing that cl1 clearly 
recapitulates the reference dataset the best. C) presents the fibroblast signatures from P3 thoracic 
aorta-dataset in the Osr1-main clusters (cl0, cl1 and cl2). Interestingly, the Intermediate cells-, the 
Progenitor cells- and the Preadipocyte signature was mainly detected in cl1. The dot-plot 
recapitulates what is visualized in the Osr1-UMAP-plots. Exclusively cl1 seem to carry pre-
adipogenic identity. 
 

4.3.5 The endothelial cluster 6 provides a progenitor pool “the 
Mesoangioblast” with adipogenic capacity at E9.5 

 

Taken together, these data imply that cl0 and cl2 do not serve as pre-adipogenic 

progenitor sources as it was observed for E11.5. After all, the smooth muscle- (cl1) 

and endothelial-cells (cl6) could define a potential root of pre-adipogenic progenitors 

at E9.5. To test that, considerable signatures for the discussed pre-adipogenic 

progenitor origins were used on the E9.5 Osr1-object. Figure 49 summarizes how low 
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the Ebf2 pre-BAT is reflected in the E9.5 dataset. Obviously, the signature is not well 

represented in the dataset as the scale bare discloses very low expression levels and 

a diffuse distribution pattern of positive cells. Otherwise, signatures describing the 

“Mesoangioblast” and “Mesoangioblast- Pericyte” identity (Cossu and Bianco, 2003) 

seem to specifically match cl6 and to a lesser extent cl1 (Fig. 49B). For direct 

comparison a dot-plot in figure 49C demonstrates that the Ebf2 pre-BAT signature only 

matches in the E11.5 cl0 very well. The mesoangioblast identity instead, was 

exclusively observed at stage E9.5. 

 

 
Figure 49: The Mesoangioblast signature is recognized exclusively at E9.5 
In A) the Ebf2 pre-BAT signature was tested on the E9.5 Osr1-dataset. The scale bar indicates that 
the Ebf2 pre-BAT signature is expressed only on a very low level and distributes randomly. The 
signatures in B) introduce the mesoangioblast identities. Both are well enriched in the endothelium 
(cl6) and slightly in the smooth muscle like cl1. C) demonstrates that the mesoangioblast signatures 
are not detected in the E11.5 dataset compared to E9.5. However, the Ebf2 pre-BAT signature 
seem to be high in the E11.5-object. Only cl1 of the E9.5-specimen implies Ebf2 pre-BAT identity. 
 

These data indicate that stage E9.5 provides an independent source of pre-adipogenic 

progenitors to the E11.5 Osr1+ cells. To further investigate the idea of an Osr1+ meso-

angioblast cell pool at the E9.5, pulse lineage tracing experiments were performed. 

 

4.3.6 Pulse lineage tracing experiments indicate that E9.5 Osr1 
progeny provide an independent source from E11.5 to the 
developing BAT 

 

If Osr1+ cells in the AGM region represent a mesangioblast population, these cells are 

supposed to migrate to other anatomical locations during the following days of 
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development. To detect the Osr1+ mesoangioblast cells short pulse lineage tracing 

experiments using the Osr1CreERt2/+; ROSAmTmG/+ mouse model were performed. First, 

the E9.5 Osr1+ cells were chased till stage E10.5 and second, until stage E11.5. Figure 

50 displays images of the dorsal aorta in the forelimb and hindlimb region. In both 

conditions a few mGFP+ cells were discovered to be aligned with the dorsal aorta. 

Importantly, images of the forelimb region depict that the E9.5 Osr1 progeny resides 

mainly in organs (Fig. 50.1A, 2, 4) as expected and observed from the OSR1 

expression analysis on E9.5 tissue sections (Fig. 42). Furthermore, small vessels in 

the periphery of the dorsal aorta seem to have proximate mGFP+ cells too (Fig. 50 

white arrowheads). Tracing the E10.5 Osr1 population instead, demonstrates lesser 

density of mGFP cells in the dorsal aorta compartment compared to the E9.5 progeny 

(Fig. 50.5). 

 

 
Figure 50: E9.5 Osr1 descendants localize in proximity to the dorsal aorta 
The Osr1CreERt2/+; ROSAmTmG/+ mouse model was used to do pulse lineage tracing experiments. 
Immunostainings for mGFP (green) to identify the Osr1 descendants and CD31 (magenta) to label 
the endothelium were conducted in the forelimb and hindlimb region. Yellow arrows indicate 
mGFP+ cells that are aligned and / or incorporated into the CD31+ endothelium of the dorsal aorta. 
Section 1A and 1B) represents the lineage from E9.5 to E10.5. Showing that a very few numbers 
of mGFP arrange closely around the dorsal aorta. The same mGFP distribution pattern was 
observed for the E9.5 lineage at stage E11.5 in section 2 and 3. White arrowheads mark mGFP+ 
cells that reside next to smaller vessels in the periphery of the dorsal aorta. The lineage from E10.5 
is depicted on sections 4 and 5) of an E11.5 embryo. Here, mGFP+ cells in general seem to be 
further away from the dorsal aorta and emerge around the forelimb vasculature (orange arrow). da: 
dorsal aorta 
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These findings propose that indeed a small population of Osr1+ cells at stage E9.5 

arise from the dorsal aorta. In summary the immunostainings could describe the 

following conceivable scenario: At E9.5 a small subset of OSR1+ PECAM1+ reside in 

the dorsal aorta. One day later the Osr1+ endothelial population declines and only 

Osr1 descendants aligned to the dorsal aorta remain. Supportingly, the endothelial 

cluster 6 at E9.5 holds a significant number of cells but at E11.5, cl6 is strongly 

decimated (Fig. 15A and 41A). Notably, small mGFP+ colonies of the E10.5 Osr1 

lineage were detected close to vessels of peripheral tissues (Fig. 50 orange 

arrowheads). This can be explained by the gradual process of Osr1+ cells leaving the 

vasculature and adapting to their surrounding tissue environment (Fig. 51). 

 
Figure 51: Graphical summary: A 
subset of the E9.5 Osr1 lineage 
arises from the dorsal aorta 
Gradually, mGFP of the E9.5 Osr1 
lineage detach from the dorsal aorta 
and get recruited from the neighboring 
tissue which in turn influences the final 
fate of the Osr1 progeny. da: dorsal 
aorta 
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4.3.6.1 The E9.5 Osr1 progeny commit to embryonic BAT at a later stage than 
the E11.5 lineage 

 

Since pulse lineage tracing experiments uncovered a potential Osr1+ mesoangioblast 

population, the distribution pattern of the E9.5- and E11.5-progeny needs to be traced 

longer and investigated more closely. To address that, the Osr1 lineages from E9.5 or 

from E11.5 were followed to E12.5 (Fig. 52). As expected from the expression data for 

E9.5 (Fig. 42) or E11.5 (Fig. 17), strong mGFP labeling can be seen in the trachea, 

esophagus and some parts of the heart. This most likely reflects cells that have been 

labeled on site and have not changed their position in the tissue. Intriguingly, in 

peripheral regions, considerably more mGFP+ cells can be traced from E11.5 

compared to E9.5, including the proximal limb mesenchyme nearby the vasculature 

(Fig. 52). This could simply reflect the fact that at E11.5 there are more cells expressing 

Osr1 and thus amenable to recombination. However, there are two striking differences. 

Tracing E9.5 cells, already at E12.5, mGFP+ myofibers can be observed in proximal 

limb muscle (Fig. 52.1C), which is not observed for the E11.5 progeny. This agrees 

with the lineage tracing data presented in figure 38. And, most importantly, the E9.5 

Osr1 lineage was not detected in the area of developing brown adipose tissue yet (Fig. 

52.1A), while the E11.5 lineage already shows ample presence in this region. It is 

important to mention that the cells in the BAT anlagen do not express PPARg yet. 

Mainly the E11.5 progeny represents different types of stromal cells in the whole 

embryo like muscle connective tissue depicted in figure 52.2C and cells in the area of 

early brown adipose tissue shown in figure 52.2A. However, the broad mGFP 

distribution pattern of the E11.5 lineage is clearly not myogenic (Fig. 52.2C). 

Summarizing that, both lineages expand differently and carry distinct capacities, 

indicating once more that the Osr1+ cells from E9.5 provide an independent progenitor 

pool to the brown adipose tissue and skeletal muscle. 
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Figure 52: The Osr1 lineages hold distinct differences 
The Osr1CreERt2/+; ROSAmTmG/+ mouse model was used to trace the E9.5- and E11.5- lineage till 
E12.5. Immunostainings for mGFP (green)- to identify the Osr1 progeny and MyHC (magenta)- to 
label the myogenic tissue were implemented on comparable cross sections. Section 1 and 2 
represent an overview of the investigated regions. The yellow framed area specifies the region of 
the early BAT anlagen and the white indicated locations show either the vasculature (v) or skeletal 
muscle (sm). Interestingly, the mGFP+ cells of the E11.5 lineage are high in number and seem to 
be evenly distributed. The immunostainings confirm that mGFP+ of the E11.5 lineage resides in 
the area of BAT anlagen (2A) and muscle connected tissue (2A, 2C). Furthermore, 2B) shows that 
the E11.5 lineage patterns around the cardinal vein. 1A) The E9.5 lineage instead, was not detected 
in the early BAT anlagen but showed contribution to MyHC+ myotubes (1C). 1B) displays that the 
E9.5 Osr1 progeny arranged around the limb vasculature and its surrounding tissue.  
 

Finally, the Osr1+ lineages from E9.5 and E11.5 were further investigated to detect 

first adipogenic contribution. At E14.5 the initial brown adipose tissue anlagen has 

formed and can be studied for co-expression of PPARg+ and mGFP+ (Fig. 53). 

Immunostainings confirm that the E11.5 Osr1 progeny shows a much higher number 

of mGFP+ PPARg+ cells compared to the lineage of E9.5. Most probably the 
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adipogenic contribution of the E9.5 lineage expands later in embryogenesis to reach 

almost the same level as the E11.5 lineage at embryonic stage E18.5 (Fig. 36).  

 

 
Figure 36: E9.5 Osr1 progeny have lower adipogenic contribution at E14.5 than the E11.5 
Osr1 lineage 
The Osr1CreERt2/+; ROSAmTmG/+ mouse model was used to trace the E9.5- and E11.5- lineage till 
E14.5. Immunostainings for mGFP (green)- to identify the Osr1 progeny, MyHC (magenta)- to label 
the myogenic tissue and PPARg (white) to define pre-adipogenic progenitors were performed on 
comparable cross sections of the subscapular brown adipose tissue. The Osr1 lineage from E9.5 
in A) shows less mGFP+ in the PPARg+ area than the E11.5 Osr1-lineage in B). The yellow 
arrowhead points at representative PPARg+ mGFP+ cells which are magnified in the inlays. 
 

 

 

4.4 Defining a Osr1+ trajectory tree of the main disparities of the 
scRNA data…..… 

 

The aim of this study is to shed light on the initial steps of adipose tissue development. 

To tackle the question which cell types are involved in early adipogenic development 

the Osr1-sc-object was adjusted. Clusters with neuronal-, hematopoietic- and 

hepatocyte identity were removed from the Osr1-sc-dataset (Fig. 54A). 
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Figure 54: The Osr1-dataset holds three distinctive states 
A) represents the adapted UMAP plots of stage E9.5 and E11.5. A computed trajectory tree 
rearranged all clusters in consideration of their properties in B). C) highlights the signatures of the 
three possible states. The UMAP plots in D) visualize how the three states arrange along the Osr1-
datasets. E) shows that the trajectory tree defines three distinct states which hold different cell type 
characteristics. Finally, F) highlights where the individual cluster organize themselves and that one 
cluster can hold more than one state. 
 

The remaining clusters: cl0, cl1, cl2, cl4, cl5, cl6 and cl7 were challenged to arrange 

into three different states regarding their properties to build a trajectory tree using the 

monocle tool (Fig. 54B, C, E). Obviously, the three separated arms represent three 

different states (Fig. 54C). The state 1 signature indicates expression of Pdgfra and 

Shox2, which are associated with connective tissue qualities. In contrast, state 2 is 

represented through myogenic markers like Ttn and Myh7. In state 3 the signature 

genes as Cldn5, Kdr and Pecam1 hold epithelial and endothelial features. Figure 54D 

demonstrates how the three defined states arrange in the UMAP plot compared to the 

trajectory tree in figure 54B. Interestingly, the states do not necessarily recapitulate the 

cluster structures (Fig. 54F). Cluster 0 builds the center of the trajectory plot and seems 

to hold all three states. The smooth muscle like cluster 1 and the cardiomyocytes cl7 

represent state 2 only. The proliferative stromal cells of cluster 2 group in state 1 
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together with a subset of cluster 0. The meningeal cluster 5 is assigned to state1 and 

3 since it forms cell sheets and holds mesenchymal characteristics.  

This new format simplifies the Osr1-object and combines properties with depiction. 

Thus, it was necessary to test within the new Osr1-format for the embryonic pre-

adipogenic progenitor signatures (Fig. 55). The Ebf2 pre-BAT signature as expected 

assigns clearly to state 1 of the E11.5 Osr1-dataset. However, the Ebf2 signature was 

not well represented in the E9.5 cell pool (note the different scale bars in Fig. 55A, top 

row). That can be explained by the fact that Ebf2 is not detectable in an E9.5 embryo. 

Instead, both mesoangioblast signatures match perfectly to state 3 and to a much 

lesser extent to state 2 of the E9.5-specimen (Fig. 55A). In conclusion, at E11.5 the 

Osr1+ population supplies a fibroblast-like progenitor cell to the developing brown 

adipose tissue (Fig. 55B). 

In summary, the E9.5 Osr1 pool mobilizes an endothelial / smooth muscle arising cell 

to contribute to the growing skeletal muscle and brown adipose tissue (Fig. 55C). 

 

 
Figure 55: The Osr1+ cell pool changes dynamically and so the source of pre-adipogenic 
progenitors too 
A) the trajectory plots from E9.5 and E11.5 project the three signatures: The Ebf2 pre-BAT 
signature is specifically enriched in state 1 at E11.5 which is not well represented at E9.5. The 
opposite was observed for the Mesoangioblast and Mesoangioblast-Pericyte signatures. Those are 
exclusively recognized at stage E9.5 within state 3 and to a lesser extent in state 2. B) illustrates 
that at E11.5 most likely a fibroblast-like progenitor cell type serves as a BAT source. C) visualizes 
that a Mesoangioblast cell with endothelial origin supplies a progenitor pool for skeletal muscle and 
brown adipose tissue (BAT).  
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So far, the subject of this work was focused on the identification of pre-adipogenic 

progenitors in the Osr1-cell pool. Nevertheless, it is still an open issue whether the 

Osr1 lineage is essential to form adipose tissue. To approach that the adipose tissue 

of Osr1 knockout embryos was investigated. 

 

4.5 Osr1 mutants show strongly impaired adipogenesis 
 
4.5.1 Embryos that lack Osr1 form smaller fat depots 
 

The Osr1GCE/+ mouse line was used to generate Osr1 knockout embryos (Osr1GCE/GCE). 

Embryos that lack Osr1 are lethal at embryonic stage E15.5. Thus, the last possible 

stage to study the adipose tissue pattern was E14.5. Figure 56A introduces the 

arrangement of the early adipose depots at E14.5. PPARg+ cells were counted to 

assess the size of each depot in Osr1GCE/+ and Osr1GCE/GCE embryos. Strikingly, every 

depot showed reduced numbers of PPARg+ cells in the Osr1GCE/GCE embryos (Fig. 

56B). However, the iBAT and the ingWAT were not as affected as the other fat depots. 

Supportingly, the observations regarding the iBAT go in line with the lineage tracing 

data from E9.5 and E11.5 to E18.5 (Fig. 35 lower panel) which confirmed very low 

contribution to the iBAT. 

 

 
Figure 56: Adipose tissue is remarkably reduced in Osr1 KO embryos 
A) shows a schematic representation of the adipose tissue depots of an E14.5 embryo. The box 
plot in B) illustrates that seven distinct adipose tissues have reduced numbers of PPARg+ cells per 
depots in Osr1GCE/GCE (red) compared to the Osr1GCE/+ (grey). Data are presented as mean ± SEM 
(n = 3); statistical analysis was done using two-tailed Student’s t tests: * p<0.05, **p<0.001, 
***p<0.0001, ****p<0.00001. 
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4.5.1.1 Osr1 is expressed in distinct locations of the developing adipose tissue 
 

Figure 57 demonstrates the adipogenic phenotype of the brown adipose depots on 

immunostainings in the Osr1 knockout at E14.5. As already stated above, the 

Osr1GCE/GCE embryos show decreased numbers PPARg+ cells in each depot. Another 

interesting observation is that Osr1-GFP+ cells are detected around the vasculature 

(Fig. 57A) and in the outer - not center zones of every brown fat depot (Fig. 57A, C, E, 

G). These observations indicate that the OSR1+ PPARg+ might be responsible to keep 

them in a pre-adipogenic and proliferative state to facilitate further depot expansion, 

whereas OSR1 negative PPARg positive cells in the center of each depot undergo 

complete differentiation. 
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Figure 57: The Osr1 mutant has smaller brown adipose tissues 
The left side of the panel exhibits immunostainings from an Osr1GCE/+ embryo and the right from an 
Osr1GCE/GCE embryo at E14.5. The cross sections were labeled for PPARg+ (red) to visualize the 
adipogenic cells, MyHC (white) to stain the myogenic tissue and eGFP+ (green) to detect the cells 
which should actively express OSR1. Each fat depot displays an overlap of GFP+ and PPARg+ 
cells in the outer part and/or around the vasculature of the depot- except in image F. Every fat 
depot of the Osr1GCE/GCE embryo demonstrates a lower number of PPARg+ cells. BAT: brown 
adipose tissue 
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4.5.2 PPARg+ cells in the Osr1-mutant show a defect in proliferation 
 

To estimate whether Osr1 is indeed affecting the proliferation of PPARg+ cells, co-

immunostainings for PPARg and the proliferation marker Ki-67 (Ki67) was performed. 

The KI67+ PPARg+ cells were counted and normalized to the total number of PPARg+ 

cells. Figure 58 summarizes that the number of KI67+ PPARg+ is diminished in each 

fat depot of the Osr1 knockout. Notably, fat depots in the Osr1GCE/GCE embryo which 

have significantly reduced PPARg+ cells also proliferate less (Fig. 58B). These results 

suggest that Osr1 is involved in the stabilization of the proliferative state. 
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Figure 58: PPARg+ cells of the Osr1 mutant proliferate less 
A) The left side of the panel exhibits immunostainings from a Osr1GCE/+ embryo and the right from 
a Osr1GCE/GCE at E14.5. The cross sections were labeled for PPARg+ (green) to visualize the 
adipogenic cells and KI67+ (magenta) to stain the proliferative cells. The investigated areas are 
highlighted by a dashed line. The inlays represent co-staining of PPARg+ and KI67+. The stained 
sections were quantified for PPARg+ KI67+ cells relative to the total PPARg+ population / depot in 
B). Six fat depots demonstrate a significant reduction of the PPARg+ KI67+ cell pool in the 
Osr1GCE/GCE (red) embryo compared to the Osr1GCE/+ (grey) embryo. The inguinal white adipose 
tissue (ingWAT) instead, displays a mild reduction only. Data are presented as counts/section ± 
SEM (n = 3); statistical analysis was done using two-tailed Student’s t tests: * p<0.05, **p<0.001, 
***p<0.0001, ****p<0.00001. 
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4.5.3 The adipogenic phenotype manifests around stage E12.5 – 
E13.5 

 

The new arising question is when the adipogenic phenotype would be detectable in 

the Osr1 knockout? To get first insight, Osr1GCE/+ and Osr1GCE/GCE embryos of stage 

E11.5, E12.5 and E13.5 were dissected and FACS sorted for GFP expression (Fig. 

59A-B). Immunolabeling introduced the fact that GFP+ pre-adipogenic progenitors 

reside in specific compartments of the embryonic body. Thus, only those regions were 

used in the FACS experiment to enrich for pre-adipogenic cells. Known early pre-

adipogenic genes were tested in a RT-qPCR analysis to detect the gradual formation 

of the adipogenic phenotype. Figure 59C displays the expression levels of the 

adipogenic genes across the three embryonic stages. Obviously, the generated results 

seem to be not as clear as desired which is because GFP+ cells represent a rather 

heterogenic cell mix containing only a few pre-adipogenic cells. Nevertheless, the 

GFP+ from the Osr1-KO at E12.5 (depicted in red) seem to be reduced in Cebpa, 

Cebpb, Cebpd and Dlk1. Although, a reduction of Pparg is observed first at stage 

E13.5. Ebf2, the marker for brown pre-adipocytes seem to stay unaffected in the Osr1-

knockout. These data indicate that the adipogenic phenotype develops between E12.5 

and E13.5. However, it is to consider that the isolated GFP+ cells are heterogeneous 

and not a pure pre-adipogenic population. 
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Figure 59: The adipogenic phenotype manifests between E12.5 to E13.5 
A) displays the dissected regions (red) of Osr1GCE/+ and Osr1GCE/GCE embryos of indicated stages 
to isolate GFP+ cells via FACS. The GFP FACS sorting procedure is illustrated in B). The 
expression level of pre-adipogenic marker genes was measured in GFP+ cells via RT-qPCR and 
compared between Osr1GCE/GCE (red) and Osr1GCE/+ (grey) in C). Gradually, between E12.5 and 
E13.5 the differences in the pre-adipogenic marker expression levels become more significant 
among the two groups. Data are presented as mean ± SEM (n = 3 or 4); statistical analysis was 
done using two-tailed Student’s t tests: * p<0.05. 
 

4.5.4 Osr1-knockout cells lose their adipogenic potential 
 
Since the RT-qPCR data confirmed that the adipogenic phenotype manifests around 

stage E12.5 – E13.5. GFP cells from Osr1GCE/+ and Osr1GCE/GCE were tested in vitro 

whether they hold or show an altered adipogenic potential. First, the expression pattern 



RESULTS 

 122 

of PPARg+ and GFP+ in the Osr1GCE/+ embryo at E13.5 was studied (Fig. 60A), 

highlighting that every detectable fat depot contains a PPARg+ GFP+ cell pool. 

Second, GFP+ cells from both genotypes were isolated again from the upper torso and 

plated with growth medium. Adipogenesis was induced directly on the next day.  

Figure 60: Osr1-knockout cells have reduced adipogenic capacity 
Immunostainings on cross sections of an Osr1GCE/+ embryo at stage E13.5 is shown A). PPARg+ 
(red) was used to identify the adipogenic progenitors, GFP+ (green) to label the Osr1+ cells and 
MyHC (white) to stain the myogenic tissue. Two regions are highlighted: (A) the interscapular BAT, 
(B) axillary BAT and subcutaneous WAT. In both cases co-expression of PPARg and OSR1-GFP 
was observed. The magnified area is signified with yellow arrowheads. B) displays the adipogenic 
capacity of GFP+ isolated cells from E13.5 Osr1GCE/GCE (red) and Osr1GCE/+ (grey) after an in vitro 
adipogenic differentiation assay. Adipocytes were identified with PLIN (green) and the cytoskeleton 
with Phalloidin (red). PLIN+ cells per total cell numbers were quantified and plotted. The GFP+ 
cells from the Osr1GCE/GCE (red) embryo have remarkably low adipogenic potential compared to the 
Osr1GCE/+ (grey) control. Data are presented as mean ± SEM (n = 3); statistical analysis was done 
using two-tailed Student’s t tests: *p<0.05, **p<0.001, ***p<0.0001. 
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Figure 60B confirmed that the Osr1 knockout cells have remarkably low adipogenic 

capacity. Only the heterozygous Osr1 cells formed mature adipocytes. Taken together, 

these data demonstrated that Osr1+ cells show an adipogenic potential, whereas cells 

that lack Osr1 reveal a diminished adipogenic capacity. 

 

To reproduce these findings in a different experimental design, a brown pre-adipogenic 

cell line (Wt1) was used. Interestingly, Wt1 cells endogenously express Osr1 (Fig. 

61A). Here, a BMP7 stimulus (for 72hs) was used to prime brown adipogenesis. Also, 

BMP7 was recognized to increase Osr1 expression after 48hs (Fig. 29). To mimic an 

Osr1 knockout model siOsr1 was supplemented. Figure 61A displays that Osr1 

knockdown efficacy was not that strong. Only ~50% of the Osr1 transcripts were 

successfully removed. Nevertheless, after mature adipocytes appeared, it was tested 

whether the siOsr1 treated samples had reduced expression levels of mature 

adipocyte marker genes. Indeed, AdipoQ, Ap2 and Pparg appeared slightly reduced 

(Fig. 61B). The same was observed for the quantifications of Oil red O stained lipid 

droplets (Fig. 61C). However, all quantifications were not statistically significant. Very 

likely, this mild effect can be explained through a low efficient Osr1 knockdown; mind 

that in vivo loss of one Osr1 allele does not produce any obvious phenotype. 

The overall essence is that Osr1 is crucial to facilitate adipose tissue development. 

Firstly, measurements for proliferation demonstrated a reduced rate of proliferative 

PPARg+ cells. Secondly, the Osr1-knockout cells at E13.5 diminished their adipogenic 

potential in vitro remarkably. Finally, the Osr1GCE/GCE embryo at E14.5 revealed much 

smaller fat depots compared to the Osr1GCE/+ embryo. 

 

The pending question is: Which lineage misses the Osr1 expression and thereby fails 

to commit to the adipogenic fate? Since it has been described that the myogenic pool 

is a source of brown adipose tissue, it is important to investigate the interaction of Osr1 

and the myogenic lineage more thoroughly.  
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Figure 61: Reduced levels of Osr1 attenuate the adipogenic capacity in Wt1 cells 
A) displays RT-qPCR data of Osr1 expression levels in untreated (green), SCR (grey) and siOsr1 
(red) Wt1 cells after 24hs, 48hs and 72hs of the actual Osr1 knockdown. In the meantime, Wt1 
cells were stimulated with BMP7 (8nM) to prime brown adipogenic differentiation. Obviously, the 
Osr1 knockdown reached a maximum of ~50% only. B) The efficacy of adipogenic differentiation 
was measured between SCR (grey) and siOsr1 (red) treated Wt1 cells via RT-qPCR. Genes that 
represent mature adipocytes were tested: AdipoQ, Ap2, Pparg. A mild reduction of each was 
detected. The lipid droplet contend was assayed with an Oil red O stain in C). The amount of red 
stained lipid droplets seems to be slightly reduced in the siOsr1 (red) group compared to SCR 
(grey) control. Data are presented as mean ± SEM (n = 3 or 4); statistical analysis was done using 
two-tailed Student’s t tests: * p<0.05, **p<0.001, ***p<0.0001. 
 

4.6 Osr1 expression is needed in the myogenic lineage to initiate the 
adipogenic identity 

 

4.6.1 Osr1 expression is found in the Pax7 lineage at E11.5 
 

The Lepper and Fan paper from 2010 gave the first hint to study the Pax7 lineage 

together with the actual Osr1 expression pattern to elucidate their relation (Lepper and 

Fan, 2010) as Osr1 and Pax7 show co-expression at E11.5 (Fig. 21 and 23). Since 

E11.5 displayed the first PPARg+ cells, further investigations will be performed on the 

same or subsequent stages. An inducible lineage tracing model was used: 

PAX7CreERt2/+;ROSA26mTmG/+ to determine the Pax7 lineage. Osr1 was detected via the 
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LacZ reporter cassette in the Osr1-locus. Figure 62 demonstrates that the E9.5 Pax7 

lineage patterns at E11.5 in the neural tube and from the very dorsal part of the embryo 

towards the thoracic cavity and peritoneum, following the maturation process of the 

dermomyotome and migration of myogenic progenitors. As expected from the previous 

data, X-GAL+, which represent the Osr1+ cells, colocalize with PAX7+ cells in the 

dermomyotome derivate at E11.5 (Fig. 23, Fig. 62). This confirmation led to further 

investigation on the correlation between the Pax7 lineage and the Osr1 distribution 

profile. Also, it was tested to what extent the Pax7 lineage contributes to brown adipose 

tissue anlagen. To do so, the E9.5 Pax7 lineage was investigated at stage E12.5, 

where the niche of the BAT-anlagen was developed. 

 
 

 
Figure 62: The E9.5 Pax7 lineage co-expresses Osr1 in the dermomyotome derivate at stage 
E11.5 
An X-GAL and immunostaining on cross sections of a PAX7CreERt2/+;ROSA26mTmG/+;Osr1LacZ/+ 
embryo at stage E11.5 is shown. X-GAL (white) was used to identify the Osr1 expressing cells and 
mGFP (green) to label the E9.5 Pax7 lineage. Three different regions are depicted: 1), 2) and 3) in 
which the X-GAL+ cells merge the mGFP+ cell pool exclusively in the dermomyotomal derivate 
(yellow boxes). The area where Osr1+ cells map with the Pax7 lineage are specified with yellow 
arrowheads and magnified in 1B, 2B and 3B. 
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4.6.2 The E9.5 Pax7 lineage reveals low BAT contribution 

 

Figure 63.1 demonstrates that the Pax7-lineage from E9.5 resides in the anatomical 

region of early BAT at E12.5. Interestingly, the Pax7 progeny in the BAT-anlagen show 

b-galactosidase activity suggesting that both Osr1 expression and the Pax7 lineage 

provide a founder pool of pre-adipogenic progenitors. However, Pax7 descendants 

from E9.5 were also found scattered nearby the abdominal wall, where the initial 

PPARg+ cell pool was observed (Fig. 63.2-3). At E12.5, PPARg+ cells were discovered 

in the same location as in stage E11.5 intermingling with PAX7+ cells (Fig. 63.2-3). 

Here, the E9.5 Pax7 progeny was not detected in PPARg+ cells, instead it was found 

to label Pax7+ cells in the area close to the abdominal wall defining migrating 

myoblasts. These findings indicate that at E12.5 the pro-adipogenic Pax7 lineage 

resides already in the early BAT anlagen to develop brown adipose tissue as depicted 

in figure 63.1. The work of Lepper et al. stated that the E9.5 as well as the E10.5 Pax7 

lineage confirms brown adipogenic contribution only (Lepper and Fan, 2010). This 

again supports the observation that the pro-adipogenic Pax7 lineage is not found 

around the abdominal but rather in the early BAT anlagen. To validate the brown 

adipogenic potential of the E9.5 Pax7 lineage, the adipose tissue was investigated at 

stage E13.5 (Fig. 63.4). Immunolabeling for PPARg and mGFP confirmed that the E9.5 

Pax7 descendants show a mild contribution to the PPARg+ pool in the area of the 

subscapular brown adipose tissue (sBAT). In summary, these data hint that the Osr1+ 

cells of the Pax7 lineage in early embryogenesis could affect brown fat development. 
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Figure 63: Little number of the E9.5 Pax7 descendants contribute to the early BAT 
An X-GAL and immunostaining on cross sections of a PAX7CreERt2/+;ROSA26mTmG/+;Osr1LacZ/+ 
embryo at stage E12.5 (1-3) and E13.5 (4) is shown. 1) X-GAL (white) was stained to identify the 
Osr1 expressing cells and mGFP (green) to label the E9.5 Pax7 lineage. The Pax7 lineage locates 
in the anatomical region of the BAT-anlagen that is indicated with yellow dashed lines. 1B) The red 
arrowhead confirms the overlap of the Pax7 lineage with Osr1 expressing cells. Of note, the LacZ 
staining quenches the signal quality of the mGFP. Embryo sections in 2 and 3) focus on the region 
where PPARg+ cell cluster. Immunolabeling for PPARg (white), PAX7 (magenta) and mGFP 
(green) demonstrates that the Pax7 lineage expresses still PAX7 (light-blue arrowheads) but is 
negative for PPARg (orange arrowheads). 4) presents that immunostainings for PPARg (white), 
KI67 (magenta) and mGFP+ reveal that a small subset of the E9.5 Pax7 lineage contributes to 
PPARg+ cells of the sBAT (yellow arrowhead). dp: diaphragm; lu: lung; ab: abdomen; sBAT: 
subscapular BAT; iBAT: interscapular BAT 
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4.6.2.1 The inducible mouse system PAX7CreERt2/+;OSR1fl/fl does not show an 
adipogenic phenotype 

 

For further understand whether the correlation of the Pax7 lineage and Osr1+ 

expression modulates or primes the pre-adipogenic progenitors, Osr1 was removed 

from the Pax7 lineage at distinct timepoints (Fig. 64). For this purpose the 

PAX7CreERt2/+;OSR1fl/+ mouse was utilized as the control group and the 

PAX7CreERt2/+;OSR1fl/fl mouse as the Osr1 knockout model. In order to ensure targeting 

of the pre-adipogenic progenitor pool, tamoxifen was administered twice: on E10.5 and 

on E11.5, when the initial PPARg cells arise. Only those cells which express Pax7 at 

stage E10.5 and E11.5 will be recombined and experience the loss of Osr1 but will be 

able to express GFP instead, under control of the Osr1 promoter. Hence, GFP 

expression indicates recombined cells that should express Osr1. This genetic 

modification is stable and will be inherited to their daughter cells. After Cre induction 

the embryos were analyzed at stage E14.5. Figure 64A displays that the GFP cells 

(active Osr1-promoter after a recombination event) localize mainly in the area of the 

sBAT. Of note, only a small subset of GFP+ cells express also PPARg. The 

quantification in figure 64B summarizes that the amount of PPARg+ cells in the sBAT 

is unaffected.  

This finding can be explained by three scenarios: First, Osr1 is not required in the Pax7 

lineage to affect the priming process of brown-pre-adipogenic progenitors (Fig. 64). 

Second, Pax7-CreERt2 is an ineffective recombiner, or the Pax7 lineage targets only 

a minority of the pool. This is difficulted to discriminate, because all the previous data 

are generated with the same mouse model. 
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Figure 64: The Osr1 deficient Pax7 lineage resides in the sBAT exclusively 
The control embryo PAX7CreERt2/+;OSR1fl/+ (A1) and the mutant PAX7CreERt2/+;OSR1fl/fl (A2) embryo 
were investigated at E14.5. The event of recombination was initiated at E10.5 and E11.5 which is 
depicted in B). Immunolabeling for PPARg+ (magenta) was conducted to visualize the fat depots 
and MyHC (white) to show the myogenic tissue. GFP (green) demonstrates the recombined Pax7 
lineage with an activated Osr1 promotor. Noteworthy, only a few GFP+ cells co-express PPARg+ 
(light-blue arrowhead). However, they reside in the sBAT depot exclusively. C) demonstrates that 
the loss of Osr1 expression in the E10.5 and E11.5 Pax7 lineage does not affect the total number 
of PPARg+ in the sBAT. Data are presented as mean ± SEM (n = 3); statistical analysis was done 
using two-tailed Student’s t tests: * p<0.05. 
 

4.6.3 The Myf5 lineage merges with the actual Osr1 expression 
pattern in the BAT-anlagen at E12.5 

 

A constitutive myogenic Cre mouse model was used to measure the effect of the Osr1 

expression in the myogenic lineage once again. To do so the MYF5Cre/+;ROSA26mTmG/+ 

mouse model was investigated to figure out to what degree the constitutive Myf5 

lineage labels the BAT-anlagen (Fig. 65). The embryos were analyzed first at stage 

E12.5. The Myf5 progeny occupied the complete shoulder gridle compartment, 

including the highlighted BAT-analgen (Fig. 65.1-2). Interestingly, X-GAL stainings 

confirm Osr1 expression specifically in the anatomical niche of the BAT-anlagen, 

matching the Myf5 lineage and concluding that the constitutive Cre model is more 

suitable to the main concern. 
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Figure 65: The Myf5 lineage occupies the shoulder gridle compartment at E12.5 
An X-GAL and immunostaining on cross sections of a MYF5Cre/+;ROSA26mTmG/+;Osr1LacZ/+ embryo 
at stage E12.5 is shown in 1 and 2). Two different regions of the forming BAT-anlagen are depicted. 
X-GAL (white) was used to identify the Osr1 expressing cells and mGFP (green) to label the Myf5 
lineage. The mGFP+ cells cover the complete shoulder gridle and reaches out till thoracic cavity. 
Of note, the LacZ staining quenches the signal quality of the mGFP. Yellow dashed lines indicate 
the BAT-anlagen which are entirely mGFP+. Interestingly, 2B verifies that the Myf5 lineage and the 
Osr1+ cell pool merges in the region of sBAT and cBAT. sBAT: subscapular BAT; cBAT: cervical 
BAT; iBAT: interscapular BAT. 
 

 

4.6.4 Osr1 deficiency in the Myf5 lineage displays an Osr1 knockout 
fat phenotype 

 

We then investigated the brown adipose tissue phenotypes in the MYF5Cre/+;Osr1fl/+  

and MYF5Cre/+;Osr1fl/fl embryos at stage E14.5 (Fig. 66). Remarkably, we observed that 

the GFP+ cells, which recapitulate the recombined cells, occupy exactly the space of 

the cervical (cBAT), subscapular BAT (sBAT) and almost excludes the interscapular 

BAT (iBAT), confirming again the neglectable contribution of Osr1-expressing cells to 

this depot. Notably, the GFP distribution pattern correlates with reduction of PPARg+ 

cells per fat depot (Fig. 66C), indicating that Osr1 expression in the Myf5 lineage is 

obligatory to form distinct BAT depots. Also, the MYF5Cre/+;Osr1fl/fl BAT phenotype is 
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very similar to the one observed in the Osr1GCE/GCE embryo (Fig. 57). The sBAT and 

cBAT showed a strong reduction of PPARg+ cells, whereas the iBAT was just slightly 

affected. 

 
Figure 66: The MYF5Cre/+;Osr1fl/fl embryo mirrors the Osr1GCE/GCE BAT-phenotype 
The control embryo MYF5Cre/+;OSR1fl/+ (A-B) and the mutant MYF5Cre/+;OSR1fl/fl (C-D) embryo were 
investigated at E14.5. B) recapitulates the timeline of the experiment. Immunolabeling for PPARg 
(white) was conducted to visualize the fat depots and MyHC (magenta) to show the myogenic 
tissue. GFP (green) demonstrates the recombined Myf5 lineage with an activated Osr1 promotor. 
The yellow dashed lines define the areas of the different fat depots in A). GFP+ cells pattern in the 
subscapular space and occupy the sBAT and cBAT (1/3). However, they do not cluster in the iBAT 
region (2/4). C) demonstrates that the number of PPARg+ cells per depot is significantly down in 
the sBAT and cBAT of the MYF5Cre/+;OSR1fl/fl (red) embryo compared to the 
MYF5Cre/+;OSR1fl/+(grey) embryo. Data are presented as mean of analyzed fat depots ± SEM (n = 
3); statistical analysis was done using two-tailed Student’s t tests: * p<0.05, **p<0.001, 
***p<0.0001, ****p<0.00001. 

4 
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Finally, the MYF5Cre/+;Osr1fl/+  and MYF5Cre/+;Osr1fl/fl was investigated at a later stage 

to understand whether the detected BAT phenotype is stable or transient. Figure 67 

demonstrates that MYF5Cre/+;Osr1fl/fl embryos at stage E16.5 certify that the BAT 

phenotype is persistent and not transient. Interestingly, immunolabeled GFP cells (i.e. 

recombined Osr1-expressing cells) cluster around the BAT vasculature and the outer 

part of each BAT-depot-segment. These compartments have been mainly associated 

with the stromal vascular fraction which holds the adipogenic progenitors (Brown and 

Katz, 2019). Also, a DLK1 immunostaining validated that pre-adipogenic progenitors 

reside in the peripheral parts of the fat depot, similar to the GFP cells (Fig. 67.1C and 

2C). These results suggest that the Myf5 lineage may need Osr1 expression to prime 

the adipogenic progenitors in their niche in order to facilitate adipose tissue growth and 

preservation. To further support this hypothesis, the MYF5Cre/+;Osr1fl/+ and 

MYF5Cre/+;Osr1fl/fl was analyzed during adulthood (Fig. 67B). As expected from the 

previous data, the adipose tissue phenotype is stable. A significant fat depot reduction 

was observed for cBAT, sBAT and the perirenal white adipose tissue (perireWAT), 

which only develops after birth. These observations go in line with published data which 

highlight that the Myf5 lineage is exactly required to develop the three affected depots 

(Sanchez-Gurmaches and Guertin, 2014a, Sanchez-Gurmaches and Guertin, 2014b). 

Altogether, the new data demonstrate that the Osr1 lineage influences the adipogenic 

commitment process in the early Myf5 lineage since a loss of Osr1 results in 

significantly smaller fat depots. 

However, the observations depicted in figure 67 introduce that Osr1 seem to be 

important in adipose tissue development also postnatally and could therefore also play 

a role in adult adipose tissue. To investigate that, the Osr1 lineage of E11.5 was 

analyzed in adulthood. 
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Figure 67: The Osr1 deficient Myf5 lineage displays a persistent fat phenotype 
A) The control embryo MYF5Cre/+;OSR1fl/+ (1A-1C) and the mutant MYF5Cre/+;OSR1fl/fl (2A-2C) 

embryo were investigated at E16.5. Immunolabeling for PLIN (magenta) was conducted to visualize 
the fat depots and MyHC (blue) to show the myogenic tissue. GFP (green) demonstrates the 
recombined Myf5 lineage with an activated Osr1 promotor. The yellow dashed lines define the 
areas of the different fat depots. Obviously, the area of the sBAT and cBAT in (2A) is smaller than 
in (1A). Furthermore, GFP+ cells pattern in the outer layer of each BAT segment and around the 
BAT vasculature. The yellow arrowhead in 1C and 2C indicates that GFP+ cells co-express DLK1+. 
B) depicts the isolated sBAT of adult mice from MYF5+/+;OSR1fl/+ (grey), MYF5Cre/+;OSR1fl/+ (beige) 

and MYF5Cre/+;OSR1fl/fl (red). Furthermore, the tissue/bodyweight ratio of indicated adipose tissues 
and the gastrocnemius (GC) was calculated for the three cohorts. Data are presented as mean ± 
SEM (n = 3-6); statistical analysis was done using two-tailed Student’s t tests: * p<0.05. 
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4.7 Osr1 is involved in stress response of mature adipose depots 
 

4.7.1 The E11.5 and E12.5 Osr1 lineage contributes to the niche and 
to mature adipocytes in adult mice 

 

New insights from the investigation of the MYF5Cre/+;Osr1fl/+ mouse model indicated 

that Osr1 primes an adipogenic progenitor pool in the myogenic lineage during 

embryogenesis, may be needed at a later timepoint to promote tissue growth and 

possibly also adult tissue homeostasis (Fig. 67A). A lineage tracing experiment using 

the Osr1CreERt2/+;ROSAmTmG/+ mouse model could shed some light on this thread. 

Single time point tamoxifen injection proved inefficient for tracing Osr1-descencants 

postnatally. Thus, for sufficient tracing efficacy, two tamoxifen injection time points 

E11.5 and E12.5 were chosen. The Osr1 lineage in white and brown adipose tissue 

was investigated at the age of 11 weeks (Fig. 68). Looking at the results of the sBAT, 

cBAT and iBAT in figure 68A, it becomes clear that the contribution pattern of the Osr1 

lineage did not change. The highest contribution to mature adipocytes was observed 

in the sBAT (Fig. 55.1) and the lowest in the iBAT. The cBAT ranked in between as 

expected from prenatal lineage tracing. Furthermore, the thoracic aorta BAT was 

added to this study that depicts a moderate contribution from the early Osr1-lineage 

too. The ingWAT recorded almost as many mGFP+ adipocytes as the sBAT. However, 

the epidydimal WAT, which appears gradually during postnatal life, exhibited as 

expected a very low contribution from the Osr1 lineage. Remarkably, we observed that 

in each analyzed adipose tissues the E11.5 and E12.5 Osr1 progeny reside in the 

aSMA compartments. That once again supports the idea that the early Osr1 lineage 

provides a pre-adipogenic progenitor pool to a mature fat depot. 
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Figure 68: The embryonic Osr1 lineage complements the stromal vascular niche and 
provides adipocytes to the forming depot 
A) displays data from inducible lineage tracing experiments starting from E11.5 and E12.5 till 11 
weeks of age on the Osr1CreERt2/+; ROSAmTmG/+ mice. Immunostainings for PLIN (white), identifies 
mature adipocytes, aSMA (magenta) detects the smooth muscle layer of the vasculature and 
mGFP (green) labels the Osr1 lineage. Yellow arrows indicate mGFP labeled adipocytes (left 
column) and aSMA+ cells (right column) in A). B) summarizes that the Osr1 lineage gave rise to 
white as well as brown adipocytes. Additionally, mGFP+ cells were also found associated to the 
vasculature and integrated in the aSMA+ compartment. 
 

To experimentally validate the contribution of embryonically primed Osr1 cells to the 

stromal vascular fraction (SVF) a FACS analysis was performed (Fig. 69). The total fat 

depot was dissociated and separated from mature adipocytes. Afterwards the 

remaining cells were stained for lineage (Lin) markers CD45/TER-119/CD31 to 

clearance the haemopoietic cells and the endothelium from the stromal fraction. Figure 

56b confirmed that the mGFP+ are not detectable in the negative control: 

Osr1+/+;ROSAmTmG/+. However, the mGFP+ cells within the Lin- resided exclusively in 

the SCA1+ cell population, which has been assigned to represent the general 

progenitor pool (Cho et al., 2019, Joe et al., 2009, Angueira et al., 2021). This 

observation is repeated in the other adipose tissue samples, indicating that the Osr1 

progeny from E11.5 and E12.5 specifically provide progeniture cells to the SVF of 

mature adipose tissue. Once again, the recognized portion of SCA1+mGFP+ in the 

BAT-SVF was the highest in the sBAT and lowest in the iBAT. Interestingly, the 

detected Sca1+mGFP+ cell pool was even bigger in the inguinalWAT depot (~50%). 

In contrasts, the mesentericWAT revealed a very small Sca1+mGFP+ population, 

which was expected since the mesentericWAT is formed during postnatal life. 
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Figure 69: FACS data support that the E11.5 and E12.5 Osr1 progeny merge with the Sca1+ 
cell pool in the stromal vascular niche 
FACS data from inducible lineage tracing experiments starting from E11.5 and E12.5 till 11 weeks 
on the Osr1CreERt2/+; ROSAmTmG/+ mice are depicted. A) shows the gating procedure to identify the 
single cell pool and the separation of Lineage+ (LIN): CD45/TER-119/CD31 cells from the Lin- 
population. B) presents scatter pots from the cervical BAT indicating that ~60% of the Sca1+ cell 
pool holds ~8% of Sca1+mGFP+. Of note, the Sca1- population is negative for the Osr1-lineage. 
Also, the control Osr1+/+;ROSAmTmG/+ mouse (Ctrl) confirmed that the Comp-FITC-A signal was not 
detectable. C) displays a collection of the approximate proportion of Sca1+mGFP+ in white and 
brown adipose tissues. Data are presented as mean ± SEM (n = 2-4). 
 

In summary, the generated results from FACS and immunostainings confirm that 

indeed the E11.5 and E12.5 Osr1 lineage expresses SCA1+ and aSMA+ in the stromal 

vascular compartment of adipose tissue (Fig. 69A and 70B). Thus, it appears that the 

Osr1 lineage has an even greater relevance in the process of organogenesis and 

tissue homeostasis during embryonic fat depot specification than expected. 
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Figure 70: The embryonic Osr1 lineage resides in the stromal vascular nice 
A) summarizes that the E11.5 and E12.5 Osr1 lineage primes cells which express SCA1+ or 
aSMA+ and reside in the vasculature compartment of mature adipose tissue. Immunolabeling in 
B) show PLIN in white, SCA1 in magenta and mGFP in green. Yellow arrowheads indicate that 
mGFP+ cells co-express SCA1+ and cluster around the vasculature. 
 

Considering the latest findings, it was an urgent issue to find out whether Osr1 is 

detectable and if so -what characteristics define the Osr1+ cell pool in mature adipose 

tissue? 

 

4.7.2 Osr1 marks cells in the stromal vascular fraction 
 

To get a first impression of how the Osr1+ cells pattern in the adipose tissue an Osr1-

LacZ reporter mouse (Osr1LacZ/+) was used. A whole mount X-GAL staining on 

interscapular BAT and inguinal WAT (Fig. 71A) suggests that the Osr1+ population 

resides along the vascular network. Magnifications of both fat depots confirmed that 

the X-GAL+ cells cluster exclusively around the vasculature. Furthermore, since 

mature adipocytes did not show b-Galactosidase activity it can be concluded that Osr1 

expression seem to be silent. Interestingly, the Osr1+ cells in the thoracic aorta BAT 

gave a very strong signal in its smooth muscle compartment. These observations were 

correlated with a reference single cell dataset of the P3 and adult thoracic aorta from 

Angueira et al. (Fig. 71B) to develop a better understanding of the Osr1+ cell pool in 

mature adipose tissue. 



RESULTS 

 139 

 
Figure 71: Osr1+ cells clusters within the stromal vascular fraction 
A) depicts X-GAL stained wholemount tissue from iBAT and ingWAT of the adult Osr1LacZ/+. The 
black arrowhead points at the X-GAL-stained vascular network. Eosin-stained tissue sections from 
iBAT, ingWAT and aortaBAT reveal that X-GAL+ cells cluster around the vasculature and does not 
label mature adipocytes. In the aortaBAT a strong X-GAL signal is observed in the smooth muscle 
compartment of the thoracic aorta. B) demonstrates Osr1 expression in the Angueira et. al thoracic 
aorta dataset. 
 

First, at P3 and in the adult thoracic BAT single cell-dataset, Osr1 is expressed in the 

smooth muscle section (Fig. 71 aortaBAT). Second, in the mesothelium and finally in 

the fibroblast cell types like intermediate cells, progenitors and preadipocytes (Fig. 71 

iBAT and ingWAT). In summary, the Osr1 expression pattern in the reference-datasets 

is represented in the X-GAL stainings in figure 71A. The single cell dataset provided 

further evidence about the identity of the Osr1+ cells along the vascular network. 
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4.7.3 Different types of stress regulate Osr1 expression 
 

4.7.3.1 High fat diet reduces Osr1 expression 
 

Since the Angueira et al. dataset indicated that the Osr1+ cell pool has progenitor and 

preadipocyte identity, an experimental setup was designed to mobilize the Osr1+ cells. 

First, for one day mice were fed with high fat diet. Adipose tissue was collected right 

after and a RT-qPCR was performed to assess the Osr1 expression levels. Interstingly, 

the Osr1 expression in the high fat diet cohort reached only ~50% of the control cohort 

(Fig. 72), indicating that either the cells just stopped expressing Osr1 or became 

activated to undergo adipogenic differentiation. The latter seems to be plausible 

because mature adipocytes do not express Osr1. 
 

Figure 72: Diet induced stress reduces Osr1+ expression  
IngWAT and iBAT was sampled from animals that were fed normal 
chow diet (grey) or high fat diet (red) for one day. Osr1 expression 
was measured via RT-qPCR. Data are presented as mean ± SEM 
(n = 3 or 4); statistical analysis was done using two-tailed Student’s 
t tests: * p<0.05. 
 
 
 
 
 

 

 

 

To test whether the Osr1+ pool also shows response to temperature induced stress 

like cold exposure to activate adipose tissue browning, adult Osr1LacZ/+ mice were kept 

at 4°C for two days. Right after the adipose tissue was investigated for X-GAL+ cells. 

Figure 73A demonstrates tissue sections from cold treated and untreated iBAT and 

ingWAT. The control cohort demonstrated once again that the X-Gal+ cells reside in 

the vascular compartment. However, animals which experienced cold exposure seem 

to have a reduced number of Osr1+ cells in the iBAT. In contrast, the ingWAT displayed 

that X-Gal+ cells seem to leave the vascular niche to migrate into the surrounding 

tissue. Since there were too few X-GAL+ cells in the iBAT the quantification of how 

many X-GAL cells reside in their vascular compartment and of how much the Osr1+ 

cells spread was only assessed within the ingWAT (Fig. 73B). The number of X-GAL+ 
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cells/vessel did not alter in the ingWAT but indeed the X-GAL+ cells seem to be further 

away from its nearest vessel than detected in the control group. These data suggest, 

that the Osr1+ cells do not proliferate right after stress induction but migrate into the 

periphery to overcome the stress by maybe forming adipocytes.  

 

 
Figure 73: Osr1+ cells diminish or migrate out of their niche after cold induction 
A) ingWAT and iBAT of Osr1LacZ/+ animals were investigated after 48h of cold exposure or normal 
animal keeping conditions. Eosin-stained tissue sections show X-GAL signals around the 
vasculature. In the iBAT it became less after cold exposure and for the ingWAT the X-GAL+ cells 
cluster further away from the vasculature. B) depicts first that the amount of X-GAL+ cells per vessel 
does not significantly alter between standard (grey) and cold (red) and second that X-GAL+ cells 
sit further away from their nearest vessel after cold exposure in the ingWAT. Data are presented 
as counts per vessel ± SEM (n = 3); statistical analysis was done using two-tailed Student’s t tests: 
* p<0.05, **p<0.001, ***p<0.0001, ****p<0.00001. 
 

4.7.3.2 Osr1 lineage tracing studies during cold exposure recruit adipocytes 
from Osr1+ preAPC pool 

 

To assess the adipogenic potential of the Osr1+ cell pool during cold exposure lineage 

tracing experiments were performed. The Osr1CreERt2/+; ROSAmTmG/+mouse model was 

used to trace the Osr1 progeny in mature adipose tissue. Tamoxifen was administered 

seven and six days before the cold exposure treatment. Two injections were chosen 

to facilitate a complete labeling of the Osr1+ cell pool. After one week the animals were 

kept at 4°C for two consecutive days. During that phase tamoxifen was injected once 

more to detect whether the Osr1 cell pool is replenished in the stromal vascular 

compartment. 
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Figure 74: After stress induction: Osr1+ cells multiply, migrate and form adipocytes 
A) illustrates the experimental timeline of the conducted lineage tracing experiment using the 
Osr1CreERt2/+; ROSAmTmG/+ mouse model. The adipose tissue was sampled and immunostained for 
mGFP+ (green) to visualize the Osr1 progeny and PLIN (magenta) to identify mature adipocytes. 
A representative image of the iBAT is depicted in B). C) demonstrates that generally the amount of 
GFP pixel in the area of the SVF is higher, B) the amount of mGFP+ cells in the interstitial space 
grew and E) the number of mGFP+ adipocytes increased in those samples which experienced cold 
exposure (red) instead of a constant temperature (grey). Data are presented as counts per area ± 
SEM (n = 3); statistical analysis was done using two-tailed Student’s t tests: * p<0.05, **p<0.001. 
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The adipose tissue was investigated four days after cold exposure (Fig. 74A). 

Immunostainings for mGFP and PLIN enabled the identification of mature mGFP+ 

adipocytes. Furthermore, due to the anatomical location, mGFP+ cells were assigned 

either to the vascular compartment or defined as an interstitial cell that was surrounded 

by adipocytes (Fig. 74B). 

In general, it was observed that there were more mGFP+ cells in the vascular 

compartment after cold exposure. Although, this finding seems to be fat depot 

dependent. The increase of mGFP+ cells was not significant in the iBAT and ingWAT 

but showed a similar trend. Remarkably, the Osr1 progeny was rather detected outside 

the vascular niche in-between the adipocytes after cold exposure. The fact that there 

were more mGFP+ interstitial cells after cold exposure indicated that the Osr1 

descendants gradually migrated into the adipose tissue. Also, after cold exposure the 

number of mGFP+ adipocytes increased per area. These data confirm once again the 

adipogenic potential of the Osr1-lineage especially in context of stress response (Fig. 

74C). 

Considering the latest results, it seems like that the Osr1+ cell pool was activated in 

response to outer stress signals like high fat diet and cold exposure. This on the other 

hand suggests that the deletion of the Osr1 expression will have a substantial effect 

on the adipose tissue homeostasis. 

 

4.7.4 Conditional Osr1-knockout animals gain adipose tissue upon 
tamoxifen injection 

 

In our lab the conditional Osr1-knockout mouse CAGGCreERt2/+;Osr1fl/fl.  is commonly 

used for several projects to study different tissues in the absence of Osr1. Here, Osr1 

will be excised in cells that express CAGG and have experienced tamoxifen. A study 

about Osr1 in a muscle injury context used the conditional Osr1-knockout mouse to 

enlighten the impact of Osr1 on the regeneration process. Thus, adipose tissue was 

collected from tamoxifen injected animals to measure the effect of Osr1 in tissue 

homeostasis. In this study the injury as well as the tamoxifen/oil injection, served as 

an external stress signal. The adipose tissue was investigated whether the loss of Osr1 

affects the depot / bodyweight ratio. In the first trail tamoxifen was injected one day 

before, at the day of muscle injury and the three following days (Fig. 75B). The iBAT 

and the ingWAT was investigated at 3dpi (three days post injury). Figure 75A depicts 
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immunostainings for GFP that represents recombined cells with an active Osr1 

promotor and SCA1+ to label the progenitors of the stromal vascular niche in the 

adipose tissue. GFP+SCA1+ cells were observed arranged around the vasculature in 

both tissues. That finding confirmed that Osr1 is supposed to be expressed after 

muscle injury in the stromal vascular compartment. To understand whether the Osr1 

expression in the SVF is crucial to organize adipose tissue homeostasis the depot / 

bodyweight ratio was measured at 5dpi (Fig. 75C). Interestingly, it seemed like that the 

adipose tissue increased in weight after injury. Consequently, the lack of Osr1 

promotes adipogenesis. Importantly, tamoxifen was injected with sunflower oil five 

times before the tissue examination, which should be recognized as a trigger for 

adipogenesis as well.  

 
Figure 75: Osr1 deficient adipose tissue increased in weight 
A) immunolabeling for GFP (green) - to visualize recombined cells that have an activated Osr1 
promotor, SCA1 (magenta) – to identify the progenitor pool and PLIN (white) -to label adipocytes 
was performed on the iBAT and ingWAT of an adult CAGGCreERt2/+;Osr1fl/fl mouse at 3dpi. Yellow 
arrowheads indicate GFP+SCA1+ cells reside in the stromal vascular compartment. B) depicts the 
experimental time axis for the images in A). The fat depot per bodyweight ratio was calculated on 
adipose tissue at 5dpi. The dot-plots indicate that the adipose tissue rather gained than lost weight. 
D) clarifies the procedure of the experiment in C). Data are presented as measuring points ± SEM 
(n = 2 or 3); statistical analysis was done using two-tailed Student’s t tests: * p<0.05, **p<0.001. 
 

Collectively, each experimental readout assigned Osr1 as an essential factor in the 

context of embryonic adipose tissue organogenesis and in tissue homeostasis during 

postnatal life. However, it is not clear yet what mechanism puts Osr1 in that position. 
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4.8 Protein-protein interaction analysis of Osr1 highlights an 
epigenetic mechanism in targeting key regulators of the 
adipogenic program 

 

4.8.1 Osr1 knockout cells hold myogenic identity 
 

4.8.1.1 The Osr1-deficient lineage tracing data prove contribution to myogenic 
tissue 

 

To understand the mechanism of Osr1 it was required to study the Osr1-lineage in the 

absence of Osr1. This is feasible by using the Osr1CreERt2/LacZ;ROSAmTmG/+ mouse 

model. To not face a CreERt2 dosage problem in the full Osr1 knockout a LacZ 

cassette was inserted instead of a second CreERt2. Here, the E11.5 lineage was 

traced till stage E14.5. Strikingly, mGFP+ cells of the E11.5 Osr1-knockout-lineage 

were detected in MyHC+ myotubes of the subscapular compartment (Fig. 76A). The 

myogenic contribution was quantified and could reach more than 20%. However, the 

myogenic potential was not observed in the control embryos: Osr1CreERt2/+;ROSAmTmG/+. 

Since the myogenic contribution was assigned to the anatomical region were the sBAT 

and cBAT develop, it seems to be possible that Osr1 is involved in the fate 

determination process. To further investigate that, it was tested whether Osr1 can 

revert the myogenic identity of C2C12 myoblasts to an adipogenic cell. 
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Figure 76: The E11.5 Osr1-lineage becomes myogenic in the absence of Osr1 
A) lineage tracing was conducted on Osr1CreERt2/+;ROSAmTmG/+ and Osr1CreERt2/LacZ;ROSAmTmG/+ 
embryos from stage E11.5 till E14.5. The green dashed line in the MyHC (magenta) labeled tissue 
section of an E14.5 embryo highlights the area of interest. Immunostainings for Laminin (white) to 
specify the basal lamina of myotubes and mGFP (green) to detect the E11.5 Osr1 lineage were 
investigated. The bottom of panel A) displays that the mGFP+ Osr1-lineage in the Osr1-mutant 
embryo contributed to myotubes (orange arrowhead). However, the myogenic potential was not 
detected in the Osr1-lineage of a heterozygous embryo (orange arrowhead, upper panel in A). B) 
depicts the quantified myogenic contribution in the three muscle bundles next to the spine. The 
boxplot demonstrates that the control cohort: Osr1CreERt2/+;ROSAmTmG/+ (grey) had almost 0% 
contribution compared to the Osr1CreERt2/LacZ;ROSAmTmG/+ (red) cohort which reached more than 
20%. Data are presented as counts per total myofibers ± SEM (n = 3); statistical analysis was done 
using two-tailed Student’s t tests: * p<0.05; ** p<0.001, *** p<0.0001, **** p<0.00001. 
 

4.8.1.2 Osr1 overexpression in C2C12 myoblasts allows adipogenic 
differentiation 

 

The C2C12 myoblast cell line has been described to not have an adipogenic potential 

(Rajakumari et al., 2013, Seale et al., 2008). Importantly, qPCR data revealed that 

C2C12 myoblasts are negative for Osr1 expression (Fig. 77B). Thus, it was tested 

whether overexpression of Osr1 in C2C12 could convert the myogenic identity to an 

adipogenic. Figure 77C and 77D presents that the C2C12 cells which have 

experienced Osr1 expression developed significantly more adipocytes upon 

adipogenic differentiation. That once again proved that Osr1 could be involved in an 

adipogenic fate priming process.  
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Figure 77: Osr1 overexpression enables the adipogenic program in C2C12 cells 
A) depicts the experimental time course of the Osr1 overexpression in the C2C12 cells that is 
followed by an adipogenic differentiation assay. B) represents one day after C2C12 transfection 
the measured Osr1 expression levels. C) demonstrates that the percentage of PLIN+ cells in the 
GFP overexpressed group (grey) is lower compared to the Osr1 overexpressed (red) group. D) 
shows immunostainings to assess the adipogenic potential in MyHC (magenta) and PLIN (green) 
stained C2C12 cells after adipogenic differentiation. White arrowheads indicate the presence of 
PLIN+ adipocytes. Data are presented as counts per image ± SEM (n = 3); statistical analysis was 
done using two-tailed Student’s t tests: * p<0.05; ** p<0.001. 
 

This hypothesis could be further investigated in vivo by checking the expression level 

of myogenic marker genes in the GFP+ cell pool of Osr1GCE/+ and Osr1GCE/GCE embryos. 

 

 

4.8.1.3 Comparable expression analysis of Osr1GCE/+ and Osr1GCE/GCE cells - 
highlight distinct changes in the myogenic genes 

 

Osr1GCE/+ and Osr1GCE/GCE embryos of different stages (E11.5-E13.5) were dissected 

and GFP+ cells were isolated via FACS. RT-qPCR on GFP+ cells was implemented to 

compare early myogenic gene expression levels between the Osr1 knockout and 

heterozygous cohort (Fig. 78). Interestingly, Pax7 was not observed to be enriched in 

the GFP+ cell population of the Osr1GCE/GCE at any embryonic stage. This goes in line 

with the experimental data from the PAX7CreERt2/+;OSR1fl/fl mouse model which did not 

result in an adipogenic phenotype. However, a significant higher level of Meox1, which 

is important for the somite maturation (Kirilenko et al., 2011, Mankoo et al., 2003) was 

detected at E11.5 only. Particularly important is that Myf5 expression was significantly 

enriched in the Osr1-knockout at E11.5 and E12.5 too. Thus, supporting the observed 

reduction of the brown adipose tissue in the context of deleting Osr1 from the Myf5-

lineage. Apart from that, it was noticed that the myogenic genes were diminished in 
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the Osr1-knockout cells at E13.5. Interestingly, the work from Vallecillo-Garcia et al. 

introduced that E13.5 Osr1-knockout cells rather show a more osteogenic identiy 

instead of a strong connective tissue fibroblasts signature. This could explain the 

slightly enriched Ebf2 expression level in E13.5 knockout cells (Fig. 59), as Ebf2 was 

decribed as an pro-osteogenic regulator (Kieslinger et al., 2005). One could speculate 

that the osteogenic signature goes in line with an even stronger reduction of myogenic 

genes.  

However, the expression analysis revealed a trend of an upregulation of early 

myogenic marker genes in the Osr1-knockout around stage E11.5. Of note, it should 

be considered that just a subset of the analyzed GFP+ cells represented the pre-

adipogenic progenitor population that experience the myogenic to adipogenic 

transition. 
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Figure 78: Osr1GCE/GCE GFP+ cells are slightly more myogenic at E11.5 to E12.5 
FACS sorted GFP+ cells from Osr1GCE/+ (grey) and Osr1GCE/GCE (red) embryos of indicated stages 
were tested for the expression levels of specific myogenic markers. A) illustrates that Meox1 was 
significantly higher in the Osr1-mutant at stage E11.5. Pax7 expression levels in B) were not 
affected in the Osr1-knockout. However, C) demonstrates that Myf5 expression was significantly 
upregulated in the Osr1-mutant at stage E11.5 and E12.5. D) represents expression levels of 
Myod1 and E) of Mck. Both show the same trend. There was no difference detected at E11.5 and 
E12.5 but a significant downregulation at stage E13.5 Data are presented as mean ± SEM (n = 3 
or 4); statistical analysis was done using two-tailed Student’s t tests: * p<0.05. 
 

Altogether, Osr1 implements the adipogenic fate in a prior myogenic cell. Thus, it 

seems very clear that Osr1 is integrated in a transcriptional complex that silences the 

myogenic signature genes to facilitate adipogenic identity. 

 

4.8.2 GLP interacts with Osr1 at an important timepoint of initial 
adipose tissue development 

 

To date several studies have shown that especially the brown adipogenic program can 

be featured after silencing of the myogenic progenitor signature genes via a 

transcriptional regulator complex (Seale et al., 2007, Kajimura et al., 2009, Yin et al., 

2013). The main protagonist of this complex is the co-regulator PR domain zinc finger 
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protein 16 (Prdm16) which gathers different co-factors to mediate the reprogramming 

of myogenic progenitors. The regulator complex also recruits an euchromatic histone-

lysine N-methyltransferase 1 (EHMT1, also known as GLP) that is controlling the H3K9 

methylation status of the muscle-selective gene promoters (Ohno et al., 2013). Thus, 

it was tested whether a protein-protein interaction between the main actors of the 

PRDM16 regulator complex and OSR1 was predicted in the online STRING database 

(Fig. 79A). The STRING tool calculated with medium confidence an interaction 

pathway between OSR1 and PPARg via EHMT1 (GLP). This finding once again gave 

evidence that Osr1 is involved in an epigenetic remodeling process. Since OSR1 was 

predicted to directly interact with GLP an immunostaining assay on an E11.5 embryo 

was performed to locate this cell population (Fig. 79B). Remarkably, OSR1+PAX7+ 

cells which reside in the dermomyotomal derivate are also labeled for GLP+. 

 

 
Figure 79: The dermomyotomal derivate harbors PAX7+/OSR1+/GLP+ cells 
A) depicts the STRING based prediction of the protein-protein interaction pathway between OSR1 
and PPARg. Cross sections from an E11.5 embryo were investigated whether GLP (also known as 
EHMT1), PAX7 and OSR1 show co-expression in B). 1 and 2 provide an overview image of where 
the regions of interest locate. The closeups (1A, 1B and 2A) represent regions of the 
dermomyotomal derivate. Yellow arrowheads identify cells that show co-labeling of OSR1, PAX7 
and GLP. 
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Figure 80: GLP and OSR1 show protein-protein interaction at E11.5 and E13.5 
A) Osr1+ cells from the E11.5 Osr1GCE/+ embryo were FACS sorted and tested for GLP and OSR1 
interaction by using the PLA method. The white arrow in A2) displays that OSR1 and GLP show 
interaction at E11.5. The negative control in A1), on the other hand, did not. Co-
immunoprecipitation results via GLP on whole E11.5 protein lysate is summarized in B) showing 
that OSR1 was co-precipitated with GLP. C) illustrates the trajectory tree of the Osr1-opject at 
E11.5 for Glp expression to show its enrichment in cl0 and cl2. The PLA assay was repeated on 
E13.5 Osr1+ FACS sorted cells in D). D1) clearly demonstrates that no PLA signal was found in 
the negative control (white arrow). However, D2) confirms that OSR1 and GLP displays interaction 
in the PLA experiment (white arrow). D3) and D4) represent the antibody control for OSR1 and 
GLP, both proteins were sufficiently targeted (white arrows). Furthermore, the co-
immunoprecipitation on whole E13.5 protein lysate in E) revealed that OSR1 was detectable in the 
protein pulldown of GLP. 
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These findings lead to the conclusion that OSR1 and GLP are co-expressed in a 

PAX7+ cell pool which might just experience an epigenetic reprogramming to allow the 

shift from a myogenic to an adipogenic state. 

To confirm protein-protein interaction between OSR1 and GLP a proximity ligation 

assay (PLA) was performed on E11.5 FACS sorted Osr1+ primary cells. As expected 

from the previous results a small Osr1+ population validated interaction with GLP (Fig. 

80A). To provide further prove on the possible interaction of GLP and OSR1 a co-

immunoprecipitation assay was performed on a dissociated E11.5 embryo. 

Supportingly, figure 80B depicts that OSR1 was detected via western blot in the 

pulldown after GLP precipitation. Notably, the Glp expression was measured in the 

E11.5 Osr1 single cell object in order to elucidate that the Glp pattern (Fig. 80C) 

overlaps with the Ebf2 pre-BAT signature (Fig. 55A). These findings indicate that 

indeed the OSR1+GLP+ cells match the brown pre-adipogenic progenitors. 

Nevertheless, interaction of OSR1 and GLP was also tested at E13.5 when early BAT-

depots have formed. Both, the PLA assay and the co-immunoprecipitation via GLP on 

FACS sorted E13.5 Osr1+ cells validated their direct interaction, summarizing that 

OSR1 through GLP could have a role in epigenetic remodeling processes. 

 

4.8.3 The Osr1-BioID incorporates pre-adipogenic signature 
candidates 

 

Acquired data from the Osr1-knockout lineage tracing experiments and reprogramming 

assay of C2C12 becoming adipogenic highlighted the potential of the Osr1 

transcription factor to be incorporated into an epigenetic remodeling complex. First 

evidence is that OSR1 directly interacts with GLP which has been assigned to be 

epigenetically important in the early process of myogenic to adipogenic determination 

(Ohno et al., 2013, Kajimura, 2015).  

To assess the full spectrum of OSR1 interaction partners an OSR1 interactome screen 

using Bio-ID was performed on mouse embryonic fibroblasts (MEFs). Biotinylated 

proteins were precipitated with Streptavidin and digested to conduct a mass 

spectrometric analysis.  
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Figure 81: OSR1 Bio-ID identified 
epigenetic regulators of the 
adipogenic program 
The OSR1 Bio-ID displays specific 
candidates that determine the adipogenic 
identity via an epigenetic remodeling 
process. CEBPb, KMT2C (MLL3), 
EP300, BRD4 as well as MED1 were 
detected. 
 
 
 
 
 
 
 

 

 

 

The OSR1 Bio-ID elucidated that OSR1 is in fact interacting with candidates like 

CEBPb, histone-lysine n-methyltransferase MLL3 (KMT2C), EP300, BRD4 and MED1 

which have been assigned to regulate the adipogenic transcriptional landscape via a 

chromatin remodeling process (Fig. 81) (Lee et al., 2017, Lai et al., 2017, Lee et al., 

2013, Lee et al., 2019). A different experimental set up was chosen to validate EP300 

and CEBPb interaction with OSR1 to give more significance to the OSR1 Bio-ID. Here, 

a PLA assay was conducted on a pre-adipogenic progenitor cell line 3T3-L1 (Fig. 82). 

Of note, 3T3-L1 cells were labeled for EP300, CEBPb and OSR1 to visualize their 

expression pattern. EP300 was ubiquitously expressed and resides in the cytoplasm 

and nucleus. CEBPb was observed mainly in the nucleus in approximately 70%-80% 

of the investigated 3T3-L1 cells. However, OSR1 is found exclusively in the nucleus 

and in approximately 20% of studied 3T3-L1 cells. The PLA experiment in figure 82 

revealed direct interaction for both conditions in the nucleus: OSR1-CEBPb and OSR1-

EP300. In conclusion, Osr1 interacts with epigenetic remodelers which have been 

assigned to be important to prime and drive the adipogenic potential. 
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Figure 82: Proximity ligation assay confirmed OSR1-CEBPb and Osr1-EP300 interaction 
It is demonstrated that 3T3-L1 cells show direct protein-protein interaction between OSR1-CEBPb 
and OSR1-EP300 by using the PLA method. The white arrows highlight the event of interaction in 
the top panel. The center part visualizes immunolabeling for EP300, CEBPb in magenta and OSR1 
in green. White arrows point at cells that co-express both candidates inside the nuclear 
compartment. The negative control of the PLA experiment is displayed on the bottom line. No PLA 
signal was detectable in the entire negative control experiment - the white arrows point at two 
representative cells. 
 

 



RESULTS 

 155 

Taking the most relevant pro-adipogenic chromatin remodelers from the OSR1 Bio-ID 

into account and measure their expression in the Osr1 single cell trajectory tree (Fig. 

83A) it becomes obvious that the entire set of proteins at E11.5 are enriched in state 1 

(a fibroblast-like cell), whereas state 3 (an endothelial / epithelial cell) represents a 

better match at E9.5. This observation matches with the initial findings that a meso-

angioblast of the endothelium at E9.5 and a fibroblast-like cell at E11.5 holds pre-

adipogenic features.  

 

 
Figure 83: Adipogenic regulators peak in different cell types of the Osr1-object 
Candidates who have been stated to be relevant for the priming process of pre-adipogenic 
progenitors are listed in A). The expression level of them is demonstrated in the three states of the 
Osr1-trajectory tree at E9.5 and E11.5. Obviously, the best match of all markers holds state 1 at 
E11.5 and state 3 at E9.5. B) presents the trajectory tree of the Osr1-object and its 3 states which 
are linked to specific cell characteristics.  
 

To give a synopsis of my results, the generated data go hand in hand and support that 

OSR1 is establishing a pre-adipogenic identity via an epigenetic mechanism that 

overwrites the myogenic program and enhances the adipogenic transcriptional 

machinery. Osr1 defines two independent sources of pre-adipogenic progenitors 

earlier coming from an endothelial - / smooth muscle like cell and later originating from 

a fibroblast-like cell type. 
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5 DISCUSSION 
 

5.1 Osr1 lineage maturation during embryogenesis 
 

Data from the Osr1 single cell RNA-Seq introduced important differences between 

embryonic stage E9.5 and E11.5. First, the Osr1 cell pool from E9.5 revealed a higher 

grade of diversity compared to E11.5 and second, the cell density plots at E9.5 

demonstrated that the highest cell density is recognized in cl1 (smooth muscle like) 

and cl2 (G2/M mesenchymal stromal cells), whereas cl0 (mesenchymal stromal cells) 

was strongest amplified at E11.5. Of note, Osr1 lineage tracing experiments 

demonstrated that the E9.5 Osr1 cells possess a greater differentiation potential than 

the E11.5 ones. Intriguingly, this is in line with a study from the McMahon group about 

the role of Osr1+ progenitors of the aorta-mesonephros-gonadal (AGM) region in 

kidney development (Mugford et al., 2008).  

 

5.1.1 The AGM region, a potent microenvironment 
 

Around E9.5, Osr1 expression is located in the central body axis of the embryo. Here, 

Osr1+ cells reside in specific organs like the gastrointestinal tube, heart, early lung 

buds or in microenvironments as the dorsal aorta compartment. Lineage tracing 

experiments using the Osr1CreERt2/+;ROSAmTmG/+ mouse model revealed that the E9.5 

Osr1 progeny stayed in their originally detected organ, clearly contributing to its 

organogenesis, whereas E9.5 Osr1 descendants in the dorsal aorta seem to show a 

different picture. The distribution pattern of Osr1 progeny is concentrated around the 

dorsal aorta but also in further distant areas, indicating spreading of the Osr1 lineage. 

This observation raises the question whether Osr1 cells mark a mobile progenitor that 

contributes to different mesodermal tissues arising from the dorsal aorta compartment, 

also referred to as aorta-gonadal-mesonephros (AGM) region. Of note, specifically the 

AGM region was described as such an important microenvironment where potent 

progenitors get induced to commit to various lineages (De Angelis et al., 1999, Minasi 

et al., 2002, Mendes et al., 2005, Crosse et al., 2020, Esner et al., 2006). 

However, it needs to be discussed which cell populations reside in the AGM region, 

holding a brown adipogenic as well as a skeletal muscle potential, where the E9.5 Osr1 

lineage could also be assigned. 
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5.1.1.1 Haemato-endothelial specification 
 

As mentioned above, the AGM region generates distinct progenitor populations during 

early embryogenesis. One of the well described processes in the AGM region is 

hematopoiesis. The literature defines hematopoiesis as the maturation process of a 

common blood progenitor in its developmental niche to give rise to the entire set of 

blood cells (Schmitt et al., 2014). Through an endothelial-to-hematopoietic transition, 

first definitive hematopoietic stem cells (HSCs) arise from the ventral endothelium of 

the dorsal aorta (Dzierzak and Medvinsky, 1995, de Bruijn et al., 2000, Mendes et al., 

2005, Boisset et al., 2010, Dzierzak and Bigas, 2018). Thus, HSCs gradually emerge 

from cells integrated in the dorsal aorta endothelial layer, showing endothelial 

characteristics which identify an hemogenic endothelial cell (HEC), expressing CD34, 

Flk1 and Kit but lacking mature hematopoietic surface markers (CD41+/CD45+) (Hou 

et al., 2020, Minasi et al., 2002). Since HECs reside in the dorsal aorta, it needs to be 

assessed whether the E9.5 Osr1 cell pool marks a subpopulation of HECs. 

Considering the identified single cell RNA-Seq cluster annotation, cell types of the 

hematopoietic trajectory such as: dorsal aorta endothelial cells, primitive erythrocytes, 

macrophages and megakaryocytes, were recognized. Interestingly, these populations 

decreased in number at stage E11.5, recapitulating the stated time course of 

hematogenesis between E8.0 to E11.0 (Hou et al., 2020). That in turn implicates that 

Osr1 possibly is involved in the early process of endothelial-to-hematopoietic 

transition. Nevertheless, this would require additional testing and investigation of the 

Osr1 lineage at a later embryonic stage such as E18.5. The identified hematopoietic 

clusters and the Osr1 expression profile at E9.5 in the dorsal aorta could be assigned 

to the early process of hematogenesis. However, this does not explain the fact that the 

E9.5 Osr1 lineage contains skeletal muscle identity, since HSCs or HECs do not 

provide progenitors to the myogenic cell pool. 

 

5.1.1.2 Mesoangioblast 
 

It needs to be clarified what other cell lineages at E9.5 give rise to skeletal muscle 

irrespective from the somites. The E9.5 Osr1 expression and lineage pattern, as 

described above, proposes once again the AGM region as a potential compartment 

that provides a progenitor type with a myogenic capacity. Different studies have shown 
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that the dorsal aorta is a source of hematopoietic stem cells, mesodermal stem cells 

and mesoangioblasts (de Bruijn et al., 2000, Esner et al., 2006, De Angelis et al., 

1999). Of note, it was also mentioned that the latter recapitulates an intermediate cell 

type of endothelial/pericytes, sharing expression of early endothelial markers such as 

Flk1, CD34 and upon cell cultivation aSMA (Cossu and Bianco, 2003, Esner et al., 

2006, Minasi et al., 2002). Moreover, both have been demonstrated to participate in 

muscle formation during embryogenesis (Minasi et al., 2002, Dellavalle et al., 2011). 

Noteworthy, it is conspicuous that apparently the mesoangioblasts, depending on their 

actual developmental state, transiently recapitulate stem cell signatures of HECs and 

pericytes, describing a cell signature continuum. However, data from Minasi et al. 

stated that at E9.5 mesoangioblasts reside in the dorsal aorta endothelium and its 

perithelial cell layers (Minasi et al., 2002).  

The mesoangioblast characteristics highly overlap with the E9.5 Osr1+ cells, residing 

in the dorsal aorta endothelium, representing cl6 in the E9.5 single cell RNA-seq 

dataset, expressing Flk1 (Kdr), Cd34 and Pecam1 (Cd31). Apart from that, a smooth 

muscle cell like cluster (cl1) was identified, expressing lower levels of Cd34 and Flk1 

as the endothelium. This particularly could indicate that an Osr1+ cell pool in the 

endothelium, as well as associated to the dorsal aorta, possibly identifies 

mesoangioblasts. Nevertheless, most importantly, the mesoangioblasts as well as the 

Osr1+ cells from E9.5 show a notable contribution to myogenic tissue. Another 

supporting aspect is that lineage tracing experiments demonstrate that E9.5 Osr1+ 

cells mark a mobile progenitor in the AGM region. Here, it was detected that a very 

small population of E9.5 Osr1 progeny is distributed and contributing into various 

tissues such as brown adipose tissue, early muscle tissue and connective tissue near 

the vascular network.  

In conclusion, these observations highlight for the very first time that an E9.5 Osr1 cell 

pool in the dorsal aorta compartment labeled a common progenitor, with high 

similarities to mesoangioblasts, that contributes to brown adipose tissue. With that I 

introduce the earliest BAT progenitor cell pool that has ever been described before. 
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5.2 The Osr1 lineage capable to recapitulate the course of 
embryonic adipogenesis 

 

Generated lineage tracing data using the inducible Osr1CreERt2/+;ROSAmTmG/+ mouse 

line, revealed a moderate adipogenic contribution to brown and white adipose tissue 

at E9.5 and E11.5. Of note, both timepoints demonstrated approximately the same 

percentual adipocyte contribution per fat depot. Consequently, it could be asked 

whether a lineage tracing experiment using a constitutive Cre would have pointed out 

that the entire adipose tissue arise from the Osr1+ progenitor cell pool. This could be 

a potential scenario, since the single cell RNA-Seq revealed that the Osr1+ pool 

identified a common mesenchymal progenitor that according to immunostainings 

resides in distinct locations of an embryo. Moreover, it was reported that multiple 

lineages together, that are heterogeneously and dynamically distributed during 

embryogenesis, enable adipose tissue formation (Sanchez-Gurmaches and Guertin, 

2014b, Sanchez-Gurmaches and Guertin, 2014a, Cristancho and Lazar, 2011, Sebo 

and Rodeheffer, 2019). However, a constitutive Osr1 lineage tracing experiment has 

not yet been carried out. Instead, it was investigated whether other identified pre-

adipogenic progeniture markers colocalize with Osr1 during the initial phase of 

adipogenesis. 

 

5.3 Localization of pre-adipogenic progenitors during 
embryogenesis 

 

Commonly accepted pre-adipogenic progenitor markers such as Ebf2, Dlk1 and Pparg 

in combination with Pax7 were used to detect Osr1+ pre-adipogenic progenitors 

(Lepper and Fan, 2010, Wang et al., 2014, Rajakumari et al., 2013, Hudak et al., 2014, 

Hudak and Sul, 2013, Nueda et al., 2007). Immunolabeling specifically demonstrated 

that three regions in the E11.5 embryo confirmed co-expression of Osr1 and pre-

adipogenic markers. First, a cell population of EBF2, DLK1 and OSR1 was detected 

dorsally, in close proximity to the embryonic heart. Second, a cell cluster in the 

dermomyotomal derivate (dmd), showing PAX7, EBF2 and OSR1 colocalization and 

finally, a limited area close to the peritoneal wall revealed OSR1, PPARg, EBF2 and 

DLK1 expression. 
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Lineage tracing experiments revealed that the BAT derives from a myogenic source 

and Ebf2 was described as an important factor to maintain the brown adipogenic 

identity (Wang et al., 2014, Rajakumari et al., 2013). Thus, it could be considered that 

cells in the dmd expressing PAX7, OSR1 and EBf2 cells, right at that moment, 

transiently experience the fate-switch from a myogenic not yet adipogenic identity. 

However, cells that actively express Pparg, the master regulator of adipogenesis, 

marks a cell that is committed to the adipogenic lineage (Rosen et al., 2002, Rosen et 

al., 1999, Rosen and Spiegelman, 2014). Hence, cells observed arranging around the 

peritoneum represent the initial pre-adipogenic progenitors. Dlk1 co-expression was 

recognized too, a marker which had also been linked to identify pre-adipogenic 

progenitors that prevents though terminal adipogenic differentiation (Nueda et al., 

2007, Hudak et al., 2014, Hudak and Sul, 2013). This in the context of development is 

conclusive since the founder PPARg+ cell pool has to multiply and reassembly in their 

anatomical niche. 

Finally, an EBF2, DLK1 and OSR1 expressing cell population, residing dorsally from 

the embryonic heart, was identified. Here, the interpretation is rather difficult since 

immunostainings of all three markers showed a very broad distribution pattern. This 

observation is highlighting the fact that the specificity to label exclusively cells from the 

adipogenic trajectory is very unlikely. Nevertheless, an adipogenic assignment of the 

third population lacks further information. For now, neither co-labeling with the 

myogenic marker PAX7 nor with the adipogenic master regulator PPARg was 

observed. In respect thereof, the literature does not provide any further information that 

described establishment and localization of the initial adipogenic lineage to allow 

further discrimination of the pre-adipogenic progenitor signature at embryonic stage 

E11.5. This clearly indicates once again that the developmental process of adipose 

tissue is not yet fully understood.  

 

5.3.1 The embryonic Osr1 lineage populates the adult SVF 
 

As mentioned above the embryonic Osr1 lineage from E9.5 and E11.5 gave rise to 

FABP4+ brown and white adipocytes. However, for quite some years now it has been 

a matter of interest to understand how the SVF establishes (Jiang et al., 2014, 

Zwierzina et al., 2015, Schwalie et al., 2018, Bourin et al., 2013). Enlighteningly, data 

from the Graff lab in 2014 stated that the entire embryonic Pparg expressing cell pool 
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was required to allow adipose tissue formation. Deletion of Pparg during 

embryogenesis led to complete absence of fat depots in postnatal life. Moreover, it was 

shown that Pparg+ cells before E10.5 specifically played an important role in the 

mature SVF to enable proper tissue homeostasis (Jiang et al., 2014). These data 

indicated that before E10.5, an adipogenic progenitor whose location is unknown, is 

specifically defined prior to those that enable adipose tissue organogenesis. 

Furthermore, their study introduced that these progenitors regulate adipose tissue 

remodeling, providing different cells to overcome external stress stimuli. Interestingly, 

the Osr1 lineage from E11.5 and E12.5 demonstrated notable contribution to mature 

adipocytes and aSMA+ mural cells in brown and white fat depots, emphasizing that 

apparently the Osr1 lineage holds a major role in tissue organogenesis but also in 

adipose tissue homeostasis. Nevertheless, the adipogenic potential of the identified 

mGFP+/aSMA+ cells and Lin-:mGFP+/Sca1+ cells need to be further assessed either 

in an in vitro approach or in vivo, inducing an pro-adipogenic stress response. 

The Osr1 lineage from E9.5 was not able to study in adulthood since delivery problems 

occurred. However, short time lineage tracing data during embryogenesis uncovered 

that the E9.5 lineage compared to E11.5 Osr1 descendants contributes to adipose 

tissue at a later stage of embryogenesis. Thus, it can be assumed that an independent 

pre-adipogenic source is involved. Moreover, the E9.5 Osr1 pro-adipogenic progeny, 

most likely throughout clonal expansion, reached the same level of adipogenic 

contribution as measured in the E11.5 Osr1 lineage at E18.5. This scenario to some 

extent recapitulates the findings from Jiang et al., as explained above, described an 

independent pre-adipogenic progenitor pool, specified before E10.5, populates the 

adipogenic niche at a later stage than those that orchestrate organogenesis (Jiang et 

al., 2014). 

 

5.3.2 Osr1+ cells reside in the adult SVF 
 

Published single cell RNA-Seq data from P3 and adult thoracic aorta perivascular 

adipose tissue (PVAT) identified Osr1 as a marker of the aSMA+ compartment and 

the mesothelium. Most importantly, Osr1 expression was recognized in progenitor, 

intermediate and preadipocyte fibroblast populations too (Angueira et al., 2021). These 

findings lead to the hypothesis that Osr1 plays a role in adipose tissue remodeling. 

Thus, it was tested whether Osr1 expression in vivo is affected upon pro-adipogenic 
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stressors. As expected from the PVAT dataset, the adult Osr1 lineage upon cold 

exposure gave rise to mature adipocytes in white and brown adipose tissue. 

Furthermore, expression levels of Osr1 right after high fat diet were significantly 

reduced in fat depots. These findings confirmed that the Osr1+ pre-adipogenic 

progenitor population was involved in adipose tissue remodeling, through activation of 

the differentiation program, which in turn resulted in a decrease of Osr1 expression. 

The latter can be explained by the fact that the Osr1+ pool has been recruited and 

upon adipogenic differentiation turned off since Osr1 was never detected in mature 

adipocytes. This is in line with the observation made during embryogenesis, when Osr1 

was detectable in developing but not in mature adipocytes. 

A study from Schwalie et al. used the single cell RNA-Seq approach on adipogenic 

stem and precursor cells (ASPCs) of subcutaneous WAT and described an 

adipogenesis-regulatory cell population named “Aregs” (Schwalie et al., 2018). Most 

remarkably, Osr1 was described to be enriched in the CD142+ Areg population. 

However, Aregs exclusively hold a very low adipogenic potential. Mixtures of Aregs 

with highly potent adipogenic progenitors reduced the final adipogenic potential 

significantly in a paracrine manner. Depletion of the Areg pool within the adipogenic 

SVF induced excessive adipocyte formation, highlighting their regulatory function in 

adipose tissue expansion (Schwalie et al., 2018). If we assume that the Osr1+ cells in 

the SVF share common features and functions to Aregs it would in turn position Osr1 

as a negative regulator of adipogenesis. In support, preliminary data from tamoxifen 

inducible Osr1 knockout experiments using the CAGGCreERt2/+;Osr1fl/fl mouse model 

revealed a trend to adipose tissue expansion. It could also be assumed from Osr1 

lineage tracing experiments, that Osr1 expression in the SVF marks a pre-adipogenic 

cell in a poised state that needs an external stimulus to deactivate Osr1 expression 

and induce adipogenesis. Another scenario could be that Osr1+ cells secrete 

regulatory factors, which in a paracrine manner influence action of neighboring cells. 

However, these possible events need to be further evaluated by investigating the 

secretome, as well as the epigenetic landscape of an Osr1 expressing cell, to assess 

their actual function in the adipogenic niche. 

Nevertheless, it can be concluded that the Osr1 lineage during embryogenesis enabled 

adipose tissue organogenesis and SVF completion. In contrast, Osr1 during adulthood 

labeled cells in the SVF which have adipogenic potential and may possess regulatory 

function to control adipose tissue expansion or shrinkage. 
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5.4 Priming the adipogenic fate in the myogenic lineage 
 

A comprehensive expression analysis of GFP+ FACS sorted cells from Osr1GCE/+ 

Osr1GCE/GCE embryos of stage E11.5 to E13.5 was conducted and introduced a gradual 

reduction of early pre-adipogenic markers such as Cebpa, Cebpb, Cebpd, Dlk1 and 

Pparg between E12.5 and E13.5 in the Osr1-knockout cells. Of note, generated qPCR 

data from GFP+ cells provided an insight but did not show a very clear pattern of 

regulated pre-adipogenic markers. This could be explained by the fact that the selected 

GFP+ cells represent a rather heterogenic cell pool. Consequently, the establishment 

of the reduced adipogenic potential in Osr1-knockouts is not fully assessed. 

In contrast, genes that define the early myogenic lineage such as Myf5 and Meox1 

were significantly upregulated in E11.5 Osr1-knockout cells. These data indicated that 

apparently Osr1 at stage E11.5 is needed to suppress myogenic lineage genes. This 

hypothesis was also tested in a lineage tracing experiment were Osr1-knockout cells 

from E11.5 were pursued till E14.5. This experiment uncovered that Osr1-knockout 

cells contribute to myogenic tissue in the anatomical region where brown adipose 

tissue develops. Moreover, a C2C12 myoblast cell line upon Osr1 overexpression 

recorded a significant higher adipogenic potential compared to those that did not 

experienced Osr1 before. These observations in summary present that Osr1 regulates 

to some extant the fate shift from a myogenic to an adipogenic identity. 

 

5.5 Osr1 together with pro-brown pre-adipogenic transcriptional key 
regulators induce brown fat identity 

 

5.5.1 Ebf2, the identifier of brown fat specific genes 
 

B cell factor-2 (Ebf2) is a well-studied transcription factor that was first identified to be 

involved in bone formation processes during embryogenesis (Kieslinger et al., 2005). 

However, in 2013 the Seale lab discovered that Ebf2 is crucial to maintain the brown 

fat identity during embryogenic BAT organogenesis as well as in mature adipocytes 

(Rajakumari et al., 2013, Angueira et al., 2020). Ebf2 knockout embryos at E18.5 

revealed that not the size of brown adipose tissue was affected but the adipocyte 

identity was converted into white adipocytes. Most interestingly, overexpression of 
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Ebf2 in C2C12 myoblasts was sufficient to induce a brown fat-specific differentiation 

program (Rajakumari et al., 2013). That observation indicated first parallels between 

Osr1 and Ebf2 since Osr1 was also capable to drive adipogenesis in C2C12 cells upon 

adipogenic differentiation. However, it was not tested whether brown or white 

adipogenesis was induced.  

In embryogenesis, Ebf2 was used as a marker to establish a brown pre-adipogenic 

progeniture signature from an E14.5 embryo, comprising genes which have also been 

recognized to be enriched in the brown adipogenic Myf5-PDGFRa lineage (Wang et 

al., 2014). Importantly, the identified Ebf2 brown pre-adipogenic progeniture signature 

was found to be expressed in the E11.5 Osr1 single cell RNA-seq dataset which 

suggests that apparently Osr1 recognizes Ebf2-pre-BAT-progenitors too. Thus, 

conducted immunostainings that revealed colocalization of OSR1 and EBF2 at E11.5 

identifies pre-brown adipogenic progenitors even before stage E14.5. In (Wang et al., 

2014) it was stated that EBF2 was not detectable earlier than E11.5 which again was 

in line with very low Ebf2 expression levels in the E9.5 Osr1 single cell RNA-Seq object. 

That leads to the assumption that most possibly the described Ebf2+ brown pre-

adipogenic progenitors have not specified at E9.5. Thus, we could conclude that Osr1 

at E9.5 identifies a novel Ebf2 independent BAT-progenitor. 

However, so far it was reported that Ebf2 functions as one of the pioneer identifiers of 

the brown fat specific genes and enhancers to therewith enable binding of other 

transcriptional regulators such as PPARg and PRDM16 to promote brown 

adipogenesis (Lai et al., 2017, Rajakumari et al., 2013, Seale, 2015). Thus, Ebf2 as 

pioneer identifier of BAT genes allows the identification of pre-BAT progenitors in the 

E11.5 Osr1 single cell RNA-Seq dataset as well as on E11.5 embryonic tissue 

sections. However, it should be considered that the E9.5 Osr1+ pre-adipogenic 

progenitor pool might activate Ebf2 expression at a later stage of embryogenesis. 

 

5.5.2 Prdm16 modulates connectivity between transcriptional co-
factors and enhancers 

 

Several studies from the Speigelmann, Seale and Kajimura labs demonstrated that the 

acquirement of the brown adipogenic fate in the Myf5 lineage is dependent on a 

transcriptional complex with its transcriptional key regulator PRDM16 (PR domain 

containing 16). Their research showed that in the absence of PRDM16, brown adipose 
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tissue stayed uneffaced, whereas its phenotypical look and its functionality shifted from 

brown to white adipose tissue. (Harms et al., 2014, Seale et al., 2008, Rajakumari et 

al., 2013).  

So far, Prdm16 at E11.5 has never been labeled together with early myogenic markers, 

such as Pax7 and Myf5, to discriminate cells that experience a fate shift. Apart from 

the fact that both PRDM16 and OSR1 are zinc finger transcription factors, more 

parallels were discovered. Most pivotal, as mentioned for Ebf2 before, was that C2C12 

myoblasts upon Osr1 overexpression facilitated adipogenesis, whereas a loss of both 

demonstrated an enrichment of the myogenic capacity in pre-adipogenic progenitors 

(Seale et al., 2008, Seale et al., 2007). In consequence, it could be concluded that both 

arrange in the same pathway to enable brown adipogenesis. 

 

5.5.2.1 Osr1 and Prdm16 share the same interaction partners 
 

However, Prdm16 was reported to interact with important co-factors such as Cebpb 

and Med1 which together have been demonstrated to be important in regulating BAT 

specific gene transcription (Harms et al., 2015, Kajimura et al., 2009). In particular, the 

CCAAT enhancer binding protein beta (Cebpb), a basic leucine zipper TF, was 

identified as a pioneer TF in the initial phase of adipogenesis. ChIP-Seq data 

recognized CEBPb binding to adipogenic enhancer regions and thus, recruitment of 

other pro-adipogenic TFs to form activated adipogenic enhancers to finally drive 

expression of late acting TFs such as Pparg and Cebpa (Siersbæk et al., 2011, 

Siersbæk et al., 2012). Of note, overexpression of Prdm16 and Cebpb in mouse 

embryonic fibroblasts (MEFs) or primary skin fibroblasts was sufficient to induce brown 

like adipocyte formation (Kajimura et al., 2009).  

Moreover, Prdm16 was identified to not only physically bind but also to recruit Med1 

(Mediator of RNA polymerase II transcription subunit 1). Med1, on the other hand, 

represents a sub-component of the mediator complex and arranges connectivity to 

brown fat-selective super-enhancers. A mediator complex was observed to be an 

important bridging-element to enable higher interconnectivity of TF-bound enhancer 

regions with the general transcriptional machinery as well as RNA Pol II at specific 

gene promoters (Malik and Roeder, 2010). Deficiency of PRDM16 showed reduced 

Med1 binding at PRDM16 target sites and major changes in the chromatin architecture 

in BAT-selective genes (Harms et al., 2015). Thus, the gained knowledge indicates 
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that PRDM16 together with CEBPb and MED1 facilitates chromatin remodeling and 

enhancer activation to drive transcription of brown adipogenic identity genes. It is of 

interest whether OSR1 is found to interact with the same candidates. For this purpose, 

an OSR1 protein-protein interaction dataset (OSR1-Bio-ID) was investigated, and the 

results revealed a significant, physical-binding of the same candidates that haven been 

introduced for PRDM16. In summary, these findings underline once more the idea that 

PRDM16 and OSR1 operate in the same transcriptional machinery. 

 

5.5.2.2 Suppression of the myogenic potential 
 

Euchromatic histone-lysine N-methyltransferase 1 (EHMT1) also referred to as GLP 

was recognized as a BAT enriched enzyme which was found to integrate in the 

PRDM16 transcriptional complex to promote the BAT-selective thermogenic program 

(Ohno et al., 2013). Glp was recognized to have a distinctive role and position in 

controlling the brown adipose cell fate commitment. Investigations of E18.5 

Myf5Cre/+;Ehmt1fl/fl embryos revealed a significant reduction of BAT mass and BAT-

specific genes. In contrast, a phenotypical as well as a transcriptional shift towards a 

myogenic identity was detected. That introduced Glp to function already during 

embryogenesis. The deficiency of Glp causes muscle differentiation instead of brown 

adipogenesis through demethylation events of histone 3 lysine 9 (H3K9me2 and 3) of 

muscle selective gene promoters in brown adipocytes (Ohno et al., 2013). Since Glp 

was confirmed to be required during development, to control the brown adipose cell 

fate shift by repressing the myogenic genes, it is reasonable to assume that Osr1 is 

involved in the process. Remarkedly, at E11.5, OSR1, GLP and PAX7 together were 

found in the dermomyotomal derivate (dmd) where EBF2+ cells also reside. In 

consequence, it is most likely that those cells in the dmd represent the myogenic cells 

that experience a fate shift towards the adipogenic lineage. It is important to highlight 

that PPARg+ cells appeared more ventrally to those about the same time. Furthermore, 

the interaction of OSR1 and GLP was tested by applying a co-immunoprecipitation 

(Co-IP) assay and proximity ligation assay (PLA) and both approaches disclosed that 

GLP and OSR1 at E11.5 as well as at E13.5 physically interact. These data indicate 

that GLP, PRDM16 and OSR1 act among a similar interactome to control brown 

adipose cell fate determination. 

 



DISCUSSION 

 167 

5.6 Chromatin architecture and epigenetic signatures regulate the 
transcriptional adipogenic landscape  

 

5.6.1 3D Chromatin architecture describes the state of 
interconnectivity 

 

Since many similarities between Prdm16 and Osr1 were found it needs to be discussed 

whether the functionality of Osr1 is linked to a specific 3D chromatin architecture too. 

The PLA assays with OSR1 in combination with either GLP, CEBPb or EP300 

demonstrated that protein interaction was recognized in one single region in the 

nucleus. This observation could be firstly, interpreted as an experimental artifact or 

secondly, as a meaningful readout, introducing protein-interaction-hotspots in the 

genome. The latter introduces the relevance of highly interconnected genomic 

organizing structural domains also called 3D hubs, which design a regulatory hotspot. 

This was observed in “highly interconnected enhancer communities” (HICEs) that are 

highly enriched of CTCF motifs which on the other hand enable chromatin looping 

(Phillips and Corces, 2009, Guelen et al., 2008, Hou et al., 2008, Madsen et al., 2020). 

HICEs empowers much higher interconnectivity between regular- and super-enhancer 

communities as well as an enrichment of the total and dynamic enhancer-promoter 

connections (Madsen et al., 2020). Thus, regulatory hotspots, stabilized through 

HICEs, define indicators of cell fate regulating machineries (Madsen et al., 2020, 

Rauch and Mandrup, 2021) that could possibly incorporate OSR1 and its identified pro-

adipogenic interaction partners such as Ep300 and CEBPb to facilitate the adipogenic 

fate shift. 

 

5.6.1.1 Epigenetic remodelers interact with Osr1 to drive the adipogenic 
program 

 

It was shown that epigenetic modulators are required to enable enhancer activation, 

whereas mediator complexes facilitated TF-bound enhancers to interconnect with the 

general transcriptional machinery including RNA Pol II on specific gene promoters 

(Malik and Roeder, 2010). Activated enhancer regions have been described to carry 

H3K4me1 and H3K27ac marks which were established from epigenomic writers such 
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as histone H3K4me1/2 methyltransferases MLL3/4 and H3K27 acetyltransferases 

CBP/p300 (Lee et al., 2019, Lee et al., 2013). Experiments revealed that MLL4 

together with EBF2 and CEBPb pre-mark a subset of super-enhancer constituents 

(SECs) prior to adipogenesis, introducing an enhancer-priming role of the three 

candidates (Lai et al., 2017, Lee et al., 2019). 

However, animal work revealed that Mll4 was essential for both adipogenesis and 

myogenesis since Myf5cre/+;Mll4fl/fl embryos at E18.5 displayed strong decreases of 

embryonic BAT and muscle mass. These data in first place indicated that Mll4 plays a 

super ordinate role in development (Lee et al., 2013). Moreover, deletion of Mll4 from 

Mll3 knockout preadipocytes (Mll3−/−;Mll4f/f) as well as a double knockout of Mll3/Mll4 

demonstrated commonly a substantially reduced binding of CBP/p300 on MLL4+ 

active enhancers and loci of adipogenic master regulators such as the Pparg, Cebpa 

and brown adipocyte markers like Prdm16 and Ucp1. These findings and the overall 

decreases of H3K4me1and H3K4me2 marks results in a reduced adipogenic potential 

(Lai et al., 2017, Lee et al., 2013). Thus, MLL3/MLL4 were identified to function as 

enhancer-priming enzymes to facilitate CBP/p300 binding and therewith activation of 

adipogenic lineage enhancers (Lai et al., 2017). 

The epigenomic reader bromodomain and extra terminal domain (BET) protein BRD4 

identifies H3K4me1 and H3K27ac marks and recruits the transcription coactivator 

mediator and Pol II to induce Pparg and Cebpa expression (Lee et al., 2019, Brown et 

al., 2018, Lee et al., 2017, Lee et al., 2013, Lai et al., 2017). Interestingly, loss of Brd4 

in the Myf5 lineage (Myf5cre/+;Brd4f/f) demonstrated the same muscle and fat 

phenotype, as described before, from the Myf5cre/+;Mll4f/f embryos at E18.5. Thus, 

demonstrating a downstream position of the Mll4 enhancer activation pathway (Lai et 

al., 2017, Lee et al., 2013). In conclusion, research from the Ge group revealed 

sequential actions of epigenomic factors on enhancers in adipogenesis (Lee et al., 

2017, Lee et al., 2019). However, the obtained muscle phenotype can be in part a 

consequence of impaired myogenesis, since Myf5 is expressed in the early 

dermomyotome too. So far, this fact was not addressed and investigated. Experiments 

using conditional knockouts in specific cell types such as pre-adipogenic cells 

(Osr1CreERt, PdgfraCreERt) and muscle cells (MyoDCre) would allow to distinguish tissue 

specific effects.  

The OSR1 protein-protein interaction dataset confirmed that CEBPb, MLL3, EP300, 

BRD4 as well as MED1 are binding partners of OSR1. All of them have been 
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mentioned to drive the enhancer activation pathway to promote the adipogenic fate. 

Thus, it could be assumed that OSR1 indeed cooperates with epigenomic remodelers 

to overwrite the myogenic identity and thus prime the adipogenic signature instead. 

However, the striking Osr1 knockout adipogenic phenotype at E14.5 recapitulated just 

in part the phenotype of the Myf5cre/+;Mll4f/f and Myf5cre/+;Brd4f/f assuming that Mll4, 

which acts most upstream of the enhancer activation pathway, plays a more super 

ordinated role, since Mll4 is not restricted to the adipogenic differentiation pathway 

(Lee et al., 2013). Nevertheless, it remains unknown what in the epigenetic signature 

of the adipogenic transcriptional landscape induced the Osr1-knockout fat phenotype. 

Thus, a ChIP-Seq experiment of Osr1-knockout cells would elucidate discrimination of 

one specific deregulated event in the process of Osr1 mediated adipogenesis. 
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6 SUMMARY 
 

This work demonstrated that Osr1 during embryogenesis as well as in postnatal life 

represents a reliable marker for pre-adipogenic progenitors. Since Osr1 and already 

defined pre-adipogenic markers, such as Ebf2 and Dlk1, show a wide expression 

pattern during embryogenesis, a combinatory signature should be used to discriminate 

pre-adipogenic progenitors in the embryo. However, generated single cell RNA-Seq 

data from E9.5 and E11.5 Osr1+ cells supported the hypothesis that two independent 

sources of adipose tissue progenitors exist in development. 

At E11.5, co-immunostainings of common pre-adipogenic markers such as DLK1 and 

PPARg as well as EBF2, which instead marks brown pre-adipogenic progenitors, 

worked sufficiently to co-localize them with OSR1+ in distinct regions. These potent 

regions recapitulate different stages of adipogenic commitment. First, EBF2+ / OSR1+ 

/ PAX7+ cells were recognized in the dermomyotomal derivate that most probably 

describe the cell pool, which experiences in that moment a shift from a myogenic 

identity to a future brown adipogenic fate. Second, the PPARg+ / DLK1+ / OSR1+ cell 

pool, on the other hand, was located more ventrally, proximal to the peritoneum which 

was assumed to represent the fully committed pre-adipogenic founder population. 

Thus, these findings demonstrate single steps of a dynamical process to determine the 

adipogenic fate (Lepper and Fan, 2010, Wang et al., 2014, Rajakumari et al., 2013, 

Hudak et al., 2014, Hudak and Sul, 2013, Nueda et al., 2007). 

However, at E9.5, OSR1+ labeled cells specifically in organs, such as the lung, 

esophagus and the gastrointestinal systems, cells that are already in the process of 

organogenesis and committed to a certain fate. Most importantly, Osr1 was also 

detected in the dorsal aorta compartment also referred to as the aorta-gonadal-

mesonephros region, which was described as a potent microenvironment that harbors 

progenitor cells, which can commit to various lineages (De Angelis et al., 1999, Minasi 

et al., 2002, Mendes et al., 2005, Crosse et al., 2020, Esner et al., 2006). Here, it was 

observed that Osr1 labeled CD31+/FLK1+/CD34+ cells that have been revealed to 

either be HECs, that experience an endothelial-to-hematopoietic transition to form 

hematopoietic stem cells (HSCs) or mesoangioblasts that contribute to diverse 

mesodermal lineages (de Bruijn et al., 2000, Esner et al., 2006, De Angelis et al., 1999, 

Hou et al., 2020, Minasi et al., 2002). Both cell identities fit, since first, the 

hematopoietic trajectory was identified in the single cell RNA-Seq of E9.5 and second, 
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that E9.5 Osr1-lineage tracing studies unmasked a myogenic differentiation potential 

exclusively.  

However, additional indications highlight that two independent brown pre-adipogenic 

progenitor sources in the Osr1-lineage exist. First, a non dermomyotomal derived and 

Ebf2 negative E9.5 Osr1+ brown adipogenic progenitor pool residing in the dorsal aorta 

compartment was observed. Second, time resolved lineage tracing investigations 

disclosed that the E11.5 Osr1 lineage contributed to brown adipose tissue before the 

E9.5 Osr1 progeny did, highlighting that TAM induced tracing was very specific and 

that there was no spill-over from a shot at day 9.5 to the 11.5 pool. In consequence, 

these findings indicate that restricted to stage E9.5, the Osr1 cell pool harbors a 

multipotent progenitor which drives differentiation of more mesodermal lineages such 

as myogenic and brown adipose tissue.  

However, tracing the E11.5/12.5 Osr1+ cells into adulthood, it was observed that the 

Osr1 lineage contributes not only to the process of adipose tissue organogenesis but 

also into the SVF cell pool, labeling the aSMA+ and Sca1+ compartment, which 

mediates tissue homeostasis. Apart from that, Osr1+ cells in the SVF of mature 

adipose tissue can upon external stimuli form adipocytes to allow adipose tissue 

remodeling. 

Nevertheless, depletion of Osr1 from the Myf5 lineage (Myf5Cre/+;Osr1fl/fl) caused a 

stable and significant decrease of sBAT and cBAT which perfectly recapitulated the 

brown adipose tissue phenotype of the Osr1 knockout. This finding validated the fact 

that Osr1 is important in the myogenic lineage to promote brown adipose tissue 

development. That was further investigated in a lineage tracing experiment where 

E11.5 Osr1-knockout cells were traced till E14.5 and confirmed upon immunostaining 

muscle fiber formation in the anatomical region of sBAT and cBAT.  

Finally, Osr1 protein-protein interaction data introduced that Osr1 is in involved in the 

process of epigenetic remodeling. OSR1 interaction partners such as MLL3, EP300, 

BRD4 and MED1 have been recognized to activate super-enhancers by placing 

H3K4me1 and H3K27ac marks and in turn to recruit a mediator complex to bridge 

activated enhancers to the general transcriptional machinery to induce Pparg and 

Cebpa expression (Lee et al., 2019, Brown et al., 2018, Lee et al., 2017, Lee et al., 

2013, Lai et al., 2017). 
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Figure 84: The assignment of the Osr1 lineage to the adipogenic fate 
A multipotent endothelial cell at E9.5 and a mesenchymal stromal cell at E11.5 has the potential to 
directly contribute to adipose tissue organogenesis or/and to populate the stromal vascular fraction 
(SVF) of mature adipose tissue. Osr1+ cells in the adipogenic niche, upon external stimulation feed 
in the adipocyte pool to promote tissue remodulating. Interaction of OSR1 with epigenomic factors 
introduce a powerful machinery that primes and activates super-enhancers of the adipogenic 
program. MSC: mesenchymal stromal cells; SVF: stromal vascular fraction. Created with 
BioRender.com. 
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7 FUTURE PERSPECTIVE 
 

This work introduced Osr1 as common marker of distinct pre-adipogenic progenitor 

subsets during embryogenesis and postnatal life. The analysis of Osr1+ cells in 

different phases of prenatal and postnatal life offered new insights and a better 

understanding of how the adipogenic lineage is established. Thus, extraction of Osr1 

cells from different stages and anatomical regions together, specifically help to identify 

the signature transitions on a single cell level that recapitulates mesenchymal lineage 

specification processes. These data would provide further conclusion and knowledge 

of intermediate steps of a gradual fate decision making process in a time resolved 

manner. 

Osr1 can be implemented to identify new pre-adipogenic microenvironments to in turn 

develop an understanding of a niche assembly and its cell type composition since Osr1 

labeled intermediate states of a fate commitment action. A novel technique called spot-

based spatial cell-type analysis by multidimensional mRNA density estimation (SSAM) 

would offer a starting point to investigate cell type interaction and crosstalk in a 2D and 

3D. 

In this study it was emphasized that Osr1 interacts with epigenetic remodelers that 

have been described to be crucial to promote the adipogenic identity. Thus, 

investigation of the epigenetic marks in the adipogenic landscape in Osr1 knockout 

cells compared to its respective controls would demonstrate whether activating histone 

marks or chromatin architecture changed and thus caused miss-regulation of the 

adipogenic program in the Osr1 knockout cells. Besides that, proximity ligation assays 

revealed that the interaction with pre-adipogenic epigenetic remodelers specifically 

takes place in a discrete location in the nucleus. Here, the investigation of that distinct 

transcriptional regulator complex, its functional units, 3D chromatin architecture as well 

as gene targets and involved enhancer communities, is potent to shed some light on 

the strategy of how Osr1 introduces the pre-adipogenic signature. Conclusions would 

enable to target the Osr1 mediated pre-adipogenic pathway with specific drugs to 

modulate the process in any direction. 

The myogenic potential was recognized to be suppressed in the Osr1+ cells. Here, the 

aim would be to first understand the mechanism by identifying the collaborators of Osr1 

to be able to titrate or control the process of skeletal muscle and adipose tissue 

formation to fight health problems of our society. Furthermore, the Osr1+ population of 
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mature adipose tissue was confirmed to have an adipogenic potential but also to be 

potentially in charge to inhibit or control the adipose tissue expansion by a non-cell 

autonomous mechanism. That indication opens a new chapter and question how 

Osr1+ cells can be implemented in therapies to overcome obesity and consequently 

asks how to identify stimuli that can be used to support and maintain the state of health. 
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9 APPENDIX 
 
 
9.1 Sub-Trajectories of the Cao et al., 2019 dataset 

 
 
 
9.2 Enrichr gene lists 
Table 25: Top 50 gene signatures ranked by https://shiny.mdc-berlin.de/sivisca/ tool to 
perform Enrichr cell type analysis: https://maayanlab.cloud/Enrichr/enrich# 
 
CL0 CL1 CL2 

Itm2a mt-Rnr1 Ube2c 

Ptn mt-Nd2 Nusap1 

Dcn mt-Nd1 Ccnb1 

Mfap4 mt-Rnr2 Spc25 

Mfap2 mt-Nd4 Ccnb2 

Fos mt-Cytb Cks2 

Lum mt-Nd6 Pttg1 

Lgals1 mt-Co1 Ckap2l 

Efemp1 Gm10800 Cdca3 

Rnd3 mt-Nd5 Aurka 

Id1 Il31ra Birc5 

Glipr2 Map1b Arl6ip1 

Ogn Gm10801 Kpna2 

Igf1 Gm21738 Cdc25c 

6330403K07Rik Ccnd2 Bub3 

Tsc22d1 CT010467.1 Shcbp1 
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Maged2 Trp53inp2 Pbk 

Serinc2 Gm26917 Cdk1 

Klf6 Gm33838 Bub1 

Cxcl12 Fzr1 G2e3 

Egr1 Cyb5r3 Tacc3 

Capn6 Lars2 Cenpl 

Nrep Uba6 Ska2 

Snai2 Slit3 Kif20a 

Osr1 Simc1 Cenpa 

Gas2 Cacna1c Ckap2 

Rgs2 Abl2 Mis18bp1 

Cd63 Zfp397 Kif18a 

Shox2 Cep192 Sgo1 

Ldhb mt-Tp Arrdc3 

AW551984 Dnm3os Psrc1 

Anxa2 Ttf2 Aurkb 

Tmem263 Gak Spc24 

Dnajb4 Fbxl5 Prrx1 

Asb4 Kcnq5 Depdc1a 

Zfp36 Vps39 Id2 

Sparc Wdr11 Pclaf 

Fblim1 Zfp760 Mfap2 

Cmtm3 Nckap5 Lum 

Cdo1 Atrnl1 Kif23 

Prrx1 Mga Cdca8 

S1pr3 Gm15564 Mfap4 

Tmem176b Tmem186 Prc1 

Hbp1 Fbn2 Cenpn 

Lpar1 Cblb Cdo1 

Clk1 Knstrn Cdca4 

Ssbp2 Apbb1 Ska3 

Id2 Prpf6 Nuf2 

Nfib Smarca4 Ect2 

Runx1t1 Spock1 Lgals1 
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9.3 E11.5 Osr1 cluster gene lists  
Table 26: Top 50 gene signatures sorted by average 2FoldChange in the E11.5 Osr1 

dataset “find_all_markers” gene list for cluster: 0, 1 and 2 to predict cluster identities 

using the Angueira et al., 2021 P3 thoracic aorta dataset. 
 

CL0 CL1 CL2 

Itm2a mt-Rnr1 Aurka 

Ogn mt-Nd2 Aurkb 

Tpm1 mt-Nd1 Ckap2l 

Efemp1 mt-Rnr2 Bub1 

Id1 mt-Nd4 Nusap1 

Capn6 mt-Cytb Spc25 

Ptn mt-Nd6 Tacc3 

Mest mt-Co1 Hmmr 

Maged2 Gm10800 Kif20a 

Mcm4 mt-Nd5 Nuf2 

Tcim Il31ra Prc1 

Glipr2 Map1b Cdc25c 

Id3 Gm10801 Ccnb1 

Rcn3 Gm21738 Pimreg 

Cmtm3 Ccnd2 Depdc1a 

Rnd3 CT010467.1 Tpx2 

Ifitm2 Trp53inp2 Mis18bp1 

Fos Gm26917 Plk1 

Klf6 Gm33838 Cdk1 

Asb4 Fzr1 Cdca3 

Serpinh1 Cyb5r3 Kif23 

Gpc3 Lars2 Pbk 

Igfbp5 Uba6 Birc5 

Mcm6 Slit3 Cdca8 

Tsc22d1 Simc1 Kif22 

Mfap4 Cacna1c Ube2c 

Crabp2 Abl2 Kif11 
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Fblim1 Zfp397 Sgo1 

H19 Cep192 Hmgb2 

Gas2 mt-Tp Cenpe 

Dnajb4 Dnm3os Ect2 

Serinc2 Ttf2 Top2a 

Mfap2 Gak Cks2 

Snhg18 Fbxl5 Psrc1 

Mdk Kcnq5 Shcbp1 

Cdca7 Vps39 Ndc80 

Aldh1a2 Wdr11 Ccna2 

Cxcl12 Zfp760 Ska1 

Id2 Nckap5 Ncapg 

Sparc Atrnl1 Smc4 

Tcf7l2 Mga Ttk 

Tmem9 Gm15564 Spc24 

Chaf1b Tmem186 Kif2c 

Surf4 Fbn2 Melk 

AW551984 Cblb Mad2l1 

Dvl3 Knstrn Knstrn 

Snai2 Apbb1 Kpna2 

Osr1 Prpf6 Ska3 

Maged1 Smarca4 Oip5 

Gsta4 Spock1 Bub3 

 

9.4 Signature lists of the P3 thoracic aorta dataset 
Table 27: Top 50 gene signatures of GSE166355: the annotated P3 thoracic aorta 

cluster: Intermediate cells, Progenitor cells and Preadipocytes were. 
 

INTERMEDIATE CELLS PROGENITOR CELLS PREADIPOCYTES 

Mfap4 Ly6a Lpl 

Wisp1 Clec3b Penk 

Vstm4 Pi16 Gsn 

Mgp H19 Tnfaip6 

Fhl2 Mfap5 Dlk1 
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Postn Dlk1 Col15a1 

Cygb Cdkn1c H19 

Epha3 Gpx3 Lum 

Mmp14 Cd34 Srpx 

Pcolce Cthrc1 Mgst1 

Tmem158 Serpinf1 Igf1 

Gm13305 Tppp3 Ldhb 

Dpt Nrk Adh1 

Thbs2 Serping1 Ebf1 

Mfap2 Entpd2 Dkk2 

Tmem119 Ogn Cdkn1c 

Nap1l1 Mest Mmp2 

Smoc2 Htra3 Clec3b 

Fmo2 Dcn Tshz2 

Prss35 Postn Cxcl1 

Fhl1 Gap43 Olfml3 

Tspan11 Fbn1 Fbln2 

Mdk Gpc3 Cryab 

Fkbp9 Il33 Tm4sf1 

Pdgfrl Sfrp1 Gas1 

Gpx7 Pcolce Mgp 

Pam Col5a2 Cxcl12 

Serpinf1 Plagl1 Acta2 

Gxylt2 Cd248 Cd9 

Plpp1 Tnxb Mest 

Qpct Tmeff2 Gpx3 

Kdelr3 Col14a1 Peg3 

Twist2 Dpt Tpm2 

Pid1 Fbln1 Serpinf1 

Dkk3 Col6a1 Dpt 

Mxra7 Lum Cnn2 

Lhfp Col5a1 Pcolce 

Eva1b Peg3  

Mfap5 Col6a2  
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Mmp23 Olfml3  

Pdlim2 Mmp2  

Efemp2 Mfap4  

Kdelr2 Tshz2  

Fkbp7 Igf1  

Ntrk2 Tgfbi  

Olfml3 C1qtnf2  

Fkbp10 Lpl  

Lum Cygb  

Fbn1 Tagln  

Myl9 Tpm2  

 

9.5 E9.5 Osr1 cluster gene lists 
Table 28: Top 50 gene signatures sorted by average 2FoldChange in the E9.5 Osr1 

dataset “find_all_markers” gene list for cluster: 0, 1 and 2 to predict cluster identities 

using the Angueira et al., 2021 P3 thoracic aorta dataset. 
 

CL0 CL1 CL2 

Ifitm1 mt-Nd1 Ccnb1 

Gm14226 mt-Rnr1 Aurka 

Rpa2 mt-Cytb Nusap1 

Ccne2 mt-Nd4 Ccnf 

Ifitm2 mt-Rnr2 Kif20a 

Hoxc10 mt-Nd2 Kif2c 

Rrm2 Il31ra Prc1 

Chaf1b mt-Co1 Ube2c 

Dck mt-Nd6 Ubb 

Snai1 mt-Nd5 Aurkb 

Arg1 Ubb Plk1 

Bcat1 Eef1a1 Kif22 

Cdc6 Tax1bp1 Psrc1 

Mfap2 Rpl32 Knstrn 

Mdk Dpf2 Kif23 

Dusp6 Lin7c Cenpf 
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Cdc45 Rps9 Cdc25c 

Mthfd1 Rpl37a Hmmr 

Isyna1 Ppp5c Bub1 

Klhl22 Rps3 Spc25 

Hoxb1 Nxf1 Ckap2l 

Pcna Ppia Arl6ip1 

Ppp1cb 9530068E07Rik Arhgef39 

Mcm7 Dnttip2 Cdc20 

Mfap4 Nubp2 Cenpl 

Snrpa Impa1 Kif11 

Maged1 Ap1m1 Ect2 

Nkd2 Pcid2 Bub1b 

Cacybp Prmt7 Sgo1 

Ccn1 Ttc4 Pimreg 

Uhrf1 Ythdf2 Tpx2 

Dcakd Kat7 Hjurp 

Mcm4 Vps35 Ncapg 

Ptma Gm8186 Bub3 

Mcm6 Phf6 Il31ra 

Ppa1 Seh1l mt-Rnr1 

Cdca4 Dnajb1 mt-Cytb 

Umps Gm15564 mt-Nd1 

Exo1 Atg4b mt-Nd4 

Dhfr Serinc1 Spdl1 

Sf3a3 Tug1 Racgap1 

Cdk2 Rpl4 Nde1 

Impdh2 Far1 mt-Co1 

Hoxb5os Tpd52l2 Ttk 

Cct8 Suv39h1 Gtse1 

Cdx4 Abcf2 Cip2a 

Car14 Bckdk Fgfr1op 

Psmc2 Sf3a1 Tex10 

Frzb Mtfr1l Ska3 

Hspe1 Nup62 Naa35 
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9.6 List of figures 

FIGURE# TITLE 

Figure 1 Adipose tissue response to ingestion 

Figure 2 Schematic depiction of adipocyte heterogeneity 

Figure 3 Anatomical location of brown and white adipose tissues 

Figure 4 The embryonic adipocyte lineage tree. 

Figure 5 Osr1 expression pattern during early mouse embryogenesis. 

Figure 6 The perivascular niche of adipose tissue 

Figure 7 Adipose tissue remodeling 

Figure 8 Structural organization of chromatin. 

Figure 9 HICEs engage in multiple types of chromatin interactions. 

Figure 10 HICE communities define lineage choice. 

Figure 11 Chromatin modifications describe the actual state of a cell. 

Figure 12 The regulatory cascade controlling adipogenesis. 

Figure 13 Extracellular regulators of adipogenesis. 

Figure 14 
Representative mapping of the Osr1+-E11.5 scRNAseq dataset 

to an equivalent reference 

Figure 15 11 cluster define the Osr1 cell pool at E11.5 

Figure 16 Gene ontology analysis of the main clusters cl0, cl1 and cl2 

Figure 17 
Merging clusters with the OSR1 expression map of an E11.5 

embryo 

Figure 18 
Identification of a pre-adipogenic signature in the Osr1+ scRNA-

Seq dataset 

Figure 19 The pre-BAT marker Ebf2 colocalizes with Osr1 expressing cells 

Figure 20 
Dlk1 and Osr1 co-express in proximity of the heart and along the 

abdomen 

Figure 21 OSR1+ cells in the dermomyotomal derivate 

Figure 22 First observed PPARg+ cells cluster near the embryonic heart 

Figure 23 
PAX7+ and OSR1+ cells merge only in distinct zones of the 

dermomyotome 

Figure 24 
Schematic representation – distribution of OSR1+ cells in the 

dermomyotome 
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Figure 25 OSR1 positive PPARg cells reside along the abdominal wall 

Figure 26 
Graphical summary of the OSR1, PAX7 and PPARg expression 

analysis 

Figure 27 pSMAD1/5/8+ cells localize around the early BAT vasculature 

Figure 28 BMP2 titration modulates Osr1 expression 

Figure 29 
Different BMP7 concentrations affect the time-course of Osr1 

expression 

Figure 30 
Osr1+ cells at E11.5 are high in expression of BMP downstream 

targets 

Figure 31 
OSR1+ and pSMAD1/5/8+ cells reside along the dorsal aorta at 

E11.5 

Figure 32 
At E11.5 the dorsal aorta compartment holds BMP activated 

OSR1+ cells 

Figure 33 The PPARg labeled cells are pSMAD1/5/8 negative at E11.5 

Figure 34 
Graphical summary: BMP activated cells map with the myogenic 

but not adipogenic cell pool 

Figure 35 E9.5 and E11.5 Osr1 progeny contribute to adipose tissue 

Figure 36 Quantification of the Osr1 lineage to adipose tissue contribution 

Figure 37 
E7.5 Osr1 progeny contribute to endothelial and interstitial cells 

of adipose tissue 

Figure 38 The E7.5 Osr1 lineage has various differentiation potentials 

Figure 39 
Representative mapping of the Osr1+-E9.5 scRNAseq dataset 

to an equivalent reference 

Figure 40 
Integration of the Osr1-object into a mouse gastrulation and 

early organogenesis dataset 

Figure 41 Integration of the E9.5-Osr1-dataset into the E11.5-object 

Figure 42 The distribution pattern of OSR1 at stage E9.5 

Figure 43 OSR1 is not expressed in the somites of stage E9.5 

Figure 44 Osr1 is not expressed in the early Myf5 lineage 

Figure 45 Osr1+ cells reside in the dorsal aorta at E9.5 

Figure 46 At E9.5 cl6 and cl1 holds mesoangioblast identity 

Figure 47 Ebf2 expression is diminished at E9.5 
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Figure 48 
Cl1 could serve as an alternative source for pre-adipogenic 

progenitors at E9.5 

Figure 49 The Mesoangioblast signature is recognized exclusively at E9.5 

Figure 50 E9.5 Osr1 descendants localize in proximity to the dorsal aorta 

Figure 51 
Graphical summary: A subset of the E9.5 Osr1 lineage arises 

from the dorsal aorta 

Figure 52 The Osr1 lineages hold distinct differences 

Figure 53 
E9.5 Osr1 progeny have lower adipogenic contribution at E14.5 

than the E11.5 Osr1 lineage 

Figure 54 The Osr1-dataset holds three distinctive states 

Figure 55 
The Osr1+ cell pool changes dynamically and so the source of 

pre-adipogenic progenitors too 

Figure 56 Adipose tissue is remarkably reduced in Osr1 KO embryos 

Figure 57 The Osr1 mutant has smaller brown adipose tissues 

Figure 58 PPARg+ cells of the Osr1 mutant proliferate less 

Figure 59 The adipogenic phenotype manifests between E12.5 to E13.5 

Figure 60 Osr1-knockout cells have reduced adipogenic capacity 

Figure 61 
Reduced levels of Osr1 attenuate the adipogenic capacity in 

Wt1 cells 

Figure 62 
The E9.5 Pax7 lineage co-expresses Osr1 in the 

dermomyotome derivate at stage E11.5 

Figure 63 
Little number of the E9.5 Pax7 descendants contribute to the 

early BAT 

Figure 64 The Osr1 deficient Pax7 lineage resides in the sBAT exclusively 

Figure 65 
The Myf5 lineage occupies the shoulder gridle compartment at 

E12.5 

Figure 66 
The MYF5Cre/+;Osr1fl/fl embryo mirrors the Osr1GCE/GCE BAT-

phenotype 

Figure 67 
The Osr1 deficient Myf5 lineage displays a persistent fat 

phenotype 

Figure 68 The embryonic Osr1 lineage complements the stromal vascular 
niche and provides adipocytes to the forming depot 

Figure 69 
FACS data support that the E11.5 and E12.5 Osr1 progeny 

merge with the Sca1+ cell pool in the stromal vascular niche 
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Figure 70 The embryonic Osr1 lineage resides in the stromal vascular nice 

Figure 71 Osr1+ cells clusters within the stromal vascular fraction 

Figure 72 Diet induced stress reduces Osr1+ expression 

Figure 73 
Osr1+ cells diminish or migrate out of their niche after cold 

induction 

Figure 74 
After stress induction: Osr1+ cells multiply, migrate and form 

adipocytes 

Figure 75 Osr1 deficient adipose tissue increased in weight 

Figure 76 
The E11.5 Osr1-lineage becomes myogenic in the absence of 

Osr1 

Figure 77 
Osr1 overexpression enables the adipogenic program in C2C12 

cells 

Figure 78 
Osr1GCE/GCE GFP+ cells are slightly more myogenic at E11.5 to 

E12.5 

Figure 79 
The dermomyotomal derivate harbors PAX7+/OSR1+/GLP+ 

cells 

Figure 80 
GLP and OSR1 show protein-protein interaction at E11.5 and 

E13.5 

Figure 81 
OSR1 Bio-ID identified epigenetic regulators of the adipogenic 

program 

Figure 82 
Proximity ligation assay confirmed OSR1-CEBP� and Osr1-

EP300 interaction 

Figure 83 
Adipogenic regulators peak in different cell types of the Osr1-

object 

Figure 84 The assignment of the Osr1 lineage to the adipogenic fate 
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9.7 Abbreviations 

  

aSMA Alpha smooth muscle actin 

ADRB3 b3-adrenergic receptor 

ADSCs Adipo-derived stromal cells 

AGM Aorta-gonadal-mesonephros 

APs Pre-adipogenic progenitors 

APs Pre-adipogenic progenitors 

ASPCs Adipogenic stem and precursor cells 

asWAT Anterior subcutaneous white adipose depot 

ATGL Adipose triglyceride lipase 

aw Abdominal wall 

axiWAT Axillary white adipose tissue 

BAT Brown adipose tissue 

bidest Bidistillated 

BMPs Bone morphogenic proteins 

bp Base pair 

Brd4 Bromodomain and extra terminal domain (BET) protein 

BSA Bovine serum albumin 

cBAT Cervical brown adipose tissue 

Cebpa CCAAT enhancer binding protein alpha 

Chip-Seq Chromatin immune precipitation DNA-Sequencing 

cl Cluster 

Cldn5 Claudin-5 

CLSs Crown-like structures 

Co-IP Co-immunoprecipitation 

CREB Camp response element-binding protein 

CTCFs CCCTC binding factors 

cv Cardinal vein 

da Dorsal aorta 

Dex Dexamethasone 

dmd Dermomyotomal derivate 
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DNA Deoxyribonucleic acid 

dpi Days post injury 

E Embryonic stage 

e.g. For example 

Ebf2 Early B cell factor-2 

ECM Extracellular matrix 

Ehmt1 or Glp Euchromatic histone-lysine N-methyltransferase 1 

En1 Engrailed homeobox 1 

ERAAs Estrogen receptor agonist/antagonist 

ESC Embryonic stem cell 

Fabp4 Fatty acid binding protein 4 

FACS Fluorescence-activated cell sorting 

FFA Free fatty acid 

Fig. Figure 

fl Floxed 

FOXOs Forkhead proteins 

GCE Egfp-Cre-ert2 cassette 

GCRs Glucocorticoid receptors 

GCs Glucocorticoids 

GFP Green fluorescent protein 

GM Growth medium 

h Hour 

HEC Hemogenic endothelial cell 

HICEs Highly interconnected enhancer communities 

HIF1 Hypoxia-inducible transcription factor 1 

hMSCs Human mesenchymal stem cells 

HoxB6 Homeobox B6 

HSCs Hematopoietic stem cells 

HSL Hormone-sensitive lipase 

i.e. that is 

iBAT / inscBAT Interscapular brown adipose tissue 

IBMX Isobutylmethylxanthine 
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IF Immunofluorescence  

IGF1 Insulin growth factor 1 

IL-6 Interleukin-6 

IM Intermediate mesoderm 

ingWAT Inguinal white adipose tissue 

inscWAT Interscapular white adipose depot 

KDR / FLK1 Vascular endothelial growth factor receptor 2 

KO Knockout 

latBAT Lateral brown adipose tissue 

Lhx1 Lim-type homeobox 1 gene  

Lin Lineage 

LPM Lateral plate mesoderm 

Ly6a / Sca1 Stem cell antigen 1 

MEFs Mouse embryonic fibroblasts 

Meox1 Mesenchyme homeobox 1 

MMP Metalloproteinases 

MSCs Mesenchymal stem cells 

mTmG Membrane tomato membrane GFP 

mWAT Mesenteric white adipose tissue 

Myf5 Myogenic factor 5 

MyHC Myosin heavy chain 

o/n Overnight  

Odd Odd-skipped 

ORO Oil red o 

Osr1 Odd skipped related gene 1 

paBAT Peri-aortal brown adipose tissue 

Pax2 Paired-box genes 2 

Pax3 Paired-box 3 

Pax7 Paired-box 7 

Pax8 Paired-box genes 8 

PCR Polymerase chain reaction 

PDGFRα Platelet derived growth factor receptor alpha 
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pgWAT Perigonadal white adipose tissue 

PI3K Phosphatidylinositol-3 kinase 

PLA Proximity ligation assay 

Plin Perilipin 

Pol II RNA polymerase II 

Pparg Peroxisome proliferator-activated receptor g 

prBAT Perirenal brown adipose tissue 

Prdm16 PR domain zinc finger protein 16 

Prx1 Paired related homeobox 1 

PTC Patched 

PVAT Perivascular adipose tissue 

PVDF Polyvinylidene fluoride membrane 

qPCR Quantitative polymerase chain reaction 

RFP Red fluorescent protein 

ROCK RHO-associated kinase 

RUNX2 Runt-related transcription factor 2 

rWAT Retroperitoneal white adipose tissue 

savWAT / submanWAT 
Salivary gland - or submandibular gland white adipose 

tissue 

sBAT / subscBAT Subscapular brown adipose tissue 

sc Single cell 

SDS-PAGE 
Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis 

SEM Standard error of mean 

Seq Sequencing 

SEs Super-enhancers 

SMCs Smooth muscle cells 

SMO Smoothened 

Sox10 Sry-related hmg-Box gene 10 

subWAT Subcutaneous white adipose tissue 

SVF Stroma vascular fraction 

TAD Topologically associated domain 



APPENDIX 

 209 

 

TAG Triacyl glycerides 

TAM Tamoxifen 

TFs Transcription factors 

TGFb Transforming growth factor-b 

TNF Tumor necrosis factor 

Tubb3 Beta 3 class III 

UCP1 Uncoupling protein 1 

v Vessel 

VEGFA Vascular endothelial growth factor A 

vWAT Visceral white adipose tissue 

WAT White adipose tissue 

wks Weeks 

WT Wildtype 

Wt1 Wilms tumor 1 suppressor gene 

X-Gal 5-bromo- 4-chloro-3-indolyl-β-D-galactopyranoside 


