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1 LIST OF ABBREVIATIONS 

11β-HSD1  11-β-hydroxysteroid dehydrogenase type 1  

15dPGJ2  15 deoxy- Δ12-14 prostaglandin J2 

ADD1   Adipocyte Determination and Differentiation factor 1 

BAT   Brown Adipose Tissue 

BMI   Body Mass Index 

C/EBP   CAAT enhancer binding protein  

CBTZ   Clobetazol 

CC   Corticosterone 

CREB   cAMP-Responsive Element Binding 

DAPI   4', 6-diamidino-2-phenylindole 

Dexa   Dexamethasone 

DMEM  Dulbecco’s Modified Eagle’s Medium 

FBS   Fetal Bovine Serum 

FLTZ   Fluticazone  

GC    Glucocorticoids 

GIANTS  Genetic Investigation of ANthropometric Traits 

HC   Hydrocortisone 

HFD   High Fat Diet 

IBMX   Isobutyl-methylxanthine 

IgG   Immunoglobulin G 

LAP   Liver-enriched Activating Protein 

LIP   Liver-enriched Inhibitory Protein 

LMO3   LIM-Domain Only protein 3 

LPL   Lipoprotein Lipase 

MAPK   Mitogen-activated protein kinase 

MMLV   Moloney Murine Leukemia Virus 

P   Phosphorylation 

PBS   Phosphate Buffered Solution 

PBST   Phosphate Buffered Solution Tween 

PPAR   Peroxisome Proliferator Activated Receptor 

PPRE   Peroxisome Proliferator Response Element 

PRD   Prednisone 
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PVDF   Polyvinylidene fluoride 

RT   Room Temperature 

RXR   Retinoid X Receptors 

SAT   Subcutaneous Adipose Tissue 

SNP   Single Nucleotide Polymorphism 

SREBP  Sterol Regulatory Element-Binding Protein 

T3   Triiodothyronine  

TZD   Troglitazone  

UCP-1  Uncoupling Protein-1 

WAT   White Adipose Tissue 

WHO   World Health Organization 

VAT   Visceral Adipose Tissue 
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2 ENGLISH ABSTRACT 

The worldwide epidemic of obesity has amplified throughout the last decades, 

highlighting the importance of understanding energy intake and -expenditure, 

including the mechanisms regulating adipogenesis i.e. the development of fat cells. 

Elevated active intracellular glucocorticoid (catalysed by the enzyme 11β-

hydroxysteroid dehydrogenase type-1 (11βHSD1)) in adipose tissue, has been shown 

to result in increased visceral obesity. Through genomic screening we highlighted Lim 

domain only 3 (LMO3) to be induced throughout glucocorticoid stimulated adipocyte 

differentiation. This human GC-dependant adipose gene (LMO3) was identified for the 

first time in a depot-specific manner and visceral, but not subcutaneous LMO3 levels 

were tightly correlated with 11βHSD1 expression. In early human adipose stem cell 

differentiation, GCs induced LMO3 via a positive feedback mechanism by 11βHSD1 

and the GC receptor, additionally regulated by CEBPβ. No such induction was 

observed in murine adipogenesis, emphasising its human specificity. Using both a 

gain- and loss of function model, LMO3 overexpression promoted-, while silencing of 

LMO3 suppressed adipogenesis, via selective induction of the proadipogenic PPARγ-

axis. In summary, fat depot variances of LMO3 expression could play an important 

role in adipocyte differentiation and triglyceride accumulation, ultimately contributing 

to the detrimental redistribution and function of adipose tissue in metabolic syndrome 

in response to high GCs. 
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3 GERMAN ABSTRACT 

Aufgrund der weltweiten Fettleibigkeits-Epidemie bedarf es der Entwicklung eines 

fundierten Verständnisses der physiologischen Systeme, welche nicht nur die 

Energiebilanz und Energiespeicherung,  sondern auch die Entwicklung von Fettzellen 

(sog. Adipogenese) steuern. Es ist bekannt, dass intrazellulär erhöhte, aktive 

Glukokortikoidspiegel (katalysiert durch das Enzym 11β-

Hydroxysteroiddehydrogenase Typ-1 (11βHSD1)) in Fettgewebe, zu einer erhöhten 

viszeraler Fettbildung führen. Basierend auf  genomischen Screenings konnte ich 

zeigen, dass Glukokortikoide (GC) für die Bildung von Lim domain only 3 (LMO3) im 

Rahmen der Adipozytendifferenzierung verantwortlich sind. Dieses menschliche, GC-

abhängige Adipozyten-spezifische Gen (LMO3), wurde hier zum ersten Mal in einer 

Fettdepot-spezifischen Art identifiziert, und darüberhinaus waren nur viszerale, nicht 

aber subkutane LMO3 Spiegel eng mit der Expression von 11βHSD1 korreliert. GCs 

induzieren in der frühen Phase der Adipozytendifferenzierung LMO3 über einen 

11βHSD1 und GC-Rezeptor abhängigen, positiven Feedback-Mechanismus, der 

zusätzlich von CEBPβ reguliert wird. Keine solche Induktion wurde in der murinen 

Adipogenese beobachtet, und dadurch eine Spezifität  für den menschlichen 

Organismus hervorhebt. Unter Verwendung von Modellen, die eine Verstärkung oder 

einen Funktionsverlust von LMO3 bedingen, konnte gezeigt werden, dass eine 

Überexpression von LMO3 die Adipogenese fördert, während eine Unterdrückung von 

LMO3 die Adipogenese blockiert; und zwar durch eine selektive Induktion der 

proadipogenen PPARg-Achse. Zusammenfassend kann festgehalten werden, dass 

Veränderungen der LMO3 Expression in  spezifischen Fettdepots eine wichtige Rolle 

bei der Adipozytendifferenzierung und Triglyceridakkumulation spielen, und letztlich, 

hervorgerufen durch erhöhte GC Spiegel, zu einer nachteiligen Umverteilung und 

Funktion des Fettgewebes im metabolischen Syndrom führen können. 

 

 

 

 

 

 

 



 

4 INTRODUCTION 

During the last 30 years the knowledge that obesity is becoming an epidemic in 

industrialized societies has produced a mountain of papers covering various aspects 

of the field; obesity, metabolic syndrome, stroke, hypertension, cardiovascular 

disorders and type 2 diabetes. The world Health Organization (WHO) quantified the 

worldwide distribution in 2008 to be 35 % of adults over the age of 20 as overweight, 

while 10 % of men and 14 % of women were obese. The terminology of overweight 

and obese are based on body mass index (BMI) values classified for overweight as ≥ 

25 kg/m2 (i.e. weight in kg divided by square height in m) and obese ≥ 30 kg/m2. 

(World Health Organization, 2012a) These figures are clearer when stated as more 

than half a billion adults worldwide are classified as obese, or by viewing the 

worldwide distribution map of obesity with BMI ≥ 30 kg/m2 below.  

 
Figure 1. The  prevelance of obesity*, ages 20+, both genders. 2008. Middle Eastern countries, 

North America and South Africa have the highest prevalence of obesity. Modified (World Health 

Organization, 2012b). 

 

Clear correlations have been established between an increased BMI and coronary 

heart disease, type 2 diabetes and stroke (Colditz et al., 1990; Kurth et al., 2002; 

Manson et al., 1990; Sanada et al., 2012); specifically an increased waist to hip ratio 

(i.e. abdominal adiposity) correlates with these disorders (Folsom et al., 1990). The 

epidemic of obesity has increased the urgency for elucidating mechanisms regulating 

potentiation of fat cell formation (termed adipogenesis) and distribution of body fat.  
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4.1 THE “APPLE” AND ”PEAR” OF  BODY FAT DISTRIBUTION 

First it is important to address the various types of fat present in humans namely 

brown adipose tissue (BAT), white adipose tissue (WAT) and now also beige fat (Wu 

et al., 2012). Morphologically these depots are distinctly different, BAT being 

multilocular and brownish due to high content of mitochondria and WAT being 

unilocular and having a whitish appearance (Cinti, 2005). Beige fat cells (like white fat 

cells) express low levels of UCP-1 (a protein found in BAT that enables respiration 

uncoupling producing chemical heat), but are responsive to cAMP stimulation 

ultimately increasing respiration rates via UCP-1 (Wu et al., 2012).  BAT expands in 

humans primarily in utero, possibly to maintain infant body temperature as it 

participates in thermogenesis, then it gradually diminishes in abundance with age 

localizing to the supraclavicular, paravertebral and periadrenal regions in adults 

(Frontini and Cinti, 2010; Nedergaard et al., 2007). As of yet the physiological 

significance of BAT in human adults is still unclear. For smaller mammals such as 

rodents, copious amounts of BAT are maintained throughout their lifespan to maintain 

body temperature (Wu et al., 2012). White adipose tissue is the main type of adipose 

tissue in humans and is distributed in subcutaneous regions (termed subcutaneous 

adipose tissue SAT) and visceral regions surrounding organs (termed visceral 

adipose tissue VAT). Variations of white fat distribution have gained considerable 

interest due to their association with metabolic disorders. Increased visceral obesity or 

the “apple shape”, is associated with high risk of developing metabolic disease, 

whereas subcutaneous adipose tissue (SAT) obesity or “the pear shape”, presents 

little or no risk (Kissebah and Krakower, 1994), and may even be protective (Hallakou 

et al., 1997; Spiegelman, 1998; Tanko et al., 2003; Tran et al., 2008). It is thought that 

these depot variations are owed to distinct developmental programmes or varying 

endocrine and paracrine signals found in each depot (Ibrahim, 2010).  

 

When energy intake exceeds energy expenditure the adipose organ increases in 

white matter. Figure 2 depicts the changes in adipocyte cell number (termed 

hyperplasia) and cell size (termed hypertrophy) taking place throughout onset of 

obesity (Arner and Spalding, 2010). There is an appealing maximal cell volume 

hypothesis referred to as the “critical fat cell size” claiming that once an adipocyte has 

reached its maximum volume and can no longer further expand, a trigger causes an 

increase in cell number (Arner et al., 2011; Bjorntorp, 1991).  However, to date long 



 

term studies during human onset of obesity quantifying hypertrophy and hyperplasia 

are lacking making it impossible to prove this hypothesis or whether this is a reflection 

of a predisposed population (i.e. pre-adulthood fat cell number) or adipocyte 

recruitment in adulthood. 

 
Figure 2. Adipocyte transformation throughout obesity onset. Notice an increase in both 

hyperplasia and hypertrophy, the more obese a human becomes. (Arner and Spalding, 2010)  

 

4.2 GLUCOCORTICOIDS AND HUMAN PHYSIOLOGY 

Endogenous glucocorticoids (GCs) are secreted from the adrenal cortex under 

influence of the hypothalamic-pituitary-adrenal axis, in response to stress. The stress 

response often referred to as the “fight or flight” response essential for survival has 

multi-systemic effects including regulation of blood pressure, cellular energy 

metabolism, salt and water balance and immune function.  (Macfarlane et al., 2008) 

 

In humans, GCs under normal physiological conditions predominately play a role in 

cellular growth and development, cortisol constituting the main GC in humans 

(Macfarlane et al., 2008). One outstanding aspect in adipocyte biology is to verify 

molecular differences between different types of fat cells (addressed above) and the 

contributions of extrinsic factors to fat depot-specific development. It is thus far known 

that GCs are among such depot-determining extrinsic factors and distinctly promote 

adipogenesis (Abdou et al., 2011; Morton, 2010; Tomlinson et al., 2006; Tran and 

Kahn, 2010; Wiper-Bergeron et al., 2007). The adipogenic-enhancing properties of 
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GCs are most obvious in the truncal obesity of patients with Cushing’s syndrome, 

which is a direct consequence of elevated adrenal GC production succeeding a 

pituitary adenoma (Boscaro et al., 2001). Similarly, the development of truncal obesity 

is a side effect of exogenous GC (immunosuppressive) therapy (McDonough et al., 

2008). One important property of cortisol is upregulation of glucose production, 

counteracting effects of insulin, therefore prolonged elevation of cortisol as in 

Cushing’s syndrome or obesity can lead to type 2 diabetes (Harno and White, 2010). 

 

The effects of GCs are mediated via the nuclear glucocorticoid receptor (GR) widely 

expressed in most cell types. The GR is a ligand activated transcription factor, and 

when non-ligand bound it locates to the cytoplasm and upon ligand binding 

translocates to the nucleus. Here it binds as a homodimer (i.e. two GRs) to the GC-

response elements (GREs) in the promoter or enhancer regions of target genes, 

ultimately modulating gene transcription. (Schacke et al., 2002) 

 

Current therapies aimed at reducing obesity have so far shown inadequate long-term 

success; therefore an improvement in our understanding of the molecular 

mechanisms regulating WAT formation is critical for developing new therapies to treat 

obesity and its related disease. It has become of great therapeutic interest to broaden 

our knowledge of the glucocorticoid activating enzyme 11β-HSD1 as in vivo 

transgenic mice overexpressing the GC-activating enzyme (see Figure 3) 11-βHsd1 in 

fat have the same level of enzyme in various fat depots but develop only visceral 

obesity (Masuzaki et al., 2001). Conversely, 11β-Hsd1 knockout mice are resistant to 

visceral fat accumulation (Morton et al., 2001). Interestingly higher activity of 11β-

HSD1 have been found in visceral fat from obese humans (Wake and Walker, 2004; 

Walker and Andrew, 2006). In particular, correlations have been made between local 

syntheses of the enzyme and GCs, playing a role in insulin resistance in adipocytes 

(Lundgren et al., 2004).  



 

 
Figure 3. Cortisol regeneration is conveyed by 11β-HSD1. (A) Indicated the inactive form of cortisol 

termed cortisone. (B) Shows the active form cortisol. (Harno and White, 2010) 

 

Numerous pharmaceutical companies are currently developing this new class of 

drugs (11β-HSD1 inhibitors) and have supposedly reached phase II clinical trials 

(Boyle and Kowalski, 2009). In 2008, Bujalska et al. showed in human derived 

adipocytes results of inhibited adipocyte differentiation upon addition of the enzyme 

inhibitor (Bujalska et al., 2008). More papers are now becoming available showing 

small scale human study data of 11β-HSD1 inhibition improving glucose levels, lipid 

profiles and insulin sensitivity (Boyle and Kowalski, 2009; Wang et al., 2012).  

 

4.3 ADIPOGENESIS  

The progenitor cells for human adipocytes are the mesenchymal stem cell, which 

depending on stimuli can also develop into chondrocytes, osteoblasts or myoblasts 

(Gesta et al., 2007; Gregoire et al., 1998; Lowe et al., 2011). New adipocytes form 

constantly and via carbon-14 dating Spalding et al. have shown that approximately 

every 8 years half of human subcutaneous adipocytes are replaced (10 % annually in 

adults) (Spalding et al., 2008), a concept strengthened by detection of adipocyte 

differentiation markers in aged mice (Gregoire et al., 1998).  

 

Adipocyte differentiation is a complex process (depicted in Figure 4) following a 

precise and tightly regulated molecular cascade were in human- (as opposed to 

murine-) adipocyte growth arrest is followed by early and late differentiation (Rosen 

and Spiegelman, 2000). This process can be influenced by a hoard of factors such as: 

circadian rhythm factor nocturin has been shown to co-activate the proadipogenic 

master regulator PPARγ (Kawai et al., 2010); canonical Wnt signalling has been 
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shown to inhibit adipogenesis (Kennell and MacDougald, 2005; Takada et al., 2009) 

as for the hedgehog signaling pathway (Pospisilik et al., 2010; Todoric et al., 2011); in 

addition to internal signals cell shape can also determine the process of adipogenesis, 

i.e. if the cells are rounder they easier transform into adipocytes, whilst if they are 

more stretched in appearance they favour osteogenesis (Kilian et al., 2010) and 

stiffness of the extracellular matrix specifically presence of membrane-anchored 

metalloproteinase (MT1-MMP) promotes adipogenesis (Chun et al., 2006); growth 

factor abundance like the insulin-like growth factor 1 (Kawai and Rosen, 2010) and 

the transforming growth factor-β super family ligands are crucial for adipogenic 

competency (Zamani and Brown, 2011).   

 
Figure 4. Adipogenesis at a glance. (Lowe et al., 2011) 

 

Studies describing the molecular cascade regulating adipogenesis have relied mostly 

on a murine clonal cell line known as 3T3-L1, which were derived from a mouse 

embryonic fibroblast line, not human adipose tissue (Ailhaud and Hauner, 1997; 

Green and Meuth, 1974; Gregoire et al., 1998). Therefore, factors determining 

differentiation of human derived primary preadipocytes (from variable fat depots 

specifically) remain largely unknown (please see 6.1 Adipocytes used throughout the 

study). Identification of human specific factors is of fundamental importance and 

ultimately might translate into clinical interventions.  
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Presently it is known that once preadipocytes have committed to the adipogenic 

program the transcriptional cascade is initiated. Three main classes of transcription 

factors have been termed as master regulators including peroxisome-proliferator 

activated receptor-γ (PPARγ), CAAT enhancer binding proteins (C/EBPs) and sterol 

regulatory element-binding protein-1c (SREBP1c) (Ramji and Foka, 2002; Rosen et 

al., 2000). Below these master regulators are briefly addressed.   

 

4.3.1 PPARγ 

PPARs are members of the nuclear receptor family and have been subdivided into 

PPARα, PPARβ and PPARγ where the later can be further divided into two distinct 

isotypes PPARγ1 and 2 (Burns and Vanden Heuvel, 2007; Farmer, 2006; Tontonoz 

and Spiegelman, 2008). PPARγ1 is expressed in many tissues while PPARγ2 is 

expressed in a more adipose-selective manner and regulates hundreds of genes 

(Burns and Vanden Heuvel, 2007; Farmer, 2006). PPARs include distinct functional 

domains namely: the N-terminal transactivation domain (ligand independant domain 

which is referred to as AF-1), a DNA-binding domain (DBD) and a C-terminal ligand 

binding domain (referred to as LBD) where dimerization with retinoid X receptors 

(RXR) occurs, ultimately binding to specific target DNA regions termed peroxisome 

proliferator response elements (PPREs) displayed in Figure 5 below (Fajas et al., 

1997; Farmer, 2006; van et al., 2009). 

 
Figure 5. PPARγ protein domain structure. Notice that γ1 and γ2 are separated by 30 amino acids 

at the N terminus. The S112 phosphorylation site is also seen in the AF-1 region. Modified from 

(Tontonoz and Spiegelman, 2008).  

 

Interestingly the AF1 region has large impact on the transcriptional ability of the 

receptor as site S112 of PPARγ can be phosphorylated by mitogen-activated protein 

kinase (MAPK) ERK 1/2 or p38 shown to repress its transcriptional and adipogenic 

function (Camp et al., 1999; Tontonoz and Spiegelman, 2008; van et al., 2009). In the 

mid-nineties it was published that a polyunsaturated fatty acid was a natural ligand for 

PPARγ, namely 15 deoxy- Δ12-14 prostaglandin J2 (15dPGJ2) (Forman et al., 1995; 
 11
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Kliewer et al., 1997).  However, today this is under some debate i.e. a natural ligand 

for PPARγ remains unresolved, for the following reasons: The binding affinity for the 

ligand is below affinities of most other nuclear hormone receptors and their ligands 

suggesting it is unlikely to be present at sufficient levels for biological relevance 

(Rosen and Spiegelman, 2000; Tontonoz and Spiegelman, 2008) and 15dPGJ2 has 

been shown to affect signaling pathways completely unrelated to PPARγ (Rosen and 

Spiegelman, 2000).  

 

Upon hormonal treatment of preadipocytes (growth medium including 

dexamethasone, insulin and Isobutyl-methylxanthine) C/EBPß and δ are activated 

and subsequently bind directly to the PPARγ promoter. Followed by active PPARγ 

switching on C/EBPα which itself then creates a feed-back loop and binds to the 

C/EBP site in the PPARγ promoter. (Cristancho and Lazar, 2011; Tontonoz and 

Spiegelman, 2008) PPARγ has been shown to solely initiate the entire adipogenic 

program (Tontonoz et al., 1994) and white adipose tissue specific pparγ knockdown 

mice have authenticated PPARγ as the master regulator of adipogenesis as the mice 

developed severe lipodystrophy (Koutnikova et al., 2003). Ultimately the activation of 

master regulator PPARγ binds to numerous PPREs further promoting the adipogenic 

program of triglyceride uptake and storage via lipoprotein lipase (LPL), adiponectin, 

fatty acid binding protein/aP2 (FABP) and Glut4 (Tontonoz and Spiegelman, 2008).  

 

An effective class of oral anti-diabetic drugs are the thiazolidinediones, which improve 

insulin sensitivity in patients with type 2 diabetes and they have been found to be 

direct and high affinity ligands for PPARγ (Hauner, 2002; Kahn and McGraw, 2010; 

Tontonoz and Spiegelman, 2008). Thiazolidinediones induce a conformational change 

in the PPARγ-RXR complex, displacing co-repressors promoting binding to PPREs 

(Hauner, 2002). Treatment with these oral anti-diabetic compounds, improves insulin 

sensitivity presumably by promoting PPARγ stimulated lipid loading of subcutaneous- 

more than visceral derived adipocytes, ultimately removing excess free fatty acids 

from ectopic storage in liver (Carey et al., 2002; Kahn and McGraw, 2010; Maggs et 

al., 1998). Additionally they act by decreasing TNFα release from adipocytes which 

are known to contribute to insulin resistance (Hotamisligil and Spiegelman, 1994; 

Tontonoz and Spiegelman, 2008). Paradoxically patients often observe weight gain 



 

either from fluid retention or increased fat cell mass, but remain more insulin sensitive 

(Hauner, 2002; Kahn and McGraw, 2010).  

 

4.3.2 C/EBPS 

During early adipogenesis elevated cAMP in growth medium stimulate C/EBPß 

(growth medium with IBMX) mediated via the transcriptional activator cAMP-

responsive element binding (CREB), which becomes phosphorylated (Zhang et al., 

2004). C/EBPß and -δ as mentioned above act to induce expression of C/EBPα and 

PPARγ (Cristancho and Lazar, 2011). CEBPs in general are widely expressed 

transcription factors and have a developmental role in many cell types. In 

preadipocytes, GCs are essential for terminal adipogenesis (Hauner et al., 1989; 

Masuzaki et al., 2001; Newell-Price et al., 2006; Tomlinson et al., 2006), in part 

through GC receptor-mediated regulation of C/EBPβ transcriptional activity 

(Tomlinson et al., 2006; Wiper-Bergeron et al., 2007). C/EBPβ is required for binding 

of other vital transcription factors such as the RXR (Steger et al., 2010). However, a 

detailed downstream signaling cascade underlying the differentiation-potentiation 

properties of steroids is incomplete.  

 

C/EBPβ has three isoforms that differentially regulates gene expression: liver-

enriched activating protein (LAP1), LAP2 and liver-enriched inhibitory protein (LIP) 

(Xiong et al., 2001). Figure 6 depicts the three isoforms and as the name entails the 

LAP isoforms 1 and 2 activate transcription, while the shorter LIP isoform (lacking the 

activation domain) inhibits transcription through a passive heterodimerization-

dependant mechanism (Abdou et al., 2011). 

 

Figure 6. Schematic illustration of C/EBPβ isofroms. LAP 1 and 2 include the N termina activation 

domains (light blue), while the bZip domain is common to all three isoforms (dark blur).  (Gomis et al., 

2006) 
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4.3.3 ADD1/SREBP1 

A member of the helix-loop-helix-leuzine zipper family of transcription factor namely 

the adipocyte determination and differentiation factor 1 (ADD1) has been found to 

bind the sterol regulatory element binding protein 1 (SREBP1) and plays a role in 

adipogenesis and cholesterol homeostasis (Fajas et al., 1999; Kim and Spiegelman, 

1996). Shown by a dominant negative ADD1/SREBP1c nuclear targeted 3T3-L1 cells, 

completely abolishing differentiation of preadipocytes (Rosen et al., 2000). ADD1 is 

expressed at high levels in liver and both BAT and WAT (Kim and Spiegelman, 1996), 

and the ADD1/SREBP1c is proadipogenic by inducing PPARy transcription through 

binding to response elements in the PPARy1 promotor region (Fajas et al., 1999).   

 

4.4 LMO3 

LIM-domain only protein 3 or LMO3 is one gene that emerged from our genome 

screen approach (please go to Section 5 Aim of study on page 16) and was found to 

be upregulated throughout human adipocyte differentiation.  LIM-domain only proteins 

(LMOs), which consist of at least 4 members (LMO1-4), are involved in differentiation 

during embryonic development and controlling cell growth and determining cell fate 

(Dawid et al., 1998; Hui et al., 2009; Tse et al., 2004). The LIM domain is a highly 

conserved cysteine-rich zinc finger–like motif (specifically two zinc finger domains that 

are separated by two amino acids, as shown in Figure 7 below)  acting as a protein-

protein interaction site and found throughout eukaryotes (Zheng and Zhao, 2007).  

 
Figure 7. Tandem LIM domain. Purple circles numbered 1-8 emphasize the zinc binding residues of 

the zinc finger like motifs (namely Cys, His and Asp residues (see Figure 8 below)). (Kadrmas and 

Beckerle, 2004) 

 

LMO3 consists of two tandem repeats of the LIM domains (referred to as LIM1 and 

LIM2) plotted below for humans and mice in Figure 8. A remarkable conservation for 

each LMO protein sequence between mice and humans can be noted and similarity 
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between LMO1 and LMO3 is apparent (Tse et al., 2004). It has been suggested that 

due to their structure consisting of solely the LIM domains, their functions could be as 

an adaptor or scaffold bringing other components together in a complex referred to as 

a multimeric protein complex (Dawid et al., 1998; Kadrmas and Beckerle, 2004). 

Although most LMOs are thought to predominately function in the nucleus, they do not 

contain a nuclear localisation sequence, meaning that subcellular localisation of the 

LMOs can vary (Hui et al., 2009).  

 

 
Figure 8. Protein sequence alignment of LIM1 and LIM2 domains in the LMO family.  Underlined 

letters are residues involved in zinc binding. * represent identities. (Tse et al., 2004) 

 

The notion that developmental and patterning genes might play a role in the 

differential development of various adipose tissue depots has previously been 

published (Cantile et al., 2003; Gesta et al., 2006; Gesta et al., 2011; Tchkonia et al., 

2007; Vohl et al., 2004). The fact LMO3 plays a developmental role (Zheng and Zhao, 

2007) makes it an interesting candidate controlling (depot-specific) adipocyte 

differentiation. As of yet, LMO3 dependant regulation of physiological processes in 

humans is unknown.  
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5 AIM OF STUDY 

We analysed the transcriptome of primary human adipose stem cells 

(”preadipocytes”, termed herein: hASC (Mikkelsen et al., 2010; Tran and Kahn, 

2010)), isolated from SAT, undergoing differentiation by adding GC to the growth 

medium of the cells. From the genomic screen approach, several potential adipogenic 

markers were derived. The adipogenic markers that had a previously unknown 

function in human adipogenesis and had significant fold change throughout 

differentiation lead us to investigate LMO3. It has been my overall goal to investigate 

and characterise the role of this novel human adipogenic marker in adipogenesis and 

adipose tissue biology.  

 

Well-established methodologies have been applied throughout the study: i) 

identification of the signaling cascade resulting in induction of this gene ii) 

endogenous levels (mRNA and protein) of the gene during various developmental 

stages of adipocyte differentiation i.e. from immature pre-adipocytes to fully 

differentiated mature adipocytes as well as subcellular distribution throughout 

differentiation iii) determination of the role of the transcriptional regulator in metabolic 

physiology in vitro, using pair-wise gain-of-function and loss-of-function techniques iv) 

promoter analysis v) distribution in various anatomically distinct fat depots throughout 

the body and ultimately vi) identification of the molecular mechanisms underlying 

adipogenic effects. Analysis and classification of this genomic regulator will provide 

insight into novel transcriptional pathways in adipocyte biology, which should enable 

us to develop rational therapies for metabolic diseases provoked by glucocorticoids 

involving adipocytes, such as obesity.  
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6 EXPERIMENTAL PROCEDURES 

6.1 ADIPOCYTES USED THROUGHOUT THE STUDY 

6.1.1 HUMAN PREADIPOCYTE ISOLATION 

Human visceral adipose tissue (VAT) was obtained from patients undergoing elective 

abdominal surgery. While, human subcutaneous adipose tissue (SAT) was obtained 

from healthy individuals undergoing lipoaspiration. Work throughout this thesis was 

approved by the ethics committee of the Medical University of Vienna and the General 

Hospital of Vienna (EK no. 1115/2010). All patients gave written informed consent 

before taking part in the study.  

 

Figure 9 depicts the following procedure: Minced adipose tissue was washed in 

Dulbecco's Modified Eagle Medium (DMEM) (PAA) several times, thereafter digested 

with a mixture of 1 mg/ml collagenase type II (Worthington), 50 units/ml 

deoxyribonuclease I (Sigma) and a 10 % BSA solution in DMEM, supplemented with 

50 µg/ml gentamicin (Gibco) for 3 times 20 minutes in a shaking waterbath at 37°C. 

After each 20 minutes digesting fat was pipetted up and down using the pipette boy 

accelerating the isolation process. Cells were filtered through a 100-µm nylon filter 

and centrifuged for 8 minutes at 200 g. The floating mature adipocytes were removed 

and remaining SVF pellet was washed, followed by centrifugation as before. 

Erythrocytes in the SVF pellet were lysed in an erythrocyte lysis (hypotonic) buffer 

(Qiagen) for exactly 5 minutes at RT, cells were then centrifuged as before and the 

cell pellet resuspended in DMEM/Ham's F12 (PAA), 50 µg/ml gentamicin, and 10% 

fetal bovine serum (PAA). The final cell pellet was thereafter filtered through a 20-µm 

nylon mesh. Isolated cells were incubated at 37°C with 5% carbon dioxide. 



 

 
Figure 9.  Descriptive image showing isolation of adipose stem cells from a human white adipose 

tissue lipoaspirate. 

6.1.2 MOUSE PREADIPOCYTE ISOLATION 

Male WT Black/6J mice (The Jackson Laboratory) were sacrificed at week 6 of age. 

Perigonodal fat pads were excised and cut into small pieces in DMEM then 

transferred into 50 ml falcon tubes with a cut 1 ml pipette tip. Isolation procedure was 

thereafter as for human adipose tissue as described above. High fat diet (HFD) 

composed of 20 % protein, 20 % carbohydrate and 60 % fat. (D12492, Taconic) was 

given ad libitum to mice for a period of 10 weeks. 

6.1.3 SIMPSON-GOLABI-BEHMEL SYNDROME  

Our Simpson-Golabi-Behmel Syndrome (SGBS) cells were kindly provided by 

Professor Martin Wabitsch from the Division of Paediatric Endocrinology and 

Diabetes, Department of Paediatrics and Adolescent Medicine, University of Ulm, 

Ulm, Germany. SGBS is a rare genetic disorder and was first published in 1984 as a 

combination of X-linked mental retardation, midline craniofacial defect and pre- and 

post natal overgrowth (Golabi and Rosen, 1984). Today SBGS cells are a common 

tool used to study human obesity. The SGBS cell line derived from subcutaneous 

white adipose tissue from an individual with Simpson-Golabi-Behmel Syndrome and 

exhibit a high capacity to differentiate into mature adipocytes with functionally and 

biochemically similarities to human adipocytes (Wabitsch et al., 2001).  
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6.1.4 3T3-L1 CELLS 

A cell line derived from a mouse embryonic fibroblast line 3T3 (first isolated in 1974 

(Green and Kehinde, 1974)) is today extensively used to study. It has similar 

characteristics to human derived preadipocytes in that they can load triglycerides, are 

insulin sensitive, undergo a growth arrest phase then differentiate with an early and 

terminal phase and express adipocyte –specific genes (Cristancho and Lazar, 2011). 

However, 3T3-L1 cells undergo a mitotic clonal expansion phase prior to 

differentiation, not seen in primary preadipocytes derived from human adipose tissue 

(Entenmann and Hauner, 1996).  

 

6.2 HUMAN AND MURINE ADIPOCYTE DIFFERENTIATION.  

To induce differentiation, human adipose stem cells were incubated for 10 to 13 days 

in differentiation medium: DMEM/Ham's F12 with 10% Fetal Bovine Serum (FBS), 33 

µM biotin, 1 ug/ml transferrin, 1 nM triiodothyronine, 870 µM human insulin, 17 µM 

pantothenic acid, 5 µM troglitazone (TZD), and for the first 3 days 1 µM 

dexamethasone, 500 µM 3-isobutyl-1-methylxanthine (IBMX) (all from Sigma). Murine 

derived adipose stem cells were differentiated with dexamethasone, insulin, IBMX and 

TZD in above concentrations for 3 days. For both murine and human cells 

differentiation media was replaced after 3 days with fresh differentiation medium 

(excluding dexamethasone and IBMX) and cells were differentiated for a further 7 to 

10 days.  

 

Figure 10. Confocal microscope image of a lipid loaded day 8 differentiated human adipose 

stem cell. Lipid droplets stained with Perilipin (green), LMO3 (red) and DAPI (blue). 

Immunofluorescent staining material and methods described under 6.9. Immunofluorescence 

microscopy.  
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 A short description of each component of the adipogenic cocktail follows: 

Like most cell culture systems the growth medium used here namely DMEM/Ham's 

F12 contains mitogens encouraging cell growth. Addition of growth factors in the form 

of FBS to both culture- and differentiation medium of human adipose stem cells poses 

an inconsistency in literature. In our culture systems the primary cells were always 

cultured with 10 % FBS. Biotin is a vitamin and not present in DMEM medium and is 

therefore added as a supplement. It is important for energy and amino acid 

metabolism and fatty acid synthesis (Sigma Aldrich, 2012a). Transferrin is a 

physiological way of providing iron to cells in culture. Transferrin isotypes are 

glycoproteins and can be found in biological fluids such as cerebrospinal fluid serum 

and synovial fluid (Sigma Aldrich, 2012c). Triiodothyronine (T3) is a thyroid hormone 

found in many tissues during development, regulating genes important for adipocyte 

differentiation (specifically PPARs) (Obregon, 2008). Insulin is vital for successful 

adipocyte differentiation acting through the insulin receptor and via activating the 

phosphoinositide-3-kinase/Akt pathway (Tomlinson et al., 2010). Pantothenic acid 

also known as vitamin B5, is vital for synthesis of coenzyme A and the metabolism of 

carbohydrates, fats and proteins (Sigma Aldrich, 2012b). Troglitazone (TZD) a PPARγ 

ligand effects described above under 4.3.1 PPAR. Dexamethasone is a glucocorticoid 

ligand effects described above under section 4.2. Glucocorticoids and human 

physiology. IBMX is a phosphodiesterase inhibitor ultimately raising cyclic AMP levels 

(Bunnell et al., 2008) which amongst other properties potentiates differentiation by 

suppressing hedgehog activation (Pospisilik et al., 2010). 

 

6.3 GENE EXPRESSION PROFILING.  

Total RNA was isolated with the RNeasy Mini kit in accordance with manufacturer’s 

protocol (Qiagen). For GeneChip anaysis totalRNA (200 ng) was used. Preparation of 

terminal-labeled cDNA, hybridization to genome-wide human Gene Level 1.0 ST 

GeneChips (Affymetrix) and scanning of the arrays were carried out according to 

manufacturer’s protocols (https://www.affymetrix.com. Robust Multiarray Average 

(RMA) signal extraction, normalization and filtering were performed as described 

(www.bioconductor.org/) (Tauber et al., 2010).  
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To identify LMO3 target genes, duplicate biological samples were used and a 

previously published 2-step protocol was applied (Asada et al., 2011). Briefly, First 

siCtrl-treated (control) hASC responsive genes towards the adipogenic cocktail were 

identified, defined as genes that exhibited a mean ±1.5 fold differential gene 

expression between day 0 and 6 of differentiation, yielding a set of 1892 

adipogenesis-regulated genes. Next, LMO3-dependant genes within these 1892 

adipogenesis-responsive genes were identified by comparing Fold-changes (day -0 

vs. -6) of control (siCtrl with LMO3-reduced (siLMO3#1 or siLMO3#2) hASC and 

identified LMO3-dependant genes if the fold-change values of ctrl- or LMO3 reduced 

hASC differed by more than 1.5 fold.  DAVID and EASE algorithm was used to 

identify specific biological pathways associated with the differentially expressed genes 

(Huang et al., 2009).   

 

6.4 REAL-TIME PCR.  

Total RNA (1 μg) was reverse transcribed into cDNA by Moloney Murine Leukemia 

Virus (MMLV) enzyme (Promega) with random hexamers (1 μg/μg total RNA). SYBR 

Green kit was used for all PCR reactions (BioRad). Primers for LMO3 were designed 

using Primer3 software http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi. All 

sequences are listed in Table 1 below. 

 

Table 1. Human and murine primer sequences. (Lindroos et al., 2013)  

Gene Forward primer sequence Reverse primer sequence 

LMO3 AAGGTTGTGCTGGCTGCAAC  GGCACACTTCAGGCAGTCTTC  

LPL TGGAGGTACTTTTCAGCCAGGAT  TCGTGGGAGCACTCACTAGCT 

PPARG GGATGTCTCATAATGCCATCAG GATTCAGCTGGTCGATATCACTG 

CEBPA CTTGTGCCTTGGAAATGCAA  GCTGTAGCCTCGGGAAGGA 

FABP4 AAGGCGTCACTTCCACGAGAG AATGCGAACTTCAGTCCAGGTC 

CD36 GGGAAAGTCACTGCGACATGAT ACGTCGGATTCAAATACAGCATAGA 

PLIN1 GACAACGTGGTGGACACAGT  CTGGTGGGTTGTCGATGTC 

RPLP0 GTCATCCAGCAGGTGTTCGAC CTCCAGGAAGCGAGAATGCAG 

Lmo3 GCATGAGGACTGCCTGAAGTG  GCCTTCGTGTACAAGGTGGAG 

Pparg GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG 

Rplp0 GCCAATAAGGTGCCAGCTGCTG  GAAGGAGGTCTTCTCGGGTCCTAG 
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PCR cycling conditions were as follows: Initial denaturation for 10 minutes at 95°C 

followed by 40 cycles of 30 seconds at 94°C, 60°C for 15 seconds and 72°C for 30 

seconds and terminally 10 minutes incubation at 72°C, all using the ABI Prism 7700 

sequence detection system (PE Applied Biosystems). PCR data was extracted from 

the Sequence Detector Software (SDS version 1.6.3, PE Applied Biosystems) and 

exported to Excel (Microsoft) for further analyses. Data were analysed according to 

the 2-ΔΔCT method (Livak and Schmittgen, 2001). All RT-PCR data are normalised to 

amounts of acidic ribosomal phosphoprotein P0 (RPLP0).  

 

A human multiple tissue RNA library (Ambion) was used for analysis of LMO3 

expression distribution under normal conditions in human tissues. 

 

6.5 LUCIFERASE ASSAYS.  

Luciferase dual reporter assays are commonly used to evaluate transcriptional activity 

in cultured cells that are transfected with a genetic construct including the luciferase 

reporter plasmid under control of the promoter of interest. Throughout this study 

luciferase assays were carried out as described previously (Bilban et al., 2009). 

Briefly, 293FT or 3T3-L1 cells were co-transfected in 48-wells with i) 250 ng of a 

luciferase reporter plasmid (LUC) under transcriptional control of the LMO3 promoter 

(Switchgear Genomics), 1µg of a glucocorticoid receptor expression plasmid (‘pGR’; 

Addgene) or control DNA (pcDNA3.1, Invitrogen) as indicated, together with 50 ng of 

a pCMV-β-gal expression plasmid as an internal control for transfection efficiency. 

Renilla luminescence was normalised to β-galactosidase luminescence levels. ii) 0.95 

µg PPAR-responsive reporter plasmid p(AOX)3-TKSL consisting of direct-repeat half-

sites spaced by 1 bp (DR1 elements), and 50 ng Renilla luciferase control plasmid 

(ph-RL; Promega) using Lipofectamine 2000 (Invitrogen). 24 hrs later, protein extracts 

were assessed for luciferase activity (Promega Corporation) using a Multimode 

microplate reader (Synergy 2, BioTek Instruments). Firefly luminescence- was 

normalised to Renilla luminescence levels.  

 

6.6 HUMAN ADIPOSE STEM CELL TRANSFECTION  

Elbashir et al. and others have shown that it siRNAs i.e. small interfering RNAs were 

capable of mediating RNA interference in cell culture ultimately leading to silencing of 
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the targeted gene (Elbashir et al., 2001). Here we used siRNAs to silence LMO3, GR, 

HSD11B1 and CEBPB. Control siRNA oligos were matched for G/C content.  

 

Table 2. A list of small interfering (si) RNA. 

Name and siRNA ID# Oligo sequence 

GR (NR3C1); s6187 5’-GCA UGU ACG ACC AAU GUA A-3’ 

LMO3 (#1); HSS125209 5‘-GGU AUC UUC UAA AGG CAC UGG ACA A-3‘ 

LMO3 (#2); HSS125210 5‘-CCC UGU ACA CUA AAG CUA AUC UUA U-3‘ 

CEBPB; s2892 5‘-GGC CCU GAG UAA UCG CUU Att-3‘ 

HSD11B; s6932 5‘-CCA CUC UUC UGA UCA GAA Att-3‘ 

 

The small interfering oligos were delivered into hASC by Amaxa nucleofection (Lonza 

Bioscience) according to manufacturer‘s protocol. Briefly, 600, 000 human 

preadipocytes were nucleofected with 100 nmol/L siRNA in the Human MSC 

Nucleofector Solution. To overexpress LMO3, human preadipocytes were transduced 

with either V5 tagged LMO3 cDNA (pLMO3-V5) or pcDNA 3.0 control plasmid (pCtrl). 

1 µg of each plasmid was delivered into human primary preadipocytes as for siRNA 

with the Amaxa transfection.  

 

6.7 WESTERN BLOT ANALYSIS.  

Western blot analyses were performed as described previously (Bilban et al., 2009). 

In brief, equal amounts of protein lysates (protein concentrations determined using 

Pierce BCA protein determination assay kit, Thermo Scientific) were separated on 

10% SDS/polyacrylamide tris-tricine gels and transferred onto Polyvinylidene fluoride 

(PVDF)-membranes (GE Healthcare). After blocking, with either 5% skimmed milk or 

5% BSA, PVDF membranes were incubated with following antibodies (in milk or BSA 

according to datasheets) overnight at 4°C: Mouse antibodies: anti-LMO3 (1:1000; 

Abnova), anti-TopoIIβ (1:1000; BD Biosciences), anti-gapdh (1:5000; Santa Cruz), 

anti-V5 antibody (1:1000; Invitrogen), anti-p-p44/42 MAPK (Erk1/2) (1:2000, Cell 

Signaling), anti-p44/42 MAPK (Erk1/2) (1:2000, Cell Signaling); rabbit antibodies: anti-

LMO3 (1:500; Santa Cruz), anti-HSP70 (1:1000; Cell signaling), anti-PPARγ (1:1000; 

Santa Cruz), anti-p-S112- PPARγ (1:1000; Abcam), anti-p-p38 MAPK 
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(Thr180/Tyr182) (1:1000, Cell Signaling), anti-p38 MAPK (1:1000, Cell signaling), 

anti-CEBPβ (1:1000; Santa Cruz), anti-Perilipin, (1:1000, Cell Signaling), rat antibody: 

anti-Mac2 (1:1000; Cederlane) or goat antibodies: anti-CEBPα (1:1000; Santa Cruz).  

 

After 3 washes of 10 minutes each in TBST, membranes were incubated with 

horseradish peroxidase conjugated IgG secondary antibodies (1:1000; Cell Signaling) 

for 1 hr at RT and blots were developed using ECL Plus Western Blotting Detection 

System (Amersham Pharmacia Biotech). TotalLabQuant or ImageLab software 

(TotalLab Limited or BIO-RAD) was used for densitometric quantification.  

 

6.8 NUCLEAR AND CYTOSOLIC FRACTIONS OF HUMAN ASCS.  

Human adipocytes were trypsinized at appointed times during differentiation. The 

cytoplasmic and nuclear fractions were extracted according to manufacturers protocol 

(NE-PER Nuclear and Cytoplasmic Extraction Reagents, Thermo Scientific). Equal 

amounts of protein were loaded (protein concentrations determined using Pierce BCA 

protein determination assay kit, Thermo Scientific)and LMO3, TopoIIβ and gapdh were 

detected with western blotting as described above.   

 

6.9 IMMUNOFLUORESCENCE MICROSCOPY.  

6.9.1 HUMAN ADIPOSE STEM CELLS.  

Human adipose stem cells were seeded in matrigel (BD Biosciences) pre-coated 8-

well chamber slides and differentiated for the marked days as previously described. 

Cells were fixed for 10 minutes on ice with cold methanol, air dried and rehydrated in 

PBS. Nonspecific epitopes were blocked for 45 minutes with antibody diluent with 

background reducing components solution (Dako) and human IgG (1:50, Jackson 

ImmunoResearch Laboratories). Cells were incubated for 45 minutes with monoclonal 

mouse anti-LMO3 (1:200; Abnova) and rabbit monoclonal anti-Perilipin (1:200; Cell 

Signaling) or the respective isotype control- IgG mouse IgG2kb (1:200, Sigma-Aldrich) 

and rabbit IgG (1:200, Sigma-Aldrich) all diluted in blocking solution. After PBS 

washing secondary antibodies were added for 45 minutes: Alexa goat anti-mouse 594 

and Alexa goat anti-rabbit 488 (both at 1:1000, Invitrogen), followed by a 10 minute 

DAPI stain (1:10000, Sigma-Aldrich).  
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6.9.2 HUMAN VISCERAL ADIPOSE TISSUE.  

The tissue was fixed in 10 % formalin (Sigma) overnight then paraffin embedded and 

sectioned subsequently. Sections were deparaffinised and then boiled for antigen 

retrieval in citrate buffer (Dako) for 10 minutes at 1 bar. Sections were blocked with a 

3 % bovine serum albumin (BSA) in PBST solution for 30 minutes at RT. Following 

antibodies were incubated with overnight at 4°C: Goat polyclonal anti-LMO3 (1:50; 

Santa Cruz), rabbit polyclonal anti-Perilipin (1:200; Cell Signaling), mouse anti-CD68 

(1:100, Dako) or respective isotype Control- IgG (all Sigma). An additional blocking 

step was performed with rabbit anti-goat TRITC (1:400; Jackson Immunotech) with 

goat serum (1:1000 in PBS; Gibco). The remaining secondary antibodies were then 

added: goat anti-rabbit Cy5 (1:400, Jackson Immunotech) and goat anti-mouse Alexa 

488 (1:1000; Invitrogen). All antibodies were diluted in 3% BSA PBST. 

 

6.9.3 HUMAN BROWN ADIPOSE TISSUE.  

A paraffin-embedded human BAT hibernoma sample extracted from a 52 year old 

female was generously provided by Professor Dontscho Kerjaschki (General Hospital 

in Vienna, Department of Pathology at the Medical University of Vienna, Vienna, 

Austria). The block was sectioned followed by deparaffinisation and blocking as 

mentioned above for visceral adipose tissue. Sections were incubated with following 

antibodies overnight at 4°C: rabbit anti-UCP1 (1:500; Sigma), mouse-anti-LMO3 

(1:200; Abnova) or respective isotype Control- IgG. Secondary antibodies used: Goat 

anti-rabbit IgG-Alexa 488 (1:1000; Invitrogen) and TRITC-labelled goat anti-mouse 

IgG (1:400 Jackson ImmunoResearch Laboratories). All slides were counterstained 

with DAPI to reveal nuclei and mounted for imaging with confocal laser scanning 

microscopy (LSM 700 Carl Zeiss). All antibodies were diluted in 3% BSA PBST. 

 

All immunofluorescence slides were counterstained with DAPI (1µg/ml) to reveal 

nuclei and mounted for imaging with confocal laser scanning microscopy (LSM 700 

Carl Zeiss). 

6.10 OIL-RED STAINING.  

Human adipose stem cells were fixed in 10% formalin at RT, thereafter stained for 20 

minutes at RT with Oil Red-O (Sigma). The Oil Red-O working solution was prepared 
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by mixing 15 ml of stock solution (0.5% in isopropanol) with 10 ml of distilled water 

and filtering through a 0.2 µm PDVF membrane filter (several filter steps are 

required). After microscopic evaluation and photographing of wells, quantification of 

lipid accumulation was achieved by eluting Oil Red-O from stained cells with absolute 

isopropanol (Sigma). Sample eulates were dehydrated in the Eddendorf concentrator 

plus for 20 minutes at 45°C (V-AL program), thereafter resuspended in 3-5 ul of 

absolute isopropanol. Optical density was measured at 490 nm with the nanodrop 

2000C spectrophotometer (Nanodrop).  

6.11 SCID MOUSE XENOTRANSPLANT MODEL.  

Female, pathogen-free, 4- to 6-week-old Crl:SHO-PrdkcscidHrhr mice were obtained 

from Charles River (Sulzfeld, Germany) and housed as described previously (Loewe 

et al., 2006). All experiments were approved by the Austrian Ministry of Science, 

government committee on animal experimentation (BMBWK-66.009/0295-II/3b/2012) 

and Medical University of Vienna ethics committee. Additionally, all procedures were 

carried out in accordance with the Association for Assessment and Accreditation of 

Laboratory Animal Care guidelines and the Guide for the Care and Use of Laboratory 

Animals (US Department of Health and Human Services, National Institutes of Health, 

publication no. 86–23). Prior to transplantation, SiCtrl- or siLMO3 transfected hASC 

were differentiated for 2 days as described above under the section 6.2 Human and 

murine adipocyte differentiation. Transfected cells were injected intradermally into the 

right flank of each mouse (n=5 per genotype; 600,000 cells per injection).  

 

5 weeks after transplantation, mice were sacrificed and transplantation tissue-site was 

collected, paraffin embedded, sectioned and stained. Per mouse 5-25 sections were 

made, and of these 4 sections were chosen for each mouse based on light 

microscopy imaging confirming trans-sectioning was through the tissue. In total 40 

sections were deparaffinised followed by antigen retrieval for 1 hr in boiling 10 mM 

sodium citrate buffer (buffer made according to IHC world protocol (IHC World, 

2012b), followed by 40 minute incubation with 0.2 % Triton x-100 at RT. Thereafter 

slides were blocked for 1 hr at RT in goat blocking solution (IHC World, 2012a). 

Sections were then incubated for 24 hrs at 4°C with MAB1281 (1:100, Millipore) with 

anti-Perilipin (1:200; Cell Signaling) during the last hour. Slides were washed then 

counterstained for 10 minutes at RT with DAPI. Secondary antibodies used: goat anti-
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mouse Alexa 488 and goat anti-rabbit Alexa 594 (both 1:1000, Invitrogen), thereafter 

3 fields of view per slide were quantified. All antibodies were diluted in antibody 

diluent with background reducing components solution (Dako). 

 

6.12 STATISTICAL ANALYSIS.  

The significance of differences between means was assessed by 2-tailed student’s t 

test or ANOVA with tukey’s HSD post-hoc where appropriate. Differences between 

the human study groups were ascertained by ANOVA. We adjusted all 

measurements, by multiple regressions, for concomitant effects of BMI, gender and 

age. Categorical data were summarised by frequencies and analysed by the Chi-

square test. All reported P values are two-tailed. 



 

7 RESULTS 

7.1 LMO3 IS A NOVEL GC TARGET GENE IN HUMAN ADIPOSE TISSUE.  

The initial approach for this study was to identify novel GC-specific target genes 

controlling adipogenesis by analyzing the transcriptome of hASC in response to 

Dexamethasone (Dexa). One gene that emerged as one of the highest induced from 

our screen, fulfilling the selection criteria; lack of known function in adipogenesis and 

high adipose-tissue expression (see Supplemental Table 1 for complete list of GC 

target genes) was the adaptor protein LMO3 (Figure 13A and further verified by qPCR 

Figure 13B). We investigated if several natural as well as synthetic GR ligands would 

induce LMO3 expression in Figure 11C, including hydrocortisone (HC), prednisone 

(dehydrocortisone) (PRD), corticosterone (CC) and the fluorinated steroids clobetazol 

(CBTZ) and fluticazone (FLTZ), an effect that was blunted upon addition of Ru486 a 

GR antagonist Ru486, suggesting that the GR plays a role for LMO3 induction (Figure 

13C). 

 
Figure 11. LMO3 expression is induced by glucocorticoids. All bar graphs represent means ± 

SEM, unless otherwise stated. P values; ns= not significant; *P<0,05, **P<0,001 and ***P<0,0001. (A) 

GC target genes identified in differentiating hASC by DNA Microarrays. Shades of red (up) and blue 

(down) indicate distinct degrees of gene activation. Fold-change activation from day 0 of differentiation 

is shown to the right of the heatmaps. (B) qPCR verification of LMO3 mRNA expression during hASC 

differentiation time course. (C) Either the complete adipogenic cocktail (Full mix) or indicated GCs were 

added to confluent hASC in the presence or absence of Ru486 (1µM). Cells were harvested 24 hrs 
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later for RT-PCR analysis. LMO3 expression in the absence of Ru486 in growth medium was set to 1 

for comparison. (n = 3). (Lindroos et al., 2013) 

 

To confirm results obtained using the pharmacological inhibitor Ru486, we further 

silenced the GR with a siOligo approach. Transfection of hASC with a GR-specific 

siRNA (siGR), resulted in efficient silencing of the GR mRNA (Figure 12A) and protein 

(Figure 12B), in comparison to hASC transfected with a control siRNA (siCtrl). 

Importantly, siCtrl transfected hASC displayed a robust induction of LMO3 mRNA 

expression upon Dexa treatment and no such induction was observed when the GR 

was silenced (Figure 12C). To further establish if GCs upregulate LMO3 via the GR, 

we used a luciferase reporter construct of the LMO3 promoter in 293FT cells to 

perform transient transfection studies (top panel Figure 12D). GR co-transfection 

resulted in an approximately 2.5-fold activation of LMO3 promoter luciferase activity, 

further enhanced upon treatment with GR ligand Dexa. Importantly, Dexa-induced 

LMO3 promoter activity was blocked when 293FT cells were co-treated with RU486 

(Figure 12D bar graphs) providing further evidence that LMO3 is induced via GR 

action.  

 

The GC response elements (GREs), defined by the canonical sequence 

AGAACAnnnTGTTCT may be contained in the promoter regions of GR target genes. 

Many variations of the consensus sequence are possible including GRE half sites, 

that have been shown to be sufficient to generate specific GR binding (reviewed in 

(van der Laan and Meijer, 2008)), e.g. found in the promoters of growth hormone 

(Heuck-Knubel et al., 2012) or c-myc (Ma et al., 2000). Bioinformatic analysis of the 

proximal promoter region of human LMO3 did not reveal any canonical GRE sites but 

instead revealed two putative palindromic GRE half-sites, defined by the sequence -

930TGTTTC-924 (GRE1) and -742AAAACA-736 (GRE2, Figure 12E). Since endogenous 

GCs need to be activated by 11βHSD1 we tested whether LMO3 induction is 

dependant on this mechanism by blocking 11βHSD1 activity with the pharmacologic 

inhibitor carbenoxolone. Upon treatment, prednisone-induced LMO3 expression was 

prevented, suggesting a positive functional correlation between LMO3 and 11βHSD1 

activity (Figure 12F). To investigate if LMO3 feeds back into 11βHSD1 expression 

levels we silenced LMO3 in hASC resulting in significantly reduced 11βHSD1 

expression (Figure 12G).  



 

 
Figure 12. LMO3 expression is regulated by the glucocorticoid receptor. All bar graphs represent 

means ± SEM, unless otherwise stated. P values; ns= not significant; *P<0,05, **P<0,001 and 

***P<0,0001. A) hASCs were transfected with either control siCtrl or siGR oligos. 72 hrs later cells were 

harvested and mRNA expression of GR was determined with RT-PCR. (B) Western blot analysis of GR 

silencing. Post 72 hrs of transfection, hASCs were treated with Dexa then harvested 24 hrs later. 

Gapdh demonstrates equal protein loading. (C) hASCs were transfected with either control or GR 

siOligos. 72 hrs post transfection, cells were treated with Dexa and harvested on indicated time points. 

(D) 293FT cells were co-transfected with luciferase reporter plasmid (LUC), glucocorticoid receptor 

expression plasmid (pGR) or control DNA (pcDNA3) as indicated, together with pCMV-β-gal expression 

plasmid as an internal control for transfection efficiency. 24 hrs after transfection, cells were treated 

with DMSO, Dexa (1µM) or Ru486 (1µM) as shown and collected for analysis of reporter gene activity. 

(E) 293FT cells were co-transfected with either the full-length LMO3 promoter luciferase reporter or 

various deletion constructs, along with pGR or pcDNA3 as indicated, together with pCMV-β-gal. 24 hrs 

after transfection, cells were treated with DMSO or Dexa (1µM) and collected for analysis of reporter 

gene activity. pcDNA was added to maintain a consistent amount of DNA used for transfection and the 

Rhenilla phRL expression vector was used as an internal control for transfection efficiency. (F) LMO3 

mRNA expression in human ASC treated with vehicle, Carbenoxolone (10 µM), or PRD (1 µM). (G) 

HSD11B1 mRNA expression in human ASC, siCtrl or siLMO3, during indicated days of differentiation. 

(Lindroos et al., 2013) 

 

To determine which component besides the glucocorticoids in the adipogenic cocktail 

were able to induce LMO3 expression the individual components of the induction 

cocktail were assessed during the early stages of differentiation (24-48 hrs). Among 

the individual components, as expected only the GR ligands Dexa and HC 

significantly induced LMO3 in both, primary hASC and Simpson-Golabi-Behmel 

Syndrome (SGBS) cells, although the interplay of components in the full mix showed 
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strongest LMO3 induction (Figure 13A and B). Additionally, co-treatment with RU486 

potently blocked LMO3 expression in hASC (Figure 13A).  

 
Figure 13. LMO3 expression induced predominately by glucocorticoids in the full adipogenic 

cocktail. All bar graphs represent means ± SEM, unless otherwise stated. P values; ns= not 

significant; *P<0,05, **P<0,001 and ***P<0,0001. (A) Individual components of the adipogenic cocktail 

were added to confluent hASC. Cells were harvested 24 hours later for RT-PCR analysis. Growth 

medium; Full mix: complete adipogenic cocktail; Insulin; isobutyl-methylxanthine (IBMX); Troglitazone 

(TZD); Transferrin; Dexamethasone (Dexa); Hydrocortisone (HC); Triiodothyronine (T3). 

Concentrations as described in experimental procedures. (n = 3). (B) Individual components of the 

adipogenic cocktail were added to confluent Simpson-Golabi-Behmel Syndrome (SGBS) cells as for 

hASCs in (A). Cells were harvested 24 hrs later for RT-PCR analysis. (Lindroos et al., 2013) 

 

To determine LMO3 mRNA levels in a depot specific manner we looked at levels in a 

cohort of matched SAT and VAT tissue biopsies of obese humans previously 

published by our group. Anthropometric characteristics are shown below in Table 3. 

(Todoric et al., 2011) 

 

Table 3. Anthropometric and metabolic characteristics of human study subjects.  

Trait ObeseA 

n 55 

Male/Female (n) 15/40 

Age (years) 38.35 (1.44) 

BMI (kg/m2) 43.20 (0.76) 

Glucose (mg/dl) 93.35 (1.22) 

Insulin (µIU/mL) 18.44 (1.82) 
AData are mean ± SEM. 

 

In this cohort GCs activate adipocyte-LMO3 and interestingly significantly increased 

LMO3 mRNA expression is present in VAT as compared to SAT in obese humans, 

irrespective of age, gender and BMI (Figure 14A). In contrast to cell culture models of 
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adipocyte differentiation where GCs are added at the beginning of differentiation, 

WAT 11βHSD1 activity in vivo provides continuous exposure of GCs. Thus, we tested 

the hypothesis, whether LMO3 and 11βHSD1 mRNA expression correlate in vivo in 

WAT. We found a strong positive correlation in VAT (referred to as i.p. in table), but 

not SAT (referred to as s.c. in table) in obese subjects (Figure 14B and Table 4). 

These data suggest that the (ligand-bound) GR is critical for GC-mediated LMO3 

expression. Further, LMO3 seems to be a specific target and amplifier of GC action in 

human adipocytes displaying a visceral fat pattern, i.e. high levels of visceral 

expression and close linkage with 11βHSD1 levels were observed. 

 
Figure 14. Obese human LMO3 expression levels. (A) Depot-specific expression of LMO3 mRNA in 

paired SAT and VAT biopsies from obese humans. (n=58). Horizontal bars indicate the mean of each 

group. (B) Linear regression analysis between LMO3 and HSD11B1 mRNA expression in obese 

human VAT. P values obtained from regression analysis please see table 4 below. (n=45). (Lindroos et 

al., 2013) 

 

Table 4. Correlation of LMO3 and HSD11 mRNA expression levels in fat depots from obese 

subjects. (Lindroos et al., 2013) 

 s.c.A i.p.A  

 

Adjusted 

Beta/RB PB 

Adjusted 

Beta/RB PB Adjusted for 

LMO3-HSD11 (obese) -0.110 0.426 0.268 0.048 - 

LMO3-HSD11 (obese) -0.150 0.285 0.314 0.025 sex, age 

LMO3-HSD11 (obese) -0.150 0.290 0.312 0.026 sex, age, BMI 
AAbbreviations: s.c.; Subcutaneous, i.p.; intraperitoneal.  
BStandardized beta-coefficients and P values obtained from regression analysis. 
 

7.2 LMO3 IS SPECIFICALLY INDUCED IN HUMAN ADIPOGENESIS.  

In order to better understand the biological function of LMO3 in adipose tissue and 

adipocytes, we examined if LMO3 is regulated during fat cell differentiation. We 

previously showed (Figure 13) that the full adipogenic cocktail induces LMO3 mRNA 
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expression in hASC and SGBS cells and a DNA microarray analysis of SAT-derived 

hASC correlates with this finding and revealed strong induction of LMO3; Note that 

LMO3 is solely upregulated from the LMO-family, comprised of 4 members (Figure 

16A). This pattern was determined in SAT- but also holds true for VAT- derived hASC 

and SBGS preadipocytes when induced to differentiate into mature adipocytes (Figure 

16B and C). Furthermore, mature adipocyte markers including ADIPOQ, LPL, PLIN, 

CD36, FABP4 as well as the transcriptional regulators PPARG and CEBPA validated 

our culture models indicating successful generation of mature adipocytes (Figure 

16D).  

 
Figure 15. Verification of hASC in vitro model and strong LMO3 induction throughout adipocyte 

differentiation. (A) LMO1-4 mRNA expression based on DNA Microarray expression profiling. Shades 

of red (up) and blue (down) indicate distinct degrees of gene activation. Mean fold-change activation 

from day 0 of differentiation is shown to the right of the heatmaps. (B) Human ASC isolated from SAT 

or VAT, were induced to differentiate into mature adipocytes. mRNA levels of respective gene were 

measured at indicated time points by quantitative RT-PCR. Graphs indicate mean fold change  SEM. 

n=3. (C) Confluent SGBS cells were induced to differentiate into adipocytes. Total RNA was isolated at 

the indicated times post induction. mRNA levels of respective gene were measured by RT-PCR. Bar 

graphs indicate mean fold change  SEM. n=3. (D) Verification of successful hASC differentiation, 

based on proadipogenic marker mRNA expressions performed with DNA Microarray expression 

profiling. Shades of red and blue indicate distinct degrees of gene activation. Fold-change activation 

from day 0 of differentiation is shown to the right of the heatmaps. (Lindroos et al., 2013) 

 

Using a tissue library LMO3 mRNA expression was among the top 25 % of all human 

tissues examined in adipose tissue (Figure 16A). With an endogenous human LMO3 
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recognizing antibody, LMO3 protein expression increased in hASC induced to 

differentiate into mature adipocytes in the terminal stage of adipogenesis (Figure 

16B). Low speed centrifugation fractionation of WAT allowed us to identify mature 

adipocytes (Ads) as the dominant site of LMO3 mRNA and protein expression within 

WAT (Figure 16C and D). Thus, we show LMO3 expression increases throughout 

adipogenesis.  

 
Figure 16. LMO3 is highly expressed in human adipose tissue and dominantly so in the mature 

adipocyte fraction. (A) RT-PCR showing LMO3 mRNA tissue distribution in humans. Each tissue is a 

pool of at least 3 donors. (B) and (D) are representative of at least 3 independant experiments; SVF= 

stromal vascular fraction; Ads= mature adipocytes; WAT= unfractionated white adipose tissue. (B) SAT 

isolated hASC were induced to differentiate and cell lysates were harvested on the indicated days. 

Lysates were analysed by immunoblotting with indicated antibodies, where Gapdh demonstrates equal 

protein loading. (C) Human WAT was fractionated and LMO3, CD68 and GLUT4 mRNA expression 

was assessed by qPCR in the indicated cell subpopulations.  (n = 9 donors). Lines in clusters represent 

means  SEM. P values; ns= not significant; **P<0, 001 and ***P<0, 0001. (D) Total cellular protein 

was prepared from the indicated cell subpopulations and analysed with immunoblotting with indicated 

antibodies. (Lindroos et al., 2013) 

 

As it is known that the LMO3 protein sequence is highly conserved between species 

(please see introduction 4.4 LMO3), the following investigations elucidated LMO3 

expression in mouse- and human primary adipocytes undergoing differentiation. 

LMO3 induction was specific for human adipogenesis, as murine adipocyte 

differentiation was not accompanied by enhanced LMO3 expression based on lack of 

LMO3 expression in: (i)  WAT of a mouse tissue library (Figure 17A); (ii) the well-

established murine 3T3-L1 adipocyte cell model (please see 6.1.4 3T3-L1 cells) 

(Figure 17B); (ii) SVF-derived murine preadipocytes isolated from perigonadal fat 

pads harvested throughout differentiation (Figure 17C) as well as in and (iv) SVF and 

mature adipocytes isolated from lean mice or mice challenged with high fat diet (HFD) 

(Figure 17D). For western blots brain lysates were used as a positive control.  
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Figure 17. LMO3 expression was not induced in murine derived adipose tissue. For mRNA 

quantification shown in (A) and (B) levels were normalised to amounts of mouse Rplp0. (A) Lmo3 

mouse tissue distribution pattern evaluated by a commercially available pool of murine multiple tissue 

RNA library by RT-PCR analysis. Each tissue is a pool of at least 3 donors. (B) 2 Day-post confluent 

3T3-L1 preadipocytes were induced to differentiate into mature adipocytes. mRNA levels of Lmo3 and 

Pparg were measured by quantitative RT-PCR. Graph indicates mean fold change ±SEM of 3 

independant experiments. (C) Mouse adipose stem cells (mASC) were induced to differentiate and cell 

lysates harvested on marked days. Analysed by immunoblotting, where Hsp70 was used as a loading 

control. (n=5). (D) Age matched mice on normal- (Lean) or HFD chow for 10 weeks. Total cellular 

protein was prepared from the SVF-, Ads- and WAT fractions from the perigonodal fat pads and 

analysed by immunoblotting. (n=5). (Lindroos et al., 2013) 

 

Next we wanted to elucidate the cellular localisation of LMO3. To determine 

subcellular LMO3 protein expression during adipogenesis, we isolated cytoplasmic 

and nuclear protein extracts at indicated timepoints during differentiation of hASC into 

mature adipocytes. LMO3 expression from day 3 to day 7 showed a strong increase, 

detectable in cytoplasmic but not nuclear fractions (Figure 18A). Restriction of LMO3 

expression to the cytoplasm was further confirmed by confocal immunofluorescence 

of hASC undergoing differentiation (Figure 18B and C). Note that LMO3 staining is 

absent on day 0, but strong at day 6 of differentiation, most prominent in cytoplasm 

with faint expression in the nucleus, correlating with data from fractioning the cytosol 

from nucleus (Figure 18A). Verification of a lipid loaded mature adipocyte (i.e. 

successful differentiation) is shown by positive perilipin stained lipid droplets. Analysis 

of immunofluorescent stained WAT revealed macrophages occasionally also stained 

positive for LMO3 (macrophages identified by a positive CD68 stain) (Figure 18D and 

E).  
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Figure 18. Cellular distribution of LMO3 in human adipose tissues. (A) Western blot analysis of 

nuclear- and cytosolic fractions throughout differentiation in hASC. Timepoints indicated in days. 

Gapdh and TopoIIβ were chosen as protein loading controls for cytosolic and nuclear lysates 

respectively. (B) - (G) images are representative of multiple donors, Scale bars = 20 µm. (B) Confocal 

immunofluorescence images of endogenous LMO3 expression in differentiating hASC. (C) Specificity 

of staining is verified by negative isotype controls for LMO3 and perilipin in human ASC on day 0 and 6. 

(D) Confocal immunofluorescence of LMO3 and perilipin expression in human VAT sections. (E) 

Specificity of staining is verified by negative isotype controls for LMO3, CD68 and perilipin in human 

WAT. (Lindroos et al., 2013) 

 

Human derived BAT was also investigated to see if LMO3 could be detected there. 

Double immunofluorescent staining with a BAT specific marker (UCP-1) and LMO3 

revealed positive LMO3 brown adipocytes (Figure 19A and B).   
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Figure 19. LMO3 is also expressed in human BAT. (A) Confocal immunofluorescence of LMO3 and 

UCP-1 expression in human brown adipose tissue hibernoma. (B) Specificity of staining is verified by 

negative isotype controls for LMO3 and UCP-1 in human brown adipose tissue.  

 

7.3 C/EBPβ REGULATES LMO3 EXPRESSION.  

It has been shown that GR and C/EBPβ together facilitate differentiation (Abdou et al., 

2011; Cristancho and Lazar, 2011; Steger et al., 2010; Tomlinson et al., 2006). Thus, 

a possible regulation of LMO3 expression through glucocorticoid-activated C/EBPβ 

was next elucidated. The inhibitory isoform- C/EBPβ-LIP (LIP) or activating isoform-

C/EBPβ-LAP (LAP) was transiently overexpressed in hASC followed by stimulation 

with Dexa for 2 days. Figure 20A shows efficient LIP or LAP overexpression in hASC. 

After transfecting hASCs with respective plasmid LIP overexpression significantly 

suppressed- while LAP overexpression significantly boosted LMO3 mRNA expression 

following Dexa treatment (Figure20B). These results are consistent with C/EBPβ 

either activates or represses gene transcription, via its isoforms LAP (activating) or 

LIP (inhibiting), respectively (Abdou et al., 2011; Tomlinson et al., 2006). Silencing of 

both C/EBPβ isoforms (verified on mRNA- and protein level in FigureC and D) in 

hASC resulted in enhanced expression of LMO3 following treatment with Dexa alone 

or with the full adipogenic cocktail Figure 20E). The LIP to LAP ration decreased 

initially during adipocyte differentiation of hASC (day 0-1), but then increased towards 

later stages (day 3-6) (Figure 20F and G).  
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Figure 20. LMO3 is regulated by C/EBPβ. Bar graphs represent means  SEM. P values; ns= not 

significant; *P<0,05, **P<0,001 and ***P<0,0001. (A) hASC cells were transfected with control plasmid 

(pcDNA) or expression plasmids for the C/EBPβ isoforms LIP (pLIP) or LAP (pLAP). LIP and LAP 

protein overexpression is verified by western blotting and Hsp70 demonstrates protein loading. (B) 

pcDNA, pLIP and pLAP transfected cells were treated with Dexa or vehicle, followed by determining 

LMO3 mRNA levels after 48hrs by qPCR. (n = 3). (C) RT-PCR analysis demonstrates efficient silencing 

of CEBPB in transfected hASC. (D) Western blot analysis showing silencing of CEBPβ protein in siCtrl 

or siCEBPβ hASC, 72 hrs post transfection. Hsp70 demonstrates equal loading. (E) Post-confluent 

hASC were transfected with siCtrl or siC/EBPβ (20 nM each) and after 2 days treated with vehicle or 

Dexa for another 48 hrs. LMO3 mRNA expression was determined by RT-PCR. (F) Western blot 

analysis on hASC differentiated and harvested for indicated days indicating LIP and LAP isoforms and 

loading control gapdh. (G) Quantification of western blot analysis plotting LIP:LAP ratios through hASC 

differentiation time course.  

 

7.4 LMO3 DRIVES HUMAN ADIPOGENESIS.  

Having determined LMO3 regulation by an early-acting GR-C/EBPβ axis, one of the 

next inquiries was to investigate LMO3’s impact on adipogenic potential. LMO3 

expression in subconfluent hASC was silenced using RNAi and induced to 

differentiate, to clarify the role of endogenous LMO3 during differentiation. Two 

different siRNA oligonucleotides (referred to as siLMO3 #1 and siLMO3 #2) targeting 

different exonic regions of LMO3 were utilized to reduce risk of potential off-target 

effects using a single siRNA. Figure 21A and B show efficient LMO3 mRNA and 

protein knockdown in hASC. Cells with reduced LMO3 demonstrated diminished 
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adipogenic potential, including less lipid accumulation (Figure 21C and D) and 

diminished expression of adipocyte marker genes, including FABP4, LPL and PLIN1 

(Figure 21B (perilipin blot) and E). 

 
Figure 21. RNAi mediated silencing of LMO3 suppresses adipogenesis. Bar graphs represent 

means ± SEM. P values; ns= not significant; *P<0,05, **P<0,001 and ***P<0,0001. (A), (D) and (E) are 

comparisons of control- (siCtrl) versus LMO3-silenced (siRNA) transfected cells.  (A) RT-PCR analysis 

of LMO3 mRNA expression in siCtrl and siLMO3 (#1 and #2) transfected hASC on indicated days of 

differentiation. (B) Western blot analysis to verify silenced LMO3 protein on day 6 of differentiation. 

Gapdh was used as a loading control. (C) Mature adipocytes (differentiation day 10) stained with Oil 

Red O. Shown are representative microscopic views of cell culture dishes, Magnifications 10X. (D) 

Quantification of Oil red O staining performed on day 10, OD 490 nm. (n = 3). (E) RT-PCR analysis of 

FABP4, LPL, and PLIN1 in siCtrl or siLMO3-treated hASC. (n = 3). (Lindroos et al., 2013) 

 

LMO3’s proadipogenic affect was next sought after with an in vivo model approach 

were control- or LMO3-silenced hASC were subdermally administered into severe 

combined immunodeficient (SCID) mice. The transplant site was excised and 

histologically examined after 6 weeks. A human-specific nuclear antibody (MAB1281) 

not staining nuclei from mouse confirmed the origin of the collected cells by 

immunofluorescent staining (Figure 22A and B). Mature adipocytes stained positively 

for the adipocyte marker perilipin. A significant higher proportion of hASC-derived 

mature adipocytes (double positive for perilipin and MAB1281) were observed in fat 

pads collected from animals injected with siCtrl-treated hASC, as compared to mice 

receiving siLMO3-transfected hASC (Figure 22C), highlighting a strong pro-

adipogenic effect of LMO3 also in vivo.  
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Figure 22. Xenotransplant of hASCs with silenced LMO3 suppresses adipogenesis in vivo. (A) 

hASC were transfected with siCtrl or siLMO3 siRNA and after 2 days of differentiation injected 

subdermally into SCID mice. Representative images are shown. From left to right: Top panels: bright-

field morphology of the transplant sections (scale bar = 50 µm); zoomed bright-field image of the 

transplant section (scale bar = 20 µm); immunofluorescent merge. Bottom panels: DAPI (blue), a 

human-specific nuclei marker MAB1281 (grey) and perilipin (red). MAB1281 staining is highlighted with 

arrows. (B) Negative IgG control stains verified specificity of staining in (A) for human nuclei specific 

marker MAB1281 and perilipin in both siCtrl- and siLMO3 injected SCID mice. Scale bar=20 μM. (C) 

Quantification of xenotransplanted siCtrl and siLMO3 cells. Comparisons of control- (siCtrl) versus 

LMO3-silenced (siRNA) transfected cells. (n = 5). Bar graph represents means ± SEM. P values 

*P<0,05.  (Lindroos et al., 2013)  

 

Experimental manipulations that inhibit adipogenesis need to be interpreted with 

caution, as human adipocyte differentiation is a complex process requiring a hoard of 

factors adjusted with precise timing; it is easy to imagine that manipulation might 

disrupt the process through non-specific mechanisms. Therefore as confirmation of 

the pro-adipogenic activity of LMO3, gain-of-function studies were performed in which 

enhanced adipose conversion was predicted. LMO3 mRNA and protein levels were 

significantly increased in LMO3 cells transfected with a LMO3 expression plasmid 

relative to cells transfected with a control plasmid (pCtrl; Figure 23A and B, 

respectively). In accordance with the loss of function data signifying LMO3 as a 
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proadipogenic mediator; overexpression of LMO3 in these cells considerably 

enhanced adipogenesis, shown by increased oil red O staining of neutral lipids 

(Figure 23C and D) and significant over-expression of the adipocyte markers FABP4, 

LPL and PLIN1 (Figure 23E). Thus, LMO3 is a prerequisite to unveil the full 

adipogenic potential of human preadipocytes. 

 
Figure 23. Over expression of LMO3 promotes human adipogenesis. Bar graphs represent means 

± SEM. P values; ns= not significant; *P<0,05, **P<0,001 and ***P<0,0001. (A), (D) and (E) are 

comparisons of control- (pCtrl) or LMO3 (pLMO3-V5) transfected cells. (A) Quantative RT-PCR 

analysis of LMO3 mRNA in pCtrl or pLMO3-V5 transfected hASC. (B) LMO3 and Hsp70 (loading 

control) protein expression were determined by western blotting on day 2 after transfection of hASC 

with pCtrl or pLMO3-V5. (C) Oil red O stain of hASC overexpressing LMO3 or pCtrl (differentiation day 

10). Shown are representative microscopic views of the cells. Magnifications 10X. (n = 3). (D) 

Quantification of Oil red O stain on day 10, OD 490 nm. (n = 3). (E) RT-PCR analysis of FABP4, LPL 

and PLIN1 in pCtrl or pLMO3-V5 transfected cells. (n = 3). (Lindroos et al., 2013) 

 

7.5 LMO3 ADJUSTS PPARγ TONE PROMOTING A PROADIPOGENIC PROGRAM.  

The next question to be answered was by which mechanism/s LMO3 promotes 

adipogenesis. Thus, genome-wide changes occurring in response to the adipogenic 

cocktail were profiled, comparing patterns between siCtrl- and siLMO3 treated human 

preadipocytes. Data acquired from the adipogenesis-induced preadipocytes, revealed 

1892 genes with at least a 1.5-fold expression change (relative to day 0) and were 

therefore selected as adipogenesis-specific genes (Figure 24A). In total, using two 
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independant siRNA oligonucleotides targeting LMO3 mRNA, 4,6 % of the adipogenic 

gene signature was affected by LMO3-knockdown (Figure 24B). To obtain more 

knowledge on which LMO3-depependent and independant adipogenesis-responsive 

genes were contained from the microarray screen, hierarchical clustering was 

performed and categorized into clusters 1-4 (Figure 24C and total list of genes in 

cluster 3 are shown in Supplemental Table 2). In LMO3-independant clusters 1 and 2, 

fold changes were similar between control and LMO3 silenced cells and therefore not 

further investigated. LMO3 dependant genes upon treatment with the adipogenic 

cocktail in cluster 3 showed diminished responsiveness while genes in cluster 4 

showed increased responsiveness resulting from LMO3 knockdown. Having shown 

that LMO3 acts as a proadipogenic mediator, the question next asked was whether 

adipogenesis and LMO3 expression can synergistically act on adipogenesis-

responsive genes? To this end cluster 3 was examined with pathway enrichment 

analysis, revealing PPAR signaling was highly significant enriched (Figure 24D). Upon 

inspection of cluster 3, it became apparent that silencing of LMO3 (siLMO3) 

diminished expression levels of several known PPARγ target genes in hASC (in 

agreement with the pathway enrichment results) (Figure 24E).  

 
Figure 24. Gene chip approach unravelled LMO3 and PPARγ correlation. (A-D) LMO3-dependant 

target identification by microarray analysis. (A) Flow chart showing the experimental DNA microarray 

setup and gene selection process. (B) LMO3-dependant genes represent about 4.6% of all differentially 

expressed genes by adipogenesis. (C) Identification of LMO3-independant genes  and LMO3-

dependant up-regulated- (cluster 3, red) and down-regulated- (cluster 4, blue) genes and comparing 

fold change of adipogenesis-induced genes from hASC expressing siCtrl, siLMO3#1 or siLMO3#2. (D) 

Pathway enrichment analysis on LMO3-dependant genes (87 in total) with DAVID and EASE. 

Enrichment is shown as a Z score. P values; **P<0,001 and ***P<0,0001. (E)  Heatmap diagram of 

PPARγ target genes within the LMO3-dependant gene signature. Experiments were performed in 
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duplicates. (*) indicate independant validation shown in Figure 21E. Also see Supplemental Table 2 for 

LMO3-dependant target genes at day 6 of differentiation. (Lindroos et al., 2013) 

 

These results reason that one potential mechanism by which LMO3 promotes 

adipocyte differentiation could be by modulating PPARγ expression and/or activity. 

The first was ruled out as western blotting of siCtrl- and siLMO3 treated hASCs 

throughout the study have suggested a slight but non-significant impact on PPARγ 

protein expression (Figure 25A). These results lead to investigating whether PPARγ 

activity was needed for the proadipogenic effects of endogenous LMO3 on lipid 

accumulation. A PPARγ-antagonist (GW9662) or agonist Troglitazone (TZD) was 

utilized together with the adipogenic cocktail, and 8 days later lipid accumulation in 

differentiating siCtrl or siLMO3-transfected hASC was evaluated (Figure 25B-E).  

 

Oil-red O staining was the method applied by direct visualisation of lipid-containing 

adipocytes (set to 1 for siCtrl treated cells). As expected a loss of LMO3 (previously 

verified in Figure 21C and D), reduced lipid accumulation by more than 50%, i.e. siCtrl 

1.0 vs. siLMO3 0.49 in the DMSO group (Figure 25B and C, left panels). However, 

upon addition of GW9662 i.e. PPARγ inhibition, the suppressive effect of LMO3 on 

lipid accumulation was lost: siCtrl 1 vs. siLMO3 0.86; suggesting LMO3 is acting to 

some extent via PPARγ (Figure 25B and C, right panels). In the absence of the 

PPARγ agonist TZD, lipid accumulation was reduced by over 60 % in LMO3 lacking 

cells (Figure 25D and E, left panels, siCtrl 1 vs. siLMO3 0.38). Suggestively activation 

of PPARγ can substitute to some extent loss of LMO3 as the suppressive effect on 

lipid loading upon loss of LMO3 was less pronounced (siCtrl 1 vs. siLMO3 0.65; 35 %) 

in the presence of TZD a PPARγ agoinst (Figure 25D and E, right panels).  

 

By establishing that LMO3 plays a role in modulating PPARγ (by utilizing activating 

(TZD) and blocking (GW9662) agents for PPARγ), it was important to determine if 

LMO3 can modulate PPARγs transcriptional activity. A luciferase assay approach was 

chosen where a PPRE-Luciferase construct (AOx-TK) was transfected into both 

293FT (Figure 25F left panel) and 3T3-L1 cells (Figure 25F right panel) in the 

presence or absence of LMO3 and PPARγ expression plasmids. A schematic drawing 

of the construct is shown in the left panel. As expected, co-transfection with PPARγ 

resulted in increased luciferase activity in both cell models, in part because of the 

ligand-independant activation function in its amino terminus (please see 4.3.1 PPAR) 



 

(Figure 25F grey panels, left sections). Upon TZD treatment (acting on the PPARγ-

RXR complex) PPARγ activity was further enhanced in a dose dependant manner, 

more so in 3T3-L1 cells (Figure 25F green panels, middle sections). PPARγ activity 

increased upon co-transfection with increasing amounts of LMO3 expression plasmid, 

further potentiated in the presence of ligand TZD (Figure 25F green panels, right 

sections). These data provide convincing evidence that adipocyte differentiation is 

adjusted through mechanisms regulating PPARγ tone of the preadipocyte via 

induction of LMO3.  

 
Figure 25. LMO3 promotes adipogenesis via increasing PPARγ tone. Bar graphs represent means 

± SEM. P values; ns= not significant; *P<0,05, **P<0,001 and ***P<0,0001.(A) Effects of LMO3 on 

PPARγ protein expression in siCtrl, siLMO3#1 or siLMO3#2 treated hASC, were determined by 

western blotting on day 6 of differentiation. Gapdh was used as a loading control. Upper panel, n=3 

different donors and lower panel: Densitometric evaluation of PPARγ protein expression normalised to 

Gapdh. (B) hASC were transfected with siCtrl or siLMO3 and differentiated into mature adipocytes in 

the absence or presence of GW9662 (50 uM), followed by Oil red O staining (on day 7). Shown are 

microscopic views of representative cell culture dishes, Magnification 10X. (C) Oil red O quantification 

by spectrophotometric evaluation at 490 nm. (D) hASC were transfected with siCtrl or siLMO3 and 
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differentiated into mature adipocytes in the absence or presence of TZD, followed by Oil red O staining 

(on day 10). Shown are microscopic views of representative cell culture dishes, Magnification 10X. (E) 

Oil red O quantification by spectrophotometric evaluation at 490 nm represent means (n = 3). (F) 

293FT (upper panel) or 3T3-L1 (lower panel) cells were transfected with expression plasmids for 

PPARγ, LMO3-V5 and a luciferase reporter plasmid with 3 copies of the PPAR-response element 

(PPRE) fused to the Acyl-Coenzyme A promoter (pAOx-TK) together with a Rhenilla plasmid for 

transfection normalization. After 24 hrs of transfection, the cells were stimulated with 5 mM TZD and 

incubated for additional 24 hrs. Firefly Luciferase- was normalised to Rhenilla Luciferase activity. (n = 

3). (Lindroos et al., 2013) 

 

A critical step required for adipogenesis is the downregulation of (MAPK mediated) 

phosphorylation at human S114 (mouse S112) in the N-terminal region of PPARγ, 

which block PPARγ’s ability to activate the full pro-adipogenic gene program (Adams 

et al., 1997; Camp and Tafuri, 1997; Hu et al., 1996). Therefore investigation of MAPK 

signaling molecules p38 and p44/42 (ERK1/2) was elucidated previously shown to 

mediate phosphorylation of S112 of PPARγ (Camp et al., 1999; Hu et al., 1996). 

Differentiating siCtrl or siLMO3 transfected hASC were exposed to both serum 

starvation i.e. stress and growth factors with 40 % FBS then analysed with western 

blotting. One could see a significant increase of phosphorylated S112 of PPARγ in 

cells lacking LMO3 (Figure 26A), further this effect was most likely mediated by MAPK 

signaling as both phosphorylated p38 and p44/42 (ERK1/2) were significantly higher 

in the same cells (Figure 26B and C). In summary, this indicates that LMO3 

suppresses MAPK induced phosphorylation of S112 on PPARγ that could explain, at 

least in part the proadipogenic effects of LMO3. 

 
Figure 26. LMO3 suppresses S112 PPARγ phosphorylation, via MAPK signaling. (A)-(C) hASCs 

were transfected with siCtrl or siLMO3 oligos. Post 72hrs of transfection and on day 6 of differentiation 

 45



 

 46

cells were placed in serumfree medium overnight followed by 1 hr of 40 % FBS treatment. Samples 

were then harvested and subjected to western blot analyis.  The upper panels are representative blots 

from at least 3 replicates. Lower panel: Densitometric evaluation of phosphorylated versus total protein. 

Bar graphs represent means ± SEM. P values; *P<0,05 and ***P<0,0001. (A) Above panel shows 

western blot for p-S112 PPARγ, total PPARγ and housekeeper Gapdh. Panel below quantifies 

phosphorylation intensities versus total PPARγ. (B) Above panel shows western blot for p-p44/42 

MAPK (ERK1/2), total p44/42 MAPK and housekeeper Hsp70. Panel below quantifies phosphorylation 

intensities versus total p44/42 MAPK. (C) Above panel shows western blot for p-p38 MAPK, total p38 

MAPK and housekeeper Hsp70. Panel below quantifies phosphorylation intensities versus total p38 

MAPK. 

 

Figure 27 illustrates the highlights uncovered during my PhD thesis, in early and late 

human adipocyte differentiation. In brief these results have shown that LMO3 is 

induced via a positive feedback mechanism by HSD11B and GR and additionally 

regulated by C/EBPβ. LMO3 has a proadipogenic effect concomitantly boosting a 

PPARγ-specific proadipogenic gene program by (in part) suppressing MAPK 

mediated phosphorylation of S112.  



 

 
Figure 27. Schematic model of the pathways controlling differentiation in human adipose stem 

cells. Modified (Lindroos et al., 2013). 
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8 DISCUSSION 

Obesity belongs to a group called non-communicable disease, meaning non-

infectious and non-transmissible and is now so widespread that it in some regions is 

overtaking tobacco as the largest preventable cause of disease (Swinburn et al., 

2011). A study also concluded that high BMI can significantly impact at younger ages 

than tobacco usage (i.e. childhood obesity onset) worsening the problem. In a 

particular study by Hoad and colleagues, independent risk factors contributing to the 

burden of disease besides the leading high BMI subsequently tobacco, were followed 

by other hallmarks associated with obesity namely: physical inactivity; high blood 

pressure and high cholesterol (Hoad et al., 2010).  

 

In the 1970s and 80s the onset of obesity began almost unanimously in most high-

income countries presumably due to inexpensive, increasingly available and high 

promotion of obesogenic foods (Swinburn et al., 2011). Although these reasons have 

largely contributed, one should not underestimate impact of genetic background and 

many groups worldwide are currently working on associations between BMI/obesity 

and single nucleotide polymorphisms (SNPs) utilising the Genetic Investigation of 

ANthropometric Traits (GIANT) consortium. However, it has proven difficult to confirm 

heritability of obesity as some rare variants are not identified by common SNPs or 

many SNPS contribute with small effects undetectable in large scale genome-wide 

association studies (Swinburn et al., 2011). DNA methylation has been found to be so 

called epigenetic “tagging” modifying gene activation but not the genetic code, and 

can be affected by maternal diet and possibly be inherited (Ahmed, 2010; Swinburn et 

al., 2011). Epigenetic research connects environment and genetic make up of 

individuals, where increasing BMI and obesity onset in our generation will decades 

from now reveal more genes being “tagged”.  

 

In this study, we employed DNA microarray screens and identified LMO3 as a novel 

factor strongly induced under conditions of hormonal imbalances i.e. excess GCs 

during human adipogenesis. LMO3 had a previously unknown function in human 

adipogenesis therefore it has been my overall goal to investigate and characterise the 

role of this novel human adipogenic marker in adipogenesis and adipose tissue 

biology.  
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8.1 GC-ENHANCED ADIPOGENESIS IS MEDIATED VIA LMO3 EXPRESSION.  

Our initial data showed that LMO3 is induced in hASCs by stimulation with both 

synthetic and natural GCs throughout the course of adipocyte differentiation and this 

induction can be prevented by blocking the GR with antagonist RU486 (Figure 11). As 

mentioned in the introduction GCs distinctly promote adipogenesis (Abdou et al., 

2011; Morton, 2010; Tomlinson et al., 2006; Tran and Kahn, 2010; Wiper-Bergeron et 

al., 2007), but to our knowledge LMO3 has of yet not been correlated with GCs, GRs 

or human adipogenesis. To strengthen the finding that LMO3 is in fact a target of the 

GR, loss of function of the GR (using the siOligo approach) and promoter studies 

were performed conclusively indicating that LMO3 is a direct GR target gene seen in 

Figures 12C-E: i) silencing of the receptor resulted in no LMO3 mRNA expression, ii) 

co-transfection with the LMO3 reporter plasmid and GR expression plasmid increases 

LMO3 promoter activity (further enhanced by ligand addition) and iii) palindromic GRE 

half sites were necessary for LMO3 promoter activity. It remains to be investigated 

which of the two GRE half sites are most important for LMO3 promoter activity.  

 

As discussed above in vivo GC activity is dependent on the levels of 11βHSD1 -the 

intracellular glucocorticoid-regenerating enzyme illustrated in Figure 3, and it has 

been shown that there is a higher activity of the enzyme in visceral preadipocytes 

(Morton, 2010), leading to increased GC activity in VAT (Bujalska et al., 1997; 

Bujalska et al., 2008). We show that adding the GC prednisone that needs to be 

activated by 11βHSD1 to hASC, induced LMO3 mRNA expression and when adding 

carbenoxolone a pharmacological inhibitor of the enzyme the induction is completely 

abolished, suggesting a functional correlation between the enzyme activity and LMO3 

(Figure 12F). We wanted to see if this correlation also could be observed when 

looking from an enzyme point of view, therefore we silenced LMO3 and measured 

11βHSD1 mRNA expression, which indicated a positive feedback mechanism 

between the two (Figure 12G). As 11βHSD1 inhibitors are currently in clinical trials for 

treatment of type 2 diabetes (Morton, 2010) it highlights the importance to evaluate 

our in vitro established correlations with in vivo patient data. In matched SAT and VAT 

from obese subjects it was clear that significantly higher LMO3 levels were in the 

visceral depot as supposed to SAT and a strong correlation between LMO3 and 

11βHSD1 in vivo was also present. Based on our in vitro and in vivo patient data 

findings it is highly relevant and attractive to propose that some of the beneficial 
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effects of 11β-HSD1 therapies could be associated with reduction of LMO3 

expression in visceral fat.  

 

8.2 LMO3 EXPRESSION IN WHITE ADIPOSE TISSUE IS SPECIES SPECIFIC. 

Verification that our cell model using isolated human adipose stem cells was able to 

produce mature functioning lipid loaded adipocytes was confirmed with gene chips, 

qPCR and western blot techniques by presence of proadipogenic markers such as 

FABP4, PPARG, CD36 and PLIN1 upregulated throughout differentiation in isolates 

from both SAT and VAT depots (and SGBS cells) (Figure 15 and 16). As discussed a 

remarkable conservation for LMO protein sequence 1 and 3 is apparent (Tse et al., 

2004) and the LMO family is associated with developmental features (Dawid et al., 

1998; Hui et al., 2009; Tse et al., 2004) therefore it was an interesting finding that 

LMO3 from the LMO family was solely expressed during differentiation of human 

adipocytes.  

 

Returning to findings from Tse et al. of consensus between the mice and human 

LMO3 protein sequence (Tse et al., 2004) we looked to see if LMO3 expression in 

adipocytes was found during murine adipogenesis or in adipocytes isolated from mice 

challenged for 10 weeks with a HFD (Figure 17). We concluded that LMO3 was not 

expressed, thus LMO3 impacts specifically on human adipogenesis. This does not 

rule out that another member of the LMO family is playing a role in mouse 

adipogenesis and will have to be further investigated.  

 

8.3 LOCATION, LOCATION, LOCATION. 

It is already mentioned that higher LMO3 expression was found in visceral depots as 

supposed to subcutaneous. During our investigations we predominately stained 

human adipose stem cells and white adipose tissue with LMO3 detecting antibodies 

revealing a predominant cytosolic localisation of LMO3; we did however find positive 

LMO3 staining in a human BAT hibernoma. Brown adipose tissue has become 

particular interesting throughout recent years due to the property of BAT being the 

energy burning fat depot and the finding that white adipose tissues contain “beige” 

cells (Wu et al., 2012). The importance of this finding remains to be investigated as it 

is beyond the scope of this thesis. As of yet one can only hypothesis that perhaps 
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LMO3 plays a role in BAT adipogenesis as this was a key finding in white fat depots 

discussed below (please see Figures 18 and 19). 

 

8.4 C/EBPβ REGULATES LMO3 EXPRESSION.  

Our data showing dual regulation of LMO3 by GR and C/EBPβ is in line with a recent 

study demonstrating that GR does not function in isolation, but cooperates with 

C/EBPβ in adipogenesis (Steger et al., 2010). The pattern for LMO3 expression 

following silencing or transient LIP/LAP overexpression in hASC, can be explained by 

looking at the dynamic regulatory events of C/EBPβ throughout adipogenesis. 

Essentially, in the preadipocyte stage and in absence of adipogenic stimulus, 

interaction of LIP with histone deacetylase 1 provides active repression of 

transcription, which is mitigated upon GC treatment, allowing LAP to activate 

transcription (Abdou et al., 2011). Accordingly, upon silencing of C/EBPβ in the 

preadipocyte stage, LMO3 expression was enhanced because of siRNA-mediated 

removal of inhibitory LIP. This finding together with LIP:LAP ratios increasing after an 

initial decrease may be responsible, at least in part, for the biphasic LMO3 mRNA 

expression throughout adipocyte differentiation (please see Figure 20 and Figure 

15B). Of note, a similar mechanism controls other metabolically-important C/EBPβ 

target genes, including phosphoenolpyruvate carboxykinase (Arizmendi et al., 1999) 

or 11βHSD1 levels in mice fed a HFD (Arizmendi et al., 1999; Esteves et al., 2012).  

 

8.5 WHAT ROLE DOES LMO3 HAVE IN REGULATING HUMAN ADIPOGENESIS?   

We have discussed that LMO3 expression is induced by GCs via the GR and 

contributes to influencing 11βHSD1 expression in isolates from depots of human 

derived WAT. Our key finding addresses what role LMO3 plays in human fat 

regulation and determined that LMO3 is required for the process of hASC 

differentiation into mature adipocytes. By utilising in vitro manipulation techniques of 

hASC with gain of function (overexpression of LMO3) and loss of function models 

(silencing of LMO3) our data in summary revealed enhanced lipid droplet 

accumulation and an increased proadipogenic gene expression profile with intact 

LMO3 i.e. LMO3 potentiated adipogenesis (please see Figures 21 and 23).  
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As with all in vitro data one has to be cautious when drawing final conclusions and 

when possible, translation into in vivo systems is desirable. Therefore our findings 

were further verified using a xenotransplant model, where mice injected with hASC 

lacking LMO3 showed significantly less human derived adipocyte accumulation, 

depicting within an in vivo setting LMO3 as an essential player in the process of 

human fat cell differentiation (Figure 22). To summarise conclusions from human 

subject data, the in vivo xenotransplant model and in vitro cell models, puts forward 

the suggestion that higher LMO3 expression is in VAT and could be acting 

proadipogenic there (i.e. more lipid accumulation and a higher number of mature 

adipocytes). This is of particular importance as obesity in the intraabdominal (visceral) 

depot has been associated with greater risk of diabetes, accelerated atherosclerosis 

and dyslipidemia (Kissebah et al., 1982; Wajchenberg, 2000) and it has been shown 

that VAT in contrast to SAT contains a greater number of large adipocytes (Ibrahim, 

2010). Thus, our findings could translate into future targets for pharmaceutical 

intervention as LMO3 plays a role in VAT development and fat accumulation thus 

developing what is termed as the metabolic syndrome. 

 

8.6 HOW DOES LMO3 PROMOTE A PROADIPOGENIC PROGRAM? 

Using a gene chip approach described in Figure 24 a correlation between LMO3 and 

the master regulator of adipogenesis PPARγ was established, as a significant 

category of genes suppressed after LMO3 silencing in differentiating hASC, were 

PPARγ targets. Moreover upon pharmacologic inhibition or activation of PPARγ 

during hASC differentiation, enhanced lipid accumulation was stronger when LMO3 

was present and most essential LMO3 overexpression enhanced PPARγ 

transcriptional activity in two cell models (Figure 25).  

 

LIM domains function by binding to protein partners (forming multi-protein complexes) 

in a way that affects their activity (Kadrmas and Beckerle, 2004). Therefore LMO3-

mediated modulation of the activity of MAP protein kinases (Adams et al., 1997; Hu et 

al., 1996), phosphatases (Hinds, Jr. et al., 2011), nucleus-cytoplasm shuttling, binding 

of the cofactors PGC1α, NCoR and Dck3 (Yu et al., 2005) may be envisioned to be 

occurring in the biological setting of human adipogenesis. It has been published by 

several groups that phosphorylation of PPARγ at S112 via MAPKs p38 and p42/44 
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(ERK1/2), can block its full proadipogenic transcriptional activity, therefore we 

hypothesised that LMO3 is affecting PPARγ tone via modulation of MAPK activity 

(Camp et al., 1999; Tontonoz and Spiegelman, 2008; van et al., 2009). Western blot 

analysis revealed that both the p38 and p42/44 (ERK1/2) MAPKs are suppressed by 

intact LMO3. Therefore LMO3 mediated diminished MAPK activity decreases 

phosphorylation of PPARγ at S112, ultimately leading to proadipogenic transcriptional 

activity of PPARγ. Further studies are needed to fully elucidate the mechanism/s by 

which LMO3 enhances PPARγ activity (besides the now shown LMO3 downregulation 

of PPARγ suppressing MAPKs), ultimately identifying LMO3s binding partner could 

provide such information.  

 

In summary the data presented in this thesis are depicted in the schematic Figure 27. 

We investigate the novel concept of strong LMO3 induction specifically in human 

adipose tissue from obese human subjects and isolates of SAT and VAT. We 

demonstrate that GCs, via activation of both the GR and C/EBPβ impact LMO3 to 

potentiate differentiation of hASC. One mechanism suggests via PPARγ toning i.e. 

suppressing MAPK mediated suppression of PPARγ. Moreover we show that LMO3 is 

upregulated in human VAT, as compared to SAT in obese humans and correlates 

positively with 11βHSD1 expression. The data presented throughout this study may 

help to elucidate, at least in part, the long-known but ill-defined adipogenesis-

enhancing effect of GCs. 
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9 CONCLUSION 

Onset of obesity can be modulated by a large array of factors, but often refers to  

predisposed genetics and the imbalance of food intake versus energy expenditure, 

therefore as George Bray states “the genetic background loads the gun, but the 

environment pulls the trigger” (Bray, 2004). This PhD thesis was based on data from a 

gene chip screen of differentiating human adipose stem cells revealing LMO3, a 

previously unrelated adipocyte marker, to be highly upregulated throughout. This 

provided the aim of characterising LMO3 and its impact on human adipocyte biology. 

LMO3 was found to potentiate differentiation of specifically human derived adipose 

stem cells; induced by glucocorticoids via activation of both, the GR and C/EBPβ; 

LMO3 was found to be upregulated in human VAT as compared to SAT in obese 

subjects; a positive correlation between the GC converting enzyme 11βHSD1 

expression and LMO3 was observed and last but not least LMO3 acted proadipogenic 

via modulation of master regulator PPARγ by suppressing phosphorylation of S112. 

This study may help to understand, at least in part, the long-known but ill-defined 

adipogenesis-enhancing effect of GCs and its role in depot-specific fat accumulation. 

In the future it will perhaps translate to a target for pharmaceutical intervention in the 

prevention of obesity, together with existing therapies to combat obesity like gastric 

bypass surgery, diet and exercise.  
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11 SUPPLEMENTAL INFORMATION 

Supplemental Table 1. GC target genes referred to in Figure 13A. 

Genes upregulated by Dexamethasone Fold change 

Probe Set ID Gene Symbol Gene description Day 1A Day 2A Day 3A Day 4A Day 5A 

7927631 DKK1  dickkopf homolog 1 (Xenopus laevis)  11,86 15,91 10,75 20,49 17,71 

7961540 RERG  RAS-like, estrogen-regulated, growth inhibitor  10,93 9,17 5,66 6,97 6,67 

8166925 MAOA  monoamine oxidase A  10,85 14,98 13,59 13,13 12,53 

7934979 ANKRD1  ankyrin repeat domain 1 (cardiac muscle)  10,71 6,31 5,36 20,97 22,71 

8095751 PARM1 prostatic androgen-repressed message-1  10,43 14,55 11,69 17,22 19,44 

7962312 ABCD2  ATP-binding cassette, sub-family D (ALD), member 2 10,35 16,61 13,78 9,85 20,29 

7961580 LMO3  LIM domain only 3 (rhombotin-like 2)  8,47 9,04 7,15 7,13 8 

7961514 MGP  matrix Gla protein  7,91 12,93 15,29 17,41 15,7 

7918323 SORT1  sortilin 1  7,82 9,24 7,92 9,59 6,38 

7976496 SERPINA3  serpin peptidase inhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 3  

7,57 15,17 16,64 13,05 11,24 

8125919 FKBP5  FK506 binding protein 5  7,21 12,4 11,49 10,31 6,47 

8085244 CIDEC  cell death-inducing DFFA-like effector c  7,06 13,22 14,25 10,63 11,35 

8168737 TNMD  tenomodulin  6,34 10,79 8,62 8,63 6,38 

8148059 DEPDC6  DEP domain containing 6  5,92 8,38 6,73 7,19 5,56 

8090343 KLF15  Kruppel-like factor 15  5,85 7,24 6,56 5,86 5,36 

8035517 COMP  cartilage oligomeric matrix protein  5,74 6,85 8,07 14,31 7,65 

8069676 ADAMTS1  ADAM metallopeptidase with thrombospondin type 1 

motif, 1  

5,68 5,91 4,8 4,4 3,8 

7946579 LYVE1  lymphatic vessel endothelial hyaluronan receptor 1  5,44 8,72 12,54 9,39 14,15 

8104758 C5orf23  chromosome 5 open reading frame 23  5,41 11,6 11,01 10,47 13,67 

8097098 USP53  ubiquitin specific peptidase 53  5,3 7,78 9,19 5,09 8,54 

8123446 SMOC2  SPARC related modular calcium binding 2  5,21 11,73 13,63 11,45 10,6 

8105084 C7  complement component 7  5,09 30,33 51,49 44,67 44,34 

7943984 ZBTB16  zinc finger and BTB domain containing 16  5,06 5,74 5,76 6,75 4,97 

8141094 PDK4  pyruvate dehydrogenase kinase, isozyme 4  5,02 5,89 5,99 7,7 6,63 

7964834 CPM  carboxypeptidase M  5,01 4,78 5,06 5,01 5,82 

8174361 TSC22D3  TSC22 domain family, member 3  4,92 6,66 5,87 5,52 3,61 

8121949 LAMA2  laminin, alpha 2  4,91 8,13 8,32 7,36 8,07 

8173287 VSIG4  V-set and immunoglobulin domain containing 4  4,47 5,07 6,96 7,33 6,63 

8161865 PRUNE2  prune homolog 2 (Drosophila)  4,45 3,83 3,49 4,42 3,79 

8103494 NPY1R  neuropeptide Y receptor Y1  4,42 7,94 10,32 9,62 12,57 

8066117 SAMHD1  SAM domain and HD domain 1  4,34 5,87 5,97 3,86 5,34 

7940237 MS4A4A  membrane-spanning 4-domains, subfamily A, member 

4  

4,1 6,55 6,51 6,35 8,33 

8160823 CNTFR  ciliary neurotrophic factor receptor  3,86 6,41 4,35 5,34 4,58 

8148049 NOV  nephroblastoma overexpressed gene  3,83 7,87 6,93 5,26 7,54 

8066493 SLPI  secretory leukocyte peptidase inhibitor  3,74 4,94 4,08 3,28 6,59 

7995838 MT1X  metallothionein 1X  3,73 6,78 6,72 6,32 7,82 
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7912692 HSPB7  heat shock 27kDa protein family, member 7 

(cardiovascular)  

3,72 3,05 3,4 3,89 4,38 

8104746 NPR3  natriuretic peptide receptor C/guanylate cyclase C 

(atrionatriuretic peptide receptor C)  

3,72 6,1 7,87 7,11 7,21 

8162388 OMD  osteomodulin  3,71 4,54 5,26 4,26 4,86 

8152764 MTSS1  metastasis suppressor 1  3,61 5,5 5,7 5,09 5,25 

7932453 NEBL  nebulette  3,52 3,58 3,02 4,14 3,45 

8101881 ADH1B  alcohol dehydrogenase 1B (class I), beta polypeptide  3,45 11,85 14,44 6,87 7,48 

8147573 OSR2  odd-skipped related 2 (Drosophila)  3,31 5,75 7,33 6,28 6,45 

8041206 LBH  limb bud and heart development homolog (mouse)  3,31 4,26 5,86 6,58 3,72 

8029784 HIF3A  hypoxia inducible factor 3, alpha subunit  3,29 4,19 3,26 3,44 3,43 

7991234 MFGE8  milk fat globule-EGF factor 8 protein  3,29 4,95 5,56 5,69 5,07 

7924450 DUSP10  dual specificity phosphatase 10  3,28 4,08 3,46 5,24 3,83 

8041467 VIT  vitrin  3,17 8,58 11,39 5,35 7,52 

7995803 MT1JP  metallothionein 1J (pseudogene)  3,16 3,47 3,28 3,87 3,88 

8113800 FBN2  fibrillin 2  3,08 7,12 8,48 6 6,25 

8091511 P2RY14  purinergic receptor P2Y, G-protein coupled, 14  3,05 5,62 7,85 7,86 17,49 

8135488 LRRN3  leucine rich repeat neuronal 3  3 5,75 5,24 4,06 8,77 

8100154 CORIN  corin, serine peptidase  6,74 10,49 5,1 4,02 2,54 

7922598 ANGPTL1  angiopoietin-like 1  6,02 6,47 5,29 2,9 4,5 

8074606 USP18  ubiquitin specific peptidase 18  4,39 4,46 3,57 2,88 4,5 

8161884 PRUNE2  prune homolog 2 (Drosophila)  3,95 5,44 3,97 4,5 2,78 

7937749 TNNT3  troponin T type 3 (skeletal, fast)  3,79 4,56 2,57 3,54 3,2 

8078386 GPD1L  glycerol-3-phosphate dehydrogenase 1-like  3,72 4,17 4,25 3,23 2,63 

8051573 CDC42EP3  CDC42 effector protein (Rho GTPase binding) 3  2,96 3,09 3,26 4,3 4,59 

8129618 VNN1  vanin 1  2,92 6,16 6,94 7,57 8,9 

8144917 LPL  lipoprotein lipase  2,91 14,44 21,82 10,86 13,11 

7995797 MT1E  metallothionein 1E  2,91 3,03 3,09 3,22 3,3 

7898805 C1QB  complement component 1, q subcomponent, B chain  2,88 4,76 5,45 6,04 6,28 

8057677 SLC40A1  solute carrier family 40 (iron-regulated transporter), 

member 1  

2,85 5,52 9,52 7,42 5,9 

7960794 CD163  CD163 molecule  2,8 3,7 4,94 4,35 3,23 

8132092 INMT  indolethylamine N-methyltransferase  2,8 4,89 9,31 6,65 6,28 

7907271 FMO2  flavin containing monooxygenase 2 (non-functional)  2,79 10,59 14 7,04 9,82 

7935188 SORBS1  sorbin and SH3 domain containing 1  2,77 3,16 3,14 3,29 4,96 

7929779 ABCC2  ATP-binding cassette, sub-family C (CFTR/MRP), 

member 2  

2,76 5,21 4,16 3,33 4,22 

7955441 METTL7A  methyltransferase like 7A  2,74 4,4 7,12 5,59 3,41 

8079117 CCBP2  chemokine binding protein 2  2,68 4,28 5,55 5,43 7,06 

8020141 APCDD1  adenomatosis polyposis coli down-regulated 1  2,68 4,15 5,27 3,29 4,06 

7901535 PODN  podocan  2,67 3,2 3,34 3,36 3,44 

8140085 MLXIPL  MLX interacting protein-like  2,55 5,67 4,56 3,17 4,63 

8101893 ADH1C  alcohol dehydrogenase 1C (class I), gamma 

polypeptide  

2,52 6,47 8,16 4,63 4,24 

8109333 GPX3  glutathione peroxidase 3 (plasma)  2,45 6,71 6,69 5,03 4,85 

7904726 TXNIP  thioredoxin interacting protein  2,45 3,93 5,2 4,42 4,18 

8152703 FBXO32  F-box protein 32  2,37 4,32 5,81 5,51 4,44 
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8085360 TIMP4  TIMP metallopeptidase inhibitor 4  2,28 3,42 4,53 3,72 4,19 

7960947 A2M  alpha-2-macroglobulin  2,22 3,72 4,6 5,07 5,68 

8115397 C5orf4  chromosome 5 open reading frame 4  2,18 3,62 4,19 3,37 5,17 

8163202 SVEP1  sushi, von Willebrand factor type A, EGF and 

pentraxin domain containing 1  

2,06 3,89 4,8 3,72 5,05 

7964660 AVPR1A  arginine vasopressin receptor 1A  1,99 4,55 8,02 3,23 6,84 

7973101 RNASE6  ribonuclease, RNase A family, k6  1,86 3,68 3,44 3,42 5,3 

8072360 TCN2  transcobalamin II; macrocytic anemia  1,79 4,1 8,17 6,82 4,01 

8101874 ADH1A  alcohol dehydrogenase 1A (class I), alpha polypeptide 1,7 5,35 7,38 3,7 3,72 

8111915 SEPP1  selenoprotein P, plasma, 1  1,59 3,07 3,7 3,1 3,9 

8161755 ALDH1A1  aldehyde dehydrogenase 1 family, member A1  1,58 4,69 5,94 6,17 4,88 

8057506 FRZB  frizzled-related protein  1,56 3,39 7,31 4,47 5,47 

7994052 HS3ST2  heparan sulfate (glucosamine) 3-O-sulfotransferase 2 1,54 3,71 5,29 4,42 3,66 

7997188 HP  haptoglobin  1,53 8,55 20,87 18,95 27,61 

8174513 CHRDL1  chordin-like 1  1,4 3,81 5,94 4,41 3,41 

8103736 SCRG1  stimulator of chondrogenesis 1  5,99 4,17 2,32 1,83 3,17 

8107673 GRAMD3  GRAM domain containing 3  3,81 2,72 1,93 3,06 3,63 

8101659 SPARCL1  SPARC-like 1 (hevin)  3,74 4,48 4,71 2,85 2,76 

8103951 ACSL1  acyl-CoA synthetase long-chain family member 1  3,37 3,85 4,36 2,98 2,72 

8042788 ACTG2  actin, gamma 2, smooth muscle, enteric  3,29 3,21 2,93 3,26 2,67 

8083240 AGTR1  angiotensin II receptor, type 1  3,21 5,91 5,49 2,68 2,33 

7918533 ADORA3  adenosine A3 receptor  2,99 2,56 3,15 3,46 4,53 

8062119 MT1JP  // 

MT1JP  

metallothionein 1J (pseudogene)  // metallothionein 1J 

(pseudogene)  

2,82 3 3,03 3,21 3,67 

8011826 C17orf87  chromosome 17 open reading frame 87  2,69 3,21 3,75 2,34 3 

7970954 DCLK1  doublecortin-like kinase 1  2,57 3,72 3,67 2,8 4,35 

7923386 LMOD1  leiomodin 1 (smooth muscle)  2,57 3,3 3,62 3,04 2,91 

8035506 CRLF1  cytokine receptor-like factor 1  2,56 2,81 3,26 4,67 3,76 

8155754 MAMDC2  MAM domain containing 2  2,53 3,19 4,12 2,95 4,08 

7972069 MYCBP2  MYC binding protein 2  2,5 3,53 3,52 2,74 4 

7933204 C10orf10  chromosome 10 open reading frame 10  2,37 4,86 5,68 3,69 2,68 

8026424 CYP4F22  cytochrome P450, family 4, subfamily F, polypeptide 

22  

2,37 4,65 3,54 2,63 3,52 

8091537 IGSF10  immunoglobulin superfamily, member 10  2,1 4,15 3,82 1,88 4,33 

8157524 TLR4  toll-like receptor 4  2,05 3,04 3,64 2,7 3,92 

8023727 DSEL  dermatan sulfate epimerase-like  2,01 3,49 3,84 2,66 4 

7907249 FMO3  flavin containing monooxygenase 3  1,88 4,33 4,1 3,04 2,85 

8146687 ADHFE1  alcohol dehydrogenase, iron containing, 1  1,86 4,39 3,38 2,34 4,83 

8057887 STK17B  serine/threonine kinase 17b  1,79 3,16 3,15 2,3 3,68 

8123936 NEDD9  neural precursor cell expressed, developmentally 

down-regulated 9  

1,71 3,09 3,43 3,43 2,37 

7958466 ACACB  acetyl-Coenzyme A carboxylase beta  1,7 3,21 3,21 1,92 3,03 

7901272 CYP4X1  cytochrome P450, family 4, subfamily X, polypeptide 1 1,1 3,03 5,57 2,74 4,11 

7898793 C1QA  complement component 1, q subcomponent, A chain  1,09 3,79 5,23 6,08 2,44 

8059680 HTR2B  5-hydroxytryptamine (serotonin) receptor 2B  0,89 2,91 3,34 3,03 4,06 
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8171427 FIGF  c-fos induced growth factor (vascular endothelial 

growth factor D)  

0,88 3,58 4,6 2,06 3,17 

Genes downregulated by Dexamethasone Fold change 

Probe Set ID Gene Symbol Gene description Day 1A Day 2A Day 3A Day 4A Day 5A 

8124527 HIST1H1B  histone cluster 1, H1b  0,33 0,19 0,23 0,26 0,27 

8103769 HPGD  hydroxyprostaglandin dehydrogenase 15-(NAD)  0,33 0,3 0,21 0,17 0,14 

8114920 DPYSL3  dihydropyrimidinase-like 3  0,33 0,27 0,21 0,32 0,18 

8055952 NR4A2  nuclear receptor subfamily 4, group A, member 2  0,32 0,18 0,21 0,29 0,25 

8108301 KIF20A  kinesin family member 20A  0,32 0,1 0,08 0,09 0,16 

8061579 TPX2  TPX2, microtubule-associated, homolog (Xenopus 

laevis)  

0,31 0,14 0,1 0,14 0,2 

8075310 LIF  leukemia inhibitory factor (cholinergic differentiation 

factor)  

0,31 0,25 0,27 0,28 0,31 

7991406 PRC1  protein regulator of cytokinesis 1  0,31 0,21 0,16 0,17 0,33 

7919612 HIST2H3D  histone cluster 2, H3d  0,3 0,23 0,24 0,33 0,31 

8021169 LIPG  lipase, endothelial  0,29 0,17 0,21 0,31 0,17 

7951271 MMP1  matrix metallopeptidase 1 (interstitial collagenase)  0,29 0,05 0,02 0,02 0,02 

8132318 ANLN  anillin, actin binding protein  0,29 0,14 0,12 0,11 0,2 

8006433 CCL2  chemokine (C-C motif) ligand 2  0,29 0,27 0,24 0,15 0,29 

7982889 NUSAP1  nucleolar and spindle associated protein 1  0,28 0,16 0,15 0,17 0,25 

7947512 PAMR1  peptidase domain containing associated with muscle 

regeneration 1  

0,27 0,21 0,23 0,21 0,16 

8152617 HAS2  hyaluronan synthase 2  0,27 0,24 0,22 0,3 0,3 

7922976 PTGS2  prostaglandin-endoperoxide synthase 2 (prostaglandin 

G/H synthase and cyclooxygenase)  

0,27 0,26 0,25 0,28 0,22 

8117594 HIST1H2BM  histone cluster 1, H2bm  0,26 0,08 0,07 0,19 0,27 

7936968 ADAM12  ADAM metallopeptidase domain 12  0,26 0,12 0,09 0,23 0,07 

8124848 IER3  immediate early response 3  0,26 0,22 0,29 0,3 0,28 

8179704 IER3  immediate early response 3  0,26 0,22 0,29 0,3 0,28 

7929334 CEP55  centrosomal protein 55kDa  0,26 0,15 0,17 0,13 0,21 

7900699 CDC20  cell division cycle 20 homolog (S. cerevisiae)  0,24 0,16 0,15 0,13 0,21 

8178435 IER3  immediate early response 3  0,24 0,21 0,27 0,29 0,27 

8019842 TYMS  thymidylate synthetase  0,24 0,19 0,19 0,19 0,23 

8007931 ITGB3  integrin, beta 3 (platelet glycoprotein IIIa, antigen 

CD61)  

0,24 0,2 0,21 0,17 0,15 

7994109 PLK1  polo-like kinase 1 (Drosophila)  0,24 0,14 0,1 0,12 0,17 

8014974 TOP2A  topoisomerase (DNA) II alpha 170kDa  0,23 0,13 0,12 0,11 0,16 

8154295 IL33  interleukin 33  0,23 0,21 0,25 0,1 0,19 

7948167 APLNR  apelin receptor  0,23 0,23 0,18 0,17 0,15 

7929012 STAMBPL1  STAM binding protein-like 1  0,22 0,28 0,18 0,21 0,27 

8135705 KCND2  potassium voltage-gated channel, Shal-related 

subfamily, member 2  

0,22 0,25 0,25 0,24 0,3 

8045688 TNFAIP6  tumor necrosis factor, alpha-induced protein 6  0,22 0,2 0,1 0,12 0,09 

8021635 SERPINB2  serpin peptidase inhibitor, clade B (ovalbumin), 

member 2  

0,21 0,21 0,19 0,14 0,15 

7909568 DTL  denticleless homolog (Drosophila)  0,21 0,16 0,2 0,24 0,25 

8141016 TFPI2  tissue factor pathway inhibitor 2  0,2 0,21 0,19 0,2 0,18 

8124380 HIST1H1A  histone cluster 1, H1a  0,2 0,13 0,12 0,12 0,15 
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8073062 APOBEC3B  apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3B  

0,19 0,15 0,13 0,18 0,17 

8149825 STC1  stanniocalcin 1  0,17 0,19 0,13 0,26 0,19 

8100977 CXCL5  chemokine (C-X-C motif) ligand 5  0,16 0,12 0,11 0,18 0,15 

7921099 CRABP2  cellular retinoic acid binding protein 2  0,14 0,1 0,13 0,11 0,1 

7947199 LGR4  leucine-rich repeat-containing G protein-coupled 

receptor 4  

0,12 0,12 0,14 0,1 0,13 

8095680 IL8  interleukin 8  0,12 0,1 0,09 0,13 0,07 

7976567 BDKRB1  bradykinin receptor B1  0,11 0,14 0,15 0,11 0,08 

7934916 CH25H  cholesterol 25-hydroxylase  0,07 0,05 0,05 0,07 0,06 

8122334 CCRL1  chemokine (C-C motif) receptor-like 1  0,06 0,08 0,19 0,09 0,17 

8095688 CXCL6  chemokine (C-X-C motif) ligand 6 (granulocyte 

chemotactic protein 2)  

0,05 0,04 0,05 0,06 0,06 

8131803 IL6  interleukin 6 (interferon, beta 2)  0,05 0,07 0,08 0,08 0,13 

8095697 CXCL1  chemokine (C-X-C motif) ligand 1 (melanoma growth 

stimulating activity, alpha)  

0,05 0,05 0,05 0,05 0,04 

8139087 SFRP4  secreted frizzled-related protein 4  0,59 0,21 0,11 0,16 0,15 

7905329 MLLT11  myeloid/lymphoid or mixed-lineage leukemia (trithorax 

homolog, Drosophila); translocated to, 11  

0,55 0,29 0,25 0,26 0,28 

8100971 PPBP  pro-platelet basic protein (chemokine (C-X-C motif) 

ligand 7)  

0,53 0,19 0,08 0,08 0,07 

7980316 TGFB3  transforming growth factor, beta 3  0,53 0,32 0,25 0,31 0,26 

8111387 ADAMTS12  ADAM metallopeptidase with thrombospondin type 1 

motif, 12  

0,52 0,31 0,31 0,27 0,26 

8129573 MOXD1  monooxygenase, DBH-like 1  0,49 0,22 0,1 0,22 0,21 

8056222 DPP4  dipeptidyl-peptidase 4  0,47 0,23 0,24 0,21 0,2 

8106418 CRHBP  corticotropin releasing hormone binding protein  0,44 0,25 0,17 0,2 0,28 

8056257 FAP  fibroblast activation protein, alpha  0,44 0,23 0,19 0,21 0,15 

7960340 FOXM1  forkhead box M1  0,44 0,19 0,15 0,16 0,22 

8063115 MMP9  matrix metallopeptidase 9 (gelatinase B, 92kDa 

gelatinase, 92kDa type IV collagenase)  

0,41 0,17 0,07 0,13 0,06 

8091283 PLOD2  procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2  0,38 0,31 0,26 0,25 0,32 

8018849 TK1  thymidine kinase 1, soluble  0,37 0,26 0,19 0,32 0,23 

8006445 CCL11  chemokine (C-C motif) ligand 11  0,37 0,29 0,25 0,25 0,3 

7983969 CCNB2  cyclin B2  0,35 0,11 0,09 0,13 0,26 

8124388 HIST1H3B  histone cluster 1, H3b  0,35 0,15 0,12 0,2 0,3 

8104788 RAI14  retinoic acid induced 14  0,34 0,29 0,26 0,25 0,24 

7974689 DACT1  dapper, antagonist of beta-catenin, homolog 1 

(Xenopus laevis)  

0,34 0,23 0,24 0,31 0,29 

7951284 MMP3  matrix metallopeptidase 3 (stromelysin 1, 

progelatinase)  

0,34 0,1 0,06 0,24 0,05 

8150186 RNF122  ring finger protein 122  0,32 0,39 0,33 0,33 0,3 

8164580 PTGES  prostaglandin E synthase  0,28 0,23 0,2 0,36 0,23 

7928429 PLAU  plasminogen activator, urokinase  0,28 0,37 0,33 0,26 0,29 

7918857 TSPAN2  tetraspanin 2  0,25 0,11 0,12 0,34 0,12 

7962375 PRICKLE1  prickle homolog 1 (Drosophila)  0,15 0,24 0,35 0,27 0,14 

8123104 FNDC1  fibronectin type III domain containing 1  0,82 0,54 0,28 0,29 0,27 

8152522 ENPP2  ectonucleotide pyrophosphatase/phosphodiesterase 2 0,73 0,37 0,28 0,23 0,25 
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8102800 SLC7A11  solute carrier family 7, (cationic amino acid 

transporter, y+ system) member 11  

0,65 0,39 0,21 0,28 0,26 

7938608 SPON1  spondin 1, extracellular matrix protein  0,6 0,33 0,38 0,33 0,18 

8099721 KIAA0746  KIAA0746 protein  0,57 0,38 0,24 0,28 0,32 

7970763 FLT1  fms-related tyrosine kinase 1 (vascular endothelial 

growth factor/vascular permeability factor receptor)  

0,54 0,45 0,33 0,33 0,33 

8092839 LRRC15  leucine rich repeat containing 15  0,52 0,23 0,25 0,41 0,21 

7925876 PFKP  phosphofructokinase, platelet  0,51 0,33 0,32 0,45 0,3 

8008784 PRR11  proline rich 11  0,48 0,25 0,2 0,25 0,47 

8063458 DOK5  docking protein 5  0,47 0,33 0,2 0,23 0,36 

8043602 NCAPH  non-SMC condensin I complex, subunit H  0,41 0,22 0,23 0,28 0,34 

8124531 HIST1H3I  histone cluster 1, H3i  0,38 0,32 0,33 0,52 0,28 

8102643 CCNA2  cyclin A2  0,37 0,29 0,17 0,25 0,42 

7969243 CKAP2  cytoskeleton associated protein 2  0,36 0,3 0,26 0,3 0,37 

7918869 NGF  nerve growth factor (beta polypeptide)  0,3 0,33 0,38 0,39 0,3 

7933084 NAMPT  nicotinamide phosphoribosyltransferase  0,3 0,4 0,45 0,26 0,28 

8116418 GFPT2  glutamine-fructose-6-phosphate transaminase 2  0,22 0,34 0,35 0,18 0,15 

 AFold change was calculated based on the normalised Fluorescence Signal intensity of the respective 

sample divided by the mean Fluorescence Signal Intensity of indicated Day versus Day 0. 

 

Supplemental Table 2. LMO3 dependant genes shown in Clusters 3 (Figure 24C and E). 

Cluster 3 LMO3 dependant genes Fold Change 

Probe Set 

ID 

Gene 

Symbol 
Gene description 

siCtrl 

R1A,B 

siCtrl 

R2A,B 

siLMO3#

1 R1A,B 

siLMO3#

1 R2A,B 

siLMO3#

2 R1A,B 

siLMO3#

2 R2A,B 

8151532 FABP4  
fatty acid binding protein 4, 

adipocyte  
205,8 127,4 124,05 93,37 116,25 112,05 

8097080 SYNPO2  synaptopodin 2  3,29 3,56 1,99 2,28 2,52 2,34 

7969835 PCCA  
propionyl Coenzyme A carboxylase, 

alpha polypeptide  
1,30 1,82 1,04 1,06 0,80 1,26 

7916541 DAB1  disabled homolog 1 (Drosophila)  2,81 3,17 2,05 2,22 1,85 1,81 

7916944 PTGER3  
prostaglandin E receptor 3 (subtype 

EP3)  
1,65 1,72 1,16 1,20 1,01 1,08 

7965873 IGF1  
insulin-like growth factor 1 

(somatomedin C)  
3,04 5,25 2,14 2,00 2,64 4,18 

8042270 UGP2  UDP-glucose pyrophosphorylase 2  2,11 1,75 0,90 1,14 1,52 1,45 

7929816 SCD  
stearoyl-CoA desaturase (delta-9-

desaturase)  
4,69 3,48 2,80 2,96 2,28 2,43 

7902808 
LOC33952

4  
hypothetical LOC339524  1,97 1,31 0,92 1,15 1,10 1,01 

8055872 CACNB4  
calcium channel, voltage-

dependant, beta 4 subunit  
1,64 1,69 1,02 0,86 1,14 1,19 

8169836 XPNPEP2  

X-prolyl aminopeptidase 

(aminopeptidase P) 2, membrane-

bound  

2,56 3,51 1,10 1,51 1,98 2,90 

8161488 AQP7P1  aquaporin 7 pseudogene 1  1,80 2,12 1,07 1,12 1,24 1,41 

7962579 AMIGO2  
adhesion molecule with Ig-like 

domain 2  
2,90 2,05 1,25 1,60 1,61 1,65 

8155554 AQP7P1  aquaporin 7 pseudogene 1  1,82 2,26 1,09 1,16 1,28 1,47 

7987145 FMN1  formin 1  2,04 2,25 1,13 1,16 1,24 1,69 
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8147049 FABP5  
fatty acid binding protein 5 

(psoriasis-associated)  
3,93 1,77 2,06 2,60 1,20 1,06 

7922406 SNORD79  small nucleolar RNA, C/D box 79  2,18 1,53 1,32 1,17 0,87 1,15 

7948420 FABP5  
fatty acid binding protein 5 

(psoriasis-associated)  
4,10 1,73 2,11 2,64 1,21 1,09 

7922408 SNORD78  small nucleolar RNA, C/D box 78  1,86 1,93 1,15 1,68 0,80 0,91 

8155442 AQP7P1  aquaporin 7 pseudogene 1  1,87 2,26 1,07 1,14 1,27 1,44 

7907286 FMO1  flavin containing monooxygenase 1  2,52 3,20 1,21 1,39 2,16 2,01 

7903227 PALMD  palmdelphin  3,78 3,26 2,37 2,11 1,69 2,04 

8144917 LPL  lipoprotein lipase  29,73 18,25 9,15 13,33 16,93 15,95 

8136248 MEST  
mesoderm specific transcript 

homolog (mouse)  
2,66 2,82 1,44 1,56 1,54 1,64 

8169898 RAB33A  
RAB33A, member RAS oncogene 

family  
3,21 3,16 1,32 1,20 2,14 2,45 

8111998 HCN1  

hyperpolarization activated cyclic 

nucleotide-gated potassium channel 

1  

3,89 4,75 2,32 2,67 2,15 2,48 

8161558 AQP7P1  aquaporin 7 pseudogene 1  1,77 2,46 1,03 1,10 1,11 1,44 

7926334 OLAH  oleoyl-ACP hydrolase  3,65 3,28 1,39 1,83 2,26 2,16 

8017927 ABCA9  
ATP-binding cassette, sub-family A 

(ABC1), member 9  
2,22 2,20 1,11 1,48 1,05 1,23 

7939024 ANO3  anoctamin 3  6,26 5,61 3,93 4,29 2,51 2,23 

7932254 ITGA8  integrin, alpha 8  1,67 1,94 0,79 1,04 1,09 0,98 

8081657 CD200  CD200 molecule  2,56 3,35 1,51 1,38 1,54 1,95 

7931832 AKR1C2  
aldo-keto reductase family 1, 

member C2 
2,61 2,01 1,13 1,55 1,26 1,01 

8151906 GDF6  growth differentiation factor 6  2,40 2,54 1,11 1,44 1,36 1,36 

8108981 STK32A  serine/threonine kinase 32A  2,77 2,90 1,37 1,33 1,75 1,47 

8139832 ZNF117  zinc finger protein 117  3,73 3,12 1,45 1,25 2,06 2,36 

8102200 DKK2  
dickkopf homolog 2 (Xenopus 

laevis)  
3,64 3,83 1,56 2,19 2,04 1,84 

8137264 
TMEM176

A  
transmembrane protein 176A  2,70 4,28 1,27 1,64 1,78 2,32 

7991313 PLIN1  perilipin 1  3,10 2,72 1,28 1,23 1,71 1,58 

8062395 NNAT  neuronatin  4,05 2,26 1,36 1,39 2,12 1,40 

7901272 CYP4X1  
cytochrome P450, family 4, 

subfamily X, polypeptide 1  
2,85 3,74 1,31 1,48 1,76 1,99 

7963880 ITGA7  integrin, alpha 7  2,03 2,59 1,13 1,12 1,13 1,16 

7908312 PRG4  proteoglycan 4  2,42 2,95 0,76 1,11 1,37 1,77 

7928046 TSPAN15  tetraspanin 15  4,34 4,84 1,66 1,79 2,20 2,68 

7942793 THRSP  
thyroid hormone responsive 

(SPOT14 homolog, rat)  
3,02 1,68 0,83 0,88 1,23 1,30 

8168737 TNMD  tenomodulin  7,91 6,53 3,43 4,04 2,76 2,74 

8032829 PLIN4  perilipin 4  8,90 7,51 2,80 4,19 3,67 3,66 

8007420 AOC3  
amine oxidase, copper containing 3 

(vascular adhesion protein 1)  
12,49 12,23 4,52 4,48 5,59 6,92 

7909441 G0S2  G0/G1switch 2  2,57 1,51 0,86 0,81 0,98 0,76 

8063590 PCK1  
phosphoenolpyruvate 

carboxykinase 1 (soluble)  
4,99 3,03 1,16 1,18 1,76 1,28 

7955348 GPD1  
glycerol-3-phosphate 

dehydrogenase 1 (soluble)  
6,56 3,84 1,24 1,35 1,89 1,25 

7935116 RBP4  retinol binding protein 4, plasma  3,90 4,06 0,79 1,04 1,20 0,86 

8084710 ADIPOQ  adiponectin, C1Q and collagen 24,48 18,44 1,08 1,94 5,40 2,17 
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domain containing  
AAbbreviation: R; Replicate. 
BFold change was calculated based on the normalised Fluorescence Signal intensity of the respective sample divided by the 

mean Fluorescence Signal Intensity of siCtrl on Day 0.
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