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Introduction

Nowadays the prevalence of overweight and obesity and the herewith associated 
components of the metabolic syndrome like insulin resistance, type 2 diabetes, 
dyslipidemia, hypertension and coronary heart disease rapidly increases worldwide 
(1). Conspicuously, similar metabolic disturbances are observed in patients with 
lipodystrophy, which is characterized by systemic or localized loss of adipose 
tissue, indicating an important role for adipose tissue in whole body metabolism

Lipid metabolism in adipocytes

Adipose tissue is the major site of lipid storage in the body and plays a pivotal role in 
the maintenance of whole body glucose and lipid metabolism. Adipose tissue lipid 
metabolism, which involves triacylglcerol (TAG) synthesis/storage and lipolysis, 
is highly regulated by hormones and other factors such as nutritional status and 
exercise. In the normal physiological state, excess fuel substrates is partitioned to 
adipose tissue where it is stored as TAGs until its subsequent release as free fatty 
acids (FFA) in times of energy demand. Dysregulation of these processes can result 
in an increase in circulating FFAs and lipid accumulation in non-adipose tissues, 
such as liver, muscle and pancreatic islets, ultimately contributing to dyslipidemia, 
insulin resistance and diabetes (2).

TAG synthesis and storage
TAG synthesis requires glycerol and fatty acids, which are transformed to glycerol-
3-phophate and fatty acyl-CoA to be used as substrates (Figure 1A). Glycerol-3P is 
derived from glucose through the first step of glycolysis and from glyceroneogenesis. 
Adipocyte glucose uptake occurs mainly via the GLUT4 receptor and is controlled 
by insulin. Glyceroneogenesis is the synthesis of glycerol-3P by non-carbohydrate 
precursors such as pyruvate. The key enzyme in this process is PEPCK. The 
proportion of Glycerol-3P produced by glycolysis and glyceroneogenesis varies 
with nutritional status. The fatty acids esterified to the glycerol-3P backbone can be 
obtained by either de novo lipogenesis or the uptake of fatty acids from circulating 
TAG-rich lipoproteins. Although in human adipose tissue the enzymes for de novo 
lipogenesis (synthesis of fatty acids from non-lipid substrates) are present, the 
contribution of this pathway to TAG synthesis is considered to be very low. The 
majority of the fatty acids used for TAG synthesis are derived from the circulating 
TAG-rich lipoproteins. Fatty acids are released from the TAG-rich lipoproteins 
through the hydrolysis of TAG by lipoprotein lipase (LPL). The subsequent transport 
of fatty acids through the adipocyte plasma membrane is regulated and facilitated 
by fatty acid transporters such as CD36. In the cytoplasm fatty acids and acyl-CoA 
are esterified into fatty acyl-CoA (FA-CoA) by acyl-coenzyme A synthetase enzymes 
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Figure 1. Lipid metabolism in adipocytes.
A, Schematic representation of fatty acid uptake and triacylglycerol (TAG) synthesis. B, FFA release is 
regulated by lipolysis.

(ACS). These FA-CoAs are subsequently esterified to the glycerol-3P backbone 
by different enzymes respectively, named glycerol-3-phosphate acyltransferases 
(GPATs), 1-acylglycerol-3-phophate acyltransferases (AGPATs) and diacylglycerol 
acyltransferases (DGATs) to TAGs (Figure 1A).

Lipolysis
The regulation of lipolysis provides a main switch between lipid storage and lipid 
mobilization in times of energy demand and is tightly regulated by hormones, 
cytokines and other metabolites. The hydrolysis of TAGs occurs in a stepwise 
fashion via diacylglycerol (DAG) and monoacylglycerol (MAG) with the liberation 
of a FFA at the first two steps and the release of a FFA and glycerol at the final step. 
This process is regulated by a number of lipases and lipid droplet proteins. The first 
step in the hydrolysis of TAG is regulated by a number of lipases including hormone 
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), whereas the second 
and third steps are exclusively regulated by HSL and monoglyceride lipase (MGL) 
respectively (Figure 1B). The rate-limiting enzyme is HSL and so named of its 
responsiveness to hormones; like catecholamines and insulin (3). Cathecholamines, 
such as adrenaline (epinephrine) and noradrenaline (norepinephrine) are the main 
hormones that markedly stimulate lipolysis in humans are cathecholamines, such 
as adrenaline and noradrenaline. These cathecholamines bind to β-adrenergic 
receptors, which are positively coupled to adenylyl cyclase by the stimulatory 
G-protein complex (Gs). Stimulation of adenylyl cyclase leads to an increase of 
intracellular cyclic AMP levels (cAMP), which in turn promotes the activation of 
protein kinase A (PKA). The activation of PKA results in the phosphorylation of 
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HSL and the lipid droplet protein perilipin, ultimately leading to the hydrolysis of 
TAGs. Other hormones that may stimulate lipolysis through Gs coupled receptors 
are thyroid stimulating hormone (TSH), glucagon and cholecystokinin (CCK). In 
addition the cytokine TNFα has been shown to increase lipolysis rates in humans 
in vivo (4). Insulin is the most potent antilipolytic hormone in adipose tissue. 
After binding to its receptor at the surface of the adipocyte, it induces a signal 
transduction cascade including the activation of PI3K and PKB/AKT leading to 
activation of phosphodiesterase subtype 3B (PDE-3B), causing a lowering of cAMP 
levels. In addition, other metabolites such as lactate, acetate and the ketone body 
β-hydroxybutyrate have been shown to inhibit lipolysis in adipocytes via coupling 
to Gi, which inhibits adenylyl cyclase and counteracts the pro-lipolytic receptors.
Interestingly, the expression of a number of genes involved in adipocyte lipid 
metabolism (e.g. LPL, PEPCK and ATGL) is controlled by the transcription factor 
PPARγ. 

PPARγ, a nuclear receptor

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor 
superfamily of ligand inducible transcription factors that were identified in the 
1990s in rodents, named after their ability to induce the proliferation of peroxisomes 
(5). PPARs share a modular structure with other members of the nuclear receptor 
superfamily. At the N-terminus they contain a ligand-independent activation 
function 1 (AF-1) domain, which is constitutive active and/or regulated by signal 
transduction cascades. Centrally located is the highly conserved DNA binding 
domain (DBD) which contains two zinc fingers that are responsible for DNA 
binding. A highly flexible region named the hinge region connects the DBD with a 
C-terminal ligand binding domain (LBD). This LBD mediates ligand-binding and 
heterodimerisation with RXRα and contains a ligand-dependent activation function 
(AF-2). PPARs bind as obligate heterodimers with retinoic acid X receptors (RXRs) 
to PPAR responsive elements (PPREs), which consists of two hexameric direct 
repeats (AGGTCA) interspaced by one nucleotide (DR-1). Three PPAR subtypes 
have been identified, encoded by three separate genes. PPARα is mainly expressed 
in the liver and to a lesser extent in heart and skeletal muscle. This receptor can 
be activated by fibrates and unsaturated fatty acids and is a major regulator of 
fatty acid oxidation. This is particularly important in times of energy demand, 
as PPARα expression and activity increases during fasting and PPARα null mice 
cannot sustain fasting, while these animals are indistinguishable from wild type 
mice on a regular diet (6). PPARβ/δ is more ubiquitously expressed and favours 
fatty acid oxidations in tissues in which PPARα expression is low. Although the 
natural ligands remain elusive, fatty acids and eicosanoids are able to activate 
PPARβ/δ (7). Endurance training increases the expression of PPARβ/δ (8) and 
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muscle-specific overexpression results in increased oxidative myofiber number 
and fatty acid oxidation and resistance to muscle fatigue (9).  
The third family member is PPARγ and although the PPARG gene gives rise to four 
different mRNA products (PPARγ1-4) by differential promoter usage and alternative 
splicing, it encodes only two receptor proteins, PPARγ1 and PPARγ2. The PPARγ2 
isoform has 30 (or 28 in humans) additional amino acids at the N-terminus and 
its expression is restricted to adipose tissue, whereas the PPARγ1 isoform is more 
ubiquitously expressed (e.g. in adipose tissue, skeletal muscle, heart, liver, lower 
intestine and macrophages). A variety of endogenous ligands have been described 
for PPARγ, including polyunsaturated fatty acids, eicosanoids and prostaglandin 
J2 derivatives (10;11). Synthetic agonists include the thiazoledinediones (TZDs) 
(12) and tyrosine-based agonists (13) that have been shown to lower blood glucose 
levels and ameliorate insulin sensitivity in patients with type 2 diabetes. From in 
vivo and in vitro studies PPARγ has emerged as the master regulator of adipocyte 
differentiation. Whereas PPARγ homozygous null mice are embryonic lethal due 
to placental dysfunction, the heterozygous null mice fail to develop adipose tissue 
(14;15). In addition, PPARγ null ES cells failed to undergo differentiation after 
hormone treatment (16;17) and ectopic expression of PPARγ in murine cells was 
sufficient to promote adipogenesis (18). In addition to adipogenesis, PPARγ also 

Figure 2. Schematic representation of PPARγ promoter cycling.
PPARγ binds as obligate heterodimer with RXR to a PPRE in the promoter/enhancer region of a target 
gene. On some PPREs under basal conditions corepressors can repress transcription. Upon binding of 
ligands corepressors will be released and coactivators recruited and transcription is initiated. Afterwards 
PPARγ will be degraded and a next round of promoter cycling will take place.
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plays an important role in adipocyte glucose and lipid metabolism through the 
direct regulation of a number of genes involved in these metabolic processes (19;20). 
On the promoters of some target genes, unliganded PPARγ recruits multiprotein 
corepressor complexes, containing either NCoR or SMRT, together with histone 
deacetylases that actively repress transcription. Binding of ligand is the crucial 
event that switches the function of nuclear receptors from active repression to 
transcriptional activation and is due to stabilization of the active conformation 
resulting in reduced corepressor affinity and simultaneously enhanced affinity 
for coactivators. Corepressors are released and replaced by coactivator complexes, 
including SRC-1, CBP and TRAP/DRIP/ARC complexes that are involved in 
transcriptional activation. During transcriptional activation nuclear receptors 
like PPARγ and their cofactors cycle on and off the promoters of the target genes. 
As shown in Figure 2, this promoter cycling is a very dynamic process involving 
ligand binding, cofactor exchange and proteasome dependent receptor degradation 
and plays an important role in determining the gene transcription rate (21;22). In 
addition, PPARγ can also regulate gene expression in an indirect ligand dependent 
manner, e.g. by antagonizing the action of NF-κB activation (23;24).

Genetic variation in PPARγ

Polymorphisms
Since PPARγ was identified as the master regulator of adipogenesis and recognized 
to play a key role in glucose and lipid metabolism and thereby affecting insulin 
sensitivity, it was obvious to search for PPARγ mutations in diabetic patients. Yen et 
al. were the first who performed a molecular scanning of the human PPARG gene in 
diabetic Caucasians with or without obesity (25) and reported two polymorphisms: 
a misssense mutation at codon 12 of PPARγ2 leading to the substitution of a proline 
for an alanine at this position and a C to T substitution at position 1431 in exon 
6 leading to the synonymous His477His polymorphism. Nowadays Pro12Ala is 
the most extensively studied polymorphism and its frequency has been reported 
to vary from 2% to 25% depending on ethnicity. Numerous studies have been 
performed on the possible association of this polymorphism with insulin resistance 
and initially results have been contradictory. A recruit-by-phenotype approach (26) 
and two large meta-analysis studies (27;28) however, found a modest but significant 
increase in diabetes risk for carriers of the proline allele. Since this risk allele has 
a high frequency this modest effect translates into a large population attributable 
risk for type II diabetes influencing as much as 25% in the general population. 
Functional studies on these genetic variants showed for the Ala variant a modest 
reduction of target gene transactivation in the presence and absence of ligand due 
to a reduced binding affinity for the cognate promoter elements (29). In addition, 
a reduced ability to induce adipocyte differentiation (30), altered cofactor binding 
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and adiponectin signalling (31) were reported for the Ala variant. Although the Ala 
variant showed reduced adipogenic potential in vitro, association studies between 
the polymorphism and BMI in humans were often contradictory, suggesting the 
influence of other factors. Several studies have indeed shown the influence of other 
factors such as physical activity and diet on BMI of the Ala allele carriers (32;33). In 
addition, Ala/Ala mice were leaner and more insulin sensitive on a regular diet, but 
this effect was reversed on a high fat diet (31), confirming that the protective role 
of P12A is highly dependent on gene-nutrient interactions. Next to the influence 
of gene-environment interactions at the PPARG locus, the influence of additional 
polymorphisms should be taken into account. As mentioned earlier another 
polymorphism, C1431T, in the PPARG gene has been described.  Interestingly this 
polymorphism is in tight allelic disequilibrium with Ala12 (70% Ala carriers) (34) 
and when this Ala12 variant was on a haplotype with 1431C it conferred greater 
protection for diabetes compared to the 1431T variant (35). Thus the relationship 
between the PPARγ P12A polymorphism and insulin sensitivity in humans is 
complex and is influenced by other genetic and environmental factors. 

PPARγ germline mutations
Until now 17 coding sequence mutations and 1 non-coding sequence mutation in the 
PPARG gene have been reported (Figure 3). The majority of these PPARγ mutations 
are associated with FPLD3. Ten of these mutations are missense mutations, which 
are either located in the DBD (C142R, C159Y, C190S, C190W, and R194W; PPARγ2 
nomenclature) (36-38) or in the LBD (V318M, F388L, D424N, R425C, P495L; PPARγ2 
nomenclature) (39-43). In addition, two nonsense mutations (Y355X and R385X; 
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Figure 3. Overview of PPARγ mutations. 
Schematic representation of the distinct domains of the PPARγ2 protein (with PPARγ1 missing the first 
30 amino acids) and the location of the different mutations. The polymorphisms and missense mutations 
are depicted above the bar and under the bar are the nonsense mutations (all PPARγ2 nomenclature). In 
addition, 1 non-coding sequence mutation in the PPARγ4 promoter has been reported and is depicted 
separately.
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PPARγ2 nomenclature) (36;44) two frameshift/premature stop mutations (FS138X 
and FS343X; PPARγ2 nomenclature) (36;45;46) and a mutation in the PPARγ4 
promoter (-14G>A) (47) have been reported. Except for the promoter mutation, 
all mutations affect protein function resulting in a reduced transcriptional activity. 
The recently reported crystal structure of the liganded PPARγ/RXRα heterodimer 
bound to DNA (48) contributed to our comprehension as to how these mutations 
affect protein function (see Chapter 2). In a study on 358 unrelated German subjects 
four of the 121 obese subjects harboured a heterozygous mutation in the AF-
1 domain at position 113 that substituted a proline into a glutamine (sometimes 
referred to as P115Q) (49). Although insulin resistant, a fifth subject without severe 
overweight has been reported to carry the same mutation (50). This suggests that 
the PPARγ P113Q mutation associates with insulin resistance rather then obesity, 
which might explain why this mutation has not been found in other studies on 
obese subjects (51). Furthermore, as the P113Q mutation was detected with high 
frequency in German obese subjects this strongly suggests a founder effect. In vitro 
experiments showed that the PPARγ P113Q blocked phosphorylation of the serine 
located next to it (S112) leading to enhanced transcription and a faster adipocyte 
differentiation (49). A frameshift/premature stop mutation in PPARγ called FSX 
has been reported in patients with a familial syndrome of insulin resistance (45). 
These subjects are compound heterozygous for this mutation and a mutation in the 
PPP1R3 that encodes an enzyme playing a keyrole in the regulation of glycogen 
storage in muscle (45). 

Lipodystrophies

Human lipodystrophies represent a heterogeneous group of diseases characterized 
by generalized or partial alterations in body fat amount and/or distribution 
(52). Despite the marked phenotypic heterogeneity among the different types 
of lipodystrophies, most of them predispose to metabolic complications such as 
insulin resistance, type II diabetes, hepatic steatosis and dyslipidemia. The most 
prevalent form of lipodystrophy is lipodystrophy linked to HAART (highly active 
anti-retroviral therapy). This acquired form of lipodystrophy develops in 40-50% 
of HIV-infected patients on HAART and the majority of these patients demonstrate 
a loss of subcutaneous fat from the face and extremities, while accumulating 
fat in the dorsocervical region (“buffalo hump”). Unlike the inherited forms of 
lipodystrophy, acquired partial lipodystrophy linked to HAART can be reversed 
by attenuation of the therapy. The less common inherited forms of lipodystrophy 
can be subclassified as generalized or partial with the generalized forms being the 
most severe (Table 1).
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Congenital generalized lipodystrophy (CGL)
CGL is characterized by a near complete absence of adipose tissue from birth or 
early infancy, leading to a muscular appearance. This rare autosomal recessive 
disorder has been shown to result from mutations in the AGPAT-2 (CGL1; MIM 
608594), BSCL2 (CGL2; MIM 269700) or CAV-1 (CGL3; MIM 612526) genes. 
CGL type I is caused by homozygous or compound heterozygous mutations in 
AGPAT2, including small deletions, non-sense, splice site, frameshift, missense 
and 3’ untranslated region mutations (52;53). AGPAT2 encodes 1-acyl-glycerol-3-
phosphate-acyltransferase 2, an enzyme localized in the ER that plays a critical 
role in the biosynthesis of glycerophosphoslipids and triacylglycerols. While some 
AGPATs are widely distributed, AGPAT2 is predominantly expressed in adipose 
tissue. The recently reported AGPAT2-/- mice were lipodystrophic and had similar 
metabolic complications as observed in humans, emphasizing the importance of 
this gene in adipose tissue development and whole body metabolism (54). The 
affected gene in CGL type II is BSCL2, which encodes an integral ER membrane 
protein named seipin. Seipin is mainly expressed in adipose tissue, brain and testis 
and some BSCL mutations have been shown to affect adipocyte differentiation and/
or lipid droplet formation (55-57). Very recently a homozygous nonsense mutation 
in CAV1 (58) has been reported to result in CGL type III (CGL3). This gene encodes 
the protein caveolin1, which is typically found in plasma membrane invaginations, 
known as caveolae. It is highly expressed in adipose tissue and strongly induced 
during 3T3-L1 differentiation (59). In addition, proteomics analysis revealed that 
it also localizes to lipid droplets in adipocytes (60). Homozygous deletion of this 

Table 1. Overview of inherited lipodystrophies.
CGL, congenital generalized lipodystrophy; FPLD, familial partial lipodystrophy disease; MAD, mandibu-
loacral dysplasia type A and B respectively; IR, insulin resistance; PCOS, polycystic ovarian syndrome.
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protein in mice results in lipodystrophy and insulin resistance (61). In some CGL 
patients no mutations were found in any of these three genes, suggesting the 
involvement of additional loci. 

Partial lipodystrophy
Familial partial lipodystrophies are autosomal dominant disorders and associated 
with mutations in three different genes LMNA (FPLD2; MIM 151660), PPARG (FPLD3; 
MIM 604367) or AKT2 (FPLD: MIM 164731). Patients with this form of lipodystrophy 
usually have normal adipose tissue distribution at birth and during childhood, but 
a subsequent and progressive loss of subcutaneous fat from the extremities and 
gluteal region together with an accumulation of excess fat in the intra-abdominal 
region. FPLD2 or Dunnigan variety results from heterozygous missense mutations 
in exon 8 or 11 of the LMNA gene and in 75% of the patients the arginine at position 
482 is substituted (R482W/Q/L). Lamin A is a nuclear intermediate filament that, 
together with lamin-associated proteins, maintains nuclear shape and provides 
support for chromosomal and replicating DNA. Interestingly, mutations in LMNA 
have also been described in Mandibuloacral Dysplasia type A (MADA). This is 
a very rare autosomal recessive inherited disease characterized by mandibular 
hypoplasia and associated with a partial lipodystrophy similar to that observed 
in FPLD. Another type of this lipodystrophy-associated disease is Mandibuloacral 
Dysplasia type B (MADB), caused by mutations in ZMPSTE24 (62). This gene 
encodes a zinc metalloprotease involved in prelamin processing. Homozygous 
deletion of this protein in mice results in lipodystrophy. As both the enzyme 
involved in the formation of lamin A and mutations in lamina itself is associated 
with lipodystrophy, this indicates that normal lamin A is essential in adipocyte 
function. FPLD3 is associated with heterozygous mutations in the PPARG gene, 
encoding the nuclear transcription factor PPARγ. As PPARγ is mainly expressed in 
adipose tissue and a key regulator of adipocyte differentiation, maintenance and 
function, mutations in this protein are likely to affect adipose tissue. 
In addition, three different heterozygous missense mutations in AKT2 have been 
reported in subjects with severe insulin resistance and some of them presented 
partial lipodystrophy (63;64). AKT2 encodes the serine/threonine kinase Akt2, 
which plays a critical role in the signal tansduction cascade downstream of the 
insulin receptor. Three mammalian isoforms of Akt (Akt1-3) exist which share about 
80% amino acid identity. Akt1 is ubiquitously expressed and Akt3 mainly in brain 
and testis. Akt2 is predominantly expressed in insulin sensitive tissues (i.e. muscle, 
liver and adipose tissue) and is the most important isoform in glucose metabolism. 
Like the patients harbouring mutations in the AKT2 gene, Akt2 deficient mice 
showed insulin resistance (65;66). The potential role of Akt in adipogenesis is 
discussed in Chapter 8. 
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Aim and outline of this thesis

Regulation of PPARγ expression and activity is critically important in the 
development of adipose tissue and metabolic homeostasis. The aim of the studies 
in this thesis was to gain more insight in the role of PPARγ in lipid metabolism. In 
Chapter 2, we made an overview of the functional data on the natural occurring 
PPARγ variants reported so far and combined this with novel insights from the 
crystal structure of the full length PPARγ/RXRα heterodimer bound to DNA. 
We investigated the functional consequences of two of the FPLD3-associated 
PPARγ variants. One of these mutations (R425C) is located in the ligand binding 
domain of PPARγ and described in Chapter 3, while the other mutation (R194W) 
is located in the DNA binding domain and reported in Chapter 4. A transcriptome 
analysis in human mature adipocytes treated with the TZD rosiglitazone was 
performed to obtain more insight in the molecular mechanisms contributing to 
the insulin sensitizing actions of these drugs. As reported in Chapter 5, this led 
to the identification of the antilipolytic GPR81 gene as a novel PPARγ target gene. 
Furthermore, the PPARγ-mediated regulation of the E3 ubiquitin ligase RNF125 
is described in Chapter 6. A novel mutation in the BSCL2 gene in a patient with 
congenital generalized lipodystrophy is reported in Chapter 7. Elevated levels of 
organic acids were measured in the urine of this patient, indicative for mitochondrial 
dysfunction. In Chapter 8 the findings described in this thesis are discussed and 
integrated in the current literature.
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Abstract

Peroxisome proliferator-activated receptor γ (PPARγ) plays a key role in the 
regulation of lipid and glucose metabolism. Human genetic evidence supporting 
this view comes from the study of both common (e.g. Pro12Ala polymorphism) 
and rare (loss-of-function mutations) PPARG variants. Indeed, patients harbouring 
mutant PPARγ exhibit familial partial lipodystrophy type 3 and an extreme 
monogenic form of the metabolic syndrome. The recent elucidation of the crystal 
structure of the full-length PPARγ-RXRα heterodimer bound to DNA has shed 
new light on the functional consequences of these genetic PPARγ alterations and 
provides novel insights as to why different perturbations of receptor function unite 
in a common pathway of metabolic dysfunction.
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Introduction

As the global prevalence of overweight/obesity increases, the number of individuals 
diagnosed with the metabolic syndrome (central obesity, insulin resistance/glucose 
intolerance/diabetes, dyslipidaemia and hypertension) has also risen steeply. 
Interestingly, systemic or localized loss of fat tissue (lipodystrophy) is associated 
with a similar metabolic disturbance, indicating that the maintenance and/or 
distribution of adipose tissue are critically important in metabolic homeostasis. 
A key regulator of adipocyte differentiation and function is the peroxisome 
proliferator-activated receptor γ (PPARγ), a nuclear receptor belonging to the 
superfamily of ligand inducible transcription factors (1). PPARγ directly regulates 
a large number of target genes that mediate glyceroneogenesis, lipid uptake, lipid 
synthesis, lipid storage and lipolysis (2-4). In addition, PPARγ also plays a central 
role in the endocrine function of adipose tissue through its ability to regulate 
adipo(cyto)kines; for example, the expression of adiponectin, an adipokine that 
enhances insulin sensitivity, is increased in response to PPARγ activation  (5). These 
PPARγ target genes are regulated by PPAR response elements (PPREs), consisting 
of two hexameric direct repeats (AGGTCA) interspaced by one nucleotide (DR-1) 
in their promoter and/or enhancer regions. PPARγ binds these PPREs as an obligate 
heterodimer with the retinoid acid X receptor (RXR).

Structure and function of PPARγ
The PPARγ protein consists of several functional domains, which exhibit varying 
degrees of conservation among members of the nuclear receptor family (Figure 
1A). Two isoforms of the receptor exist (PPARγ1 and PPARγ2), which differ only 
in their extreme N-terminal region, with the γ2 protein harbouring an additional 
28 amino acids. The poorly conserved N-terminus accomodates activation 
function 1 (AF-1), the activity of which can be regulated by post-translational 
modifications (6). Centrally located is the DNA binding domain (DBD), which is 
highly conserved among species and between nuclear receptors. Zinc coordination 
by eight of the nine conserved cysteine residues in this domain yields two zinc 
fingers, which are essential for stabilization of the secondary and tertiary protein 
structure and ultimately DNA binding (7) (Figure 1B). The recognition α-helix, or 
P box, which follows directly after the first zinc-nucleated loop, fits into the major 
groove of the DNA and directly contacts the AGGTCA sequence, while the second 
α-helix, which is oriented in a perpendicular fashion, stabilizes this interaction. 
The DBD is linked to the ligand binding domain (LBD) by the variable hinge 
region. The LBD, which is relatively well conserved in terms of primary amino 
acid sequence, mediates ligand binding and heterodimerisation with RXRα, and 
contains the more powerful ligand-dependent activation function (AF-2). A variety 
of endogenous ligands have been identified for PPARγ, including polyunsaturated 
fatty acids, eicosanoids and prostaglandin J2 derivatives (8;9). Synthetic agonists 
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include the thiazolidinediones (TZDs) (10) and tyrosine-based agonists (11) that 
have been shown to improve insulin sensitivity and lower blood glucose levels in 
patients with type 2 diabetes. Ligand binding stabilises the active conformation 
of the LBD, thereby serving as a “molecular switch” between activation and 
repression functions of the receptor (12). On the promoters of some target genes, 
unliganded PPARs recruit corepressors (e.g. N-CoR (nuclear receptor corepressor) 
and SMRT (silencing mediator for retinoic acid and thyroid receptors)), which are 
part of multiprotein complexes containing histone deacetylase (HDAC) activity 
that repress target gene transcription (13). Upon ligand binding, these corepressor 
complexes are exchanged for coactivator counterparts, including the steroid 
receptor coactivator-1 (SRC1)/CREB binding protein (CBP) and thyroid hormone 
receptor associated protein (TRAP) complexes (14), which facilitate transactivation. 
The interaction of nuclear receptors such as PPARγ with the transcription initiation 
machinery is a dynamic process in which the receptors and their cofactors cycle 
on and off the promoters of target genes during transcriptional activation. This 
process, termed promoter cycling, involves ligand binding, cofactor exchange and 
proteasome-mediated degradation of transcription factors and plays an important 
role in determining the rate of gene transcription (15;16).

Crystal structure of the PPARγ-RXRα-DNA complex
Earlier studies have provided structural information on the isolated LBD of 
PPARγ,  either unliganded or in the presence of different ligands (12;17-19), and 
on the liganded heterodimer of RXRα-PPARγ LBDs (19). The crystal structure of 
the PPARγ-LBD reveals 13 α-helices and a small four-stranded β-sheet. The ligand 
binding pocket comprises residues in helices H3, H5, H11 and H12, whereas 
residues involved in heterodimerisation with RXRα lie in H9, H10 and the loop 
between H8 and H9 (L8-9) (19). In the liganded, active conformation of the LBD, 
Helix 12 (H12) (together with residues from helices 3, 4 and 5) forms a charge-

Figure 1. Structure-function relationships in PPARγ. (a) Overview of human PPARγ mutations. 
Schematic representation of the distinct domains of the PPARγ2 protein (with PPARγ 1 missing the first 
28 amino acids) and the location of the different natrurally occurring mutations. The missense mutations 
are depicted above the bar and the nonsense mutations below the bar (all PPARγ2 nomenclature). (b) 
Global structure of the PPARγ-RXRα-DNA structure (20). The DBDs and LBDs of PPARγ  (green) and 
RXRα (blue) are shown, with the zinc ions in the PPARγ  DBD (in grey). The hinge region of PPARγ 
contacts the minor groove of the DNA. Square box indicates the region magnified in panel (c). Figures 
were generated using PyMOL 1.2 open source software. (c) Magnified view of helices of PPARγ-
DBD localised around the zinc ions (in grey), with the residues affected in FPLD3 patients indicated 
in ball-and-stick format. Starting structure of PPARγ was adapted from the Protein Data Bank (PDB) 
entry 3DZY, chain D (20). (d) Global view of 3D-structure of the LBD, which consists of 13 α-helices 
(H1-H12 and H2’) and 4 β-strands (S1-S4) presented as cylinders and arrows respectively. The ligand 
rosiglitazone is in purple. (e) Similar 3D-structure of LBD as shown in (d), but now with the residues 
affected by missense mutations in FPLD3 patients shown in ball-and-stick format. 3D-structure of the 
PPARγ-LBD was obtained from the Protein Data Bank (PDB) entry 1FM6, chain D (19).
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clamp surface that interacts with the LXXLL motif of coactivators. Very recently, 
Chandra and colleagues (20) reported the 3D-structure of the liganded PPARγ-
RXRα heterodimer as a complex on DNA. In addition to confirming earlier findings 
on the LBD structure, this new structure is unique as it demonstrates for the first 
time how distinct domains cooperate to modulate receptor properties. As shown 
in Figure 1B, it has now become clear that the PPARγ LBD is prominently located 
at the centre of the complex around which all other domains are positioned (20). 
Previously unsuspected interactions were identified between the PPARγLBD and its 
own DBD, involving R181 and H183 in the DBD and E455 in the LBD (L9-10) (Note: 
all numberings are reported relative to the γ2 isoform of the receptor). In addition, 
the PPARγ LBD clearly interacts with the RXR DBD/hinge region, involving 
the residues of the PPARγ β-strands (S1-S4). The relevance of this interaction is 
supported by mutation of one of the β-strand residues (F375A), which results in 
reduced DNA binding (20). A second important new finding is the interaction of 
the PPARγ hinge region (also referred to as the C-terminal extension; CTE) with the 
5’ extension of the PPRE. This interaction of the RFGR amino acid sequence in the 
hinge region with the DNA minor groove helps to explain the previously observed 
polar arrangement of the heterodimer, with PPARγ occupying the 5’ position (21-
23). Although present in the crystallized proteins, the AF1 domains of PPARγ and 
RXRα resisted the attempt to determine their structure. This suggests that these 
domains are intrinsically flexible, as demonstrated by amide hydrogen/deuterium 
exchange mass spectrometry (H/D-Ex) (20).

FPLD3-associated mutations in PPARγ
To date one common variant (Pro12Ala) and 16 rare missense and nonsense 
mutations in the coding region of the PPARG gene have been identified (Figure 1A) 
and analyzed functionally (Table 1) (24-37). In addition, a mutation in the PPARγ4 
promoter (-14G>A) has been reported (38). The Pro12Ala polymorphism in the AF-1 
region of the PPARγ2 protein is the most frequently found genetic variant of PPARγ, 
and its frequency has been reported to vary from 2% to 25% depending on ethnicity. 
Many association studies have examined the link between this polymorphism and 
insulin resistance, and although some contradictory findings have been reported, 
a recruit-by-phenotype approach (39) and two large meta-analyses have shown 
a modest but significant increase in diabetes risk for carriers of the proline allele 
(40;41). However, since this risk allele occurs with a high frequency in certain 
populations, this modest effect can translate into a large population attributable 
risk for type II diabetes (as much as 25%). Functional studies have shown a modest 
reduction of target gene transactivation by the Ala variant in the absence or 
presence of ligand, due to reduced DNA binding capacity (27). In addition, Masugi 
and colleagues showed that the Ala variant has reduced ability to induce adipocyte 
differentiation compared to its wild type counterpart (42). A second genetic variant 
in the AF-1 region of the PPARγ protein is the heterozygous mutation of proline 113 
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(P113; often referred to as P115) (35;43). Originally detected among German obese 
individuals (4 out of 121 subjects) (35), subsequent studies failed to detect other 
carriers (44-46). These findings suggest that the P113Q mutation is a rare genetic 
event, and that the original observed high frequency may have been due to a strong 
founder effect. In vivo and in vitro experiments have revealed that the transcriptional 
activity of PPARγ is subject to phosphorylation of an adjacent serine residue (S112) 
(47;48). Like the artificial S112A mutation (47-49), the P113Q mutant abolishes 
phosphorylation leading to enhanced transcription and thereby potentially 
promoting greater adipocyte differentiation (35). This enhanced PPARγ activity did 
not however appear to translate into improved metabolic function, with three of 

Table 1.
a Numbers indicate amino acid position in the γ2 isoform of the receptor, with γ1 position in brackets.
b Not based on reporter assays, but accelerated differentiation and greater lipid accumulation in 
differentiating adipocytes has been shown.
c For F388L transcriptional activity is completely rescued by high concentrations of rosiglitazone, while 
V318M and  P495L are completely, and R425C is partially rescued by high concentrations of tyrosine 
based agonists. D424N is partially rescued by rosiglitazone.
d CoR, corepressor; CoA, coactivator.
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the four affected subjects demonstrating concomitant type 2 diabetes. Currently no 
structural explanations for the functional consequences of the Pro12Ala and P113Q 
proteins has been provided, due to the lack of structural information on the AF-1 
region (20).

Box 1: Familial partial lipodystrophy type 3 (FPLD3)
Familial partial lipodystrophy type 3 (FPLD3; MIM604367) is an autosomal 
dominantly inherited disorder characterized by diminution of subcutaneous 
fat in the limbs and gluteal region, with relative sparing/excess of adipose 
tissue in the subcutaneous and visceral abdominal depots. The majority 
of FPLD3 patients have profound metabolic complications, in particular 

severe insulin resistance and early onset type 2 diabetes mellitus, marked 
dyslipidaemia (characterized by high serum levels of free fatty acids and low 
levels of high-density lipoprotein cholesterol), and the polycystic ovarian 
syndrome (PCOS) in affected females. Some subjects also manifest early 
onset/severe hypertension and hepatic steatosis (58;59). So far, a total of 15 
different PPARγ mutations have been reported in affected patients. 

The majority of the rare, heterozygous loss-of-function PPARγ mutations 
reported so far are associated with a distinct clinical phenotype of familial partial 
lipodystrophy type 3 (FPLD3; see Box 1), in which affected subjects manifest loss 
of distal limb and gluteal fat, but relative preservation of abdominal adipose 
tissue. Several of these naturally-occurring mutations involve cysteine residues in 
the two zinc fingers of the DBD: C142R, C159Y in the first zinc finger and C190W 
and C190S in the second zinc finger (25;33)(Figure 1c). In vitro studies revealed 
that the DNA binding capacity of the first three mutant proteins was completely 
abolished (25;33), underscoring the importance of zinc coordination in maintaining 
the integrity of the DBD structure. In contrast, the C190S mutant exhibited some 
residual transcriptional function, suggesting that mutation of this cysteine into 
serine is less deleterious than into a large aromatic tryptophan residue (33). 
Mutation of the highly conserved hydrophilic arginine at position 194 (R194W), 
which directly contacts the DNA backbone (20), into a hydrophobic tryptophan 
residue also resulted in loss of DNA binding (34). Unsurprisingly, deletion of part 
of the second zinc finger, as observed in the frameshift-premature stop mutant 
FSX, also led to complete loss of DNA binding capacity (25;36). A second group 
of FPLD3-associated mutations resides in the ligand binding domain of PPARγ: 
five missense mutations (V318M, F388L, D424N, R425C and P495L), two nonsense 
mutations (Y355X and R385X), and one frameshift/premature stop mutation 
(FS343X) leading to a premature stop codon (24-26;29;32)(Figure 1d and e). The 
latter three mutations give rise to truncated PPARγ proteins lacking most of the 
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RXRα dimerisation interface, thereby accounting for their impaired DNA binding 
(25;28). The loop between helix 8 and 9 of the LBD is part of the RXR dimerisation 
interface (19;20), and natural point mutations in this loop (D424N and R425C) 
impair heterodimerisation and subsequent DNA binding (31;32).
In addition to the reduced heterodimerisation capacity observed in some of the 
LBD mutants, all the missense mutant proteins display reduced ligand binding 
(Table 1). Since none of the mutated residues appear to directly contact ligands such 
as oxidized fatty acids and TZDs (17;18;20)(Figure 1e), it seems likely that these 
mutations affect ligand binding indirectly, i.e. by altering the overall structure of 
the LBD. Reduced ligand binding affinity, resulting in impaired ligand-dependent 
coactivator recruitment (CBP, SRC1 and TRAP220), is therefore one of the central 
mechanisms underlying the reduction in transcriptional activity seen in all natural 
LBD point mutants. Interestingly, high doses of rosiglitazone completely restored 
the activity of the F388L mutant, while tyrosine-based agonists completely (V318M, 
P495L) or partially (R425C) restored the transcriptional activity of the other mutants 
(29;31;50).

Dominant negative activity versus haplo-insufficiency
FPLD3-associated PPARγ mutations are dominantly inherited. Consistent with this 
several mutants have been shown to inhibit activity of the wild type receptor in 
a dominant negative manner. Currently, these mutants can be divided into two 
groups based on their proposed mechanism of action (Figure 2). The first group 
comprises missense mutations located in the LBD (V318M, P495L). When expressed 
at comparable levels, the V318M and P495L mutants inhibited the transcriptional 
activity of the wild type protein in a dominant negative manner (50). The V318M 
and P495L receptors showed impaired corepressor release in response to ligand, 
reminiscent of the impaired corepressor release observed with natural thyroid 
hormone receptor mutants (51). Indeed, dominant negative activity of the PPARγ 
mutants was abrogated by the introduction of a second mutation (L346A) that 
specifically impairs corepressor binding (50). Since the V318M and P495L mutants 
retain DNA binding capacity, these stable PPARγ-corepressor complexes can 
compete for DNA binding with the wild type receptor, thereby inhibiting PPARγ 
target gene regulation. Interestingly, impaired corepressor release may also affect 
the rate by which PPARγ cycles on and off the promoter during the transcription 
process. Li and Leff (52) recently showed that the P495L mutant has a reduced 
promoter cycling rate compared to the wild type receptor suggesting that the 
majority of PPARγ regulated promoters will be occupied by the mutant protein 
over time. Both blocking the proteasome and stimulation with supraphysiological 
ligand concentrations abolished the differences in recycling rates between wild 
type protein and the P495L mutant (52). The latter observation is consistent with 
previous reports showing a lack of dominant negative activity at high concentrations 
of ligand (26;50).
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Figure 2. Models representing 
promoter cycling of wild type 
and dominant negative mutant 
PPARγ proteins. 
(a) Promoter cycling of wild type 
PPARγ. PPARγ/RXRα heterodi-
mer binds a PPRE in the promoter 
of a target gene. Under basal con-
ditions corepressors can repress 
transcription. Upon binding of 
endogenous ligands, corepres-
sors will be released and coacti-
vators recruited and transcription 
is initiated. Afterwards PPARγ 
will undergo proteasomal degra-
dation and a next round of pro-
moter cycling will take place. (b) 
Dominant negative activity as the 
result of an impaired corepressor 
release. PPARγ mutants that dis-
play impaired corepressor release 
(V318M and P495L) are protected 
from proteasome mediated deg-
radation. Unlike these mutant re-
ceptors, the wild type protein will 
be degraded by the proteasome 
after ligand binding and activa-
tion of transcription. This will re-
sult in the majority of PPARγ reg-
ulated promoters being occupied 
by the mutant protein over time. 
(c) Dominant negative activity as 
a result of “squelching”. Mutant 
PPARγ proteins (C142R, C159Y, 
C190W, FS343X, R385X) that are 
not able to bind DNA, but retain 
the ability to bind coactivators, 
compete for limiting amounts of 
coactivators with the wild type 
protein. Wild type receptors will 
therefore display reduced ability 
to initiate transcription.
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The second group of PPARγ mutants that exhibits dominant negative activity 
consists of some DBD mutants (C142R, C159Y, C190W). Unlike the group 1 mutants, 
these mutants lack the ability to bind DNA but retain the ability to bind cofactors 
(e.g. CBP, SRC1, TRAP220). They can therefore compete for limiting amounts of 
cofactor proteins with the wild type receptor, a process referred to as transcriptional 
“squelching” (53;54). In addition, two LBD truncation mutants (FS343X, R385X) 
have also been found to repress the activity of wild type PPARγ, despite lacking a 
key domain (H12) that is necessary for ligand-dependent coactivator recruitment  
(e.g CBP, SRC-1 and TRAP220) (25). Their dominant negative behaviour may 
therefore be due to the preserved interactions with coactivators that bind ligand 
independently to the DBD/hinge region, such as PGC-1α and PDIP1α (25). 
In contrast however, other FPLD3-associated mutants appear to lack dominant 
negative activity, despite residing within similar regions of the LBD and DBD. 
Together with the FPLD3-associated PPARγ4 promoter (-14A>G) mutation (38), 
which only reduces the expression of the PPARγ protein, these mutants either 
harbour multiple defects (R425C) (31), are retained in the cytosol (FSX) (25) or 
display decreased protein stability (F388L, Y355X) (28;52). These findings indicate 
that in some FPLD3 patients haploinsufficiency at the PPARG locus is sufficient 
to produce the disease phenotype. It is interesting to speculate whether subjects 
harbouring dominant negative mutant receptors exhibit more severe or early onset 
metabolic dysfunction as a consequence of more severe impairment of PPARγ 
function. However, the limited number of subjects identified to date does not permit 
a meaningful analysis in this respect, and moreover it is likely that variations in 
other genetic and environmental factors which impact on metabolic regulation will 
modify the clinical phenotype in any given individual. In support of this, in the 
kindred harbouring the FSX mutation, individuals carrying a second ‘genetic hit’ in 
an unrelated gene (PPP1R3) involved in glycogen synthesis exhibited severe insulin 
resistance, while a young fit male with only the FSX mutation was unaffected (36). 
Continued follow-up of this individual will be important to determine whether he 
goes on to develop evidence of the metabolic syndrome in due course.

Future directions
To date, all of the identified FPLD3-associated mutations reside in either the DBD 
or the LBD of the PPARγ protein (Figure 1). The recently published 3D-structure 
of the full-length liganded PPARγ-RXRα heterodimer bound to DNA confirms 
previous biochemical characterizations of natural PPARγ mutants and extends 
our understanding as to how these mutations impair PPARγ function (20). Based 
on this structure, one can hypothesize that mutations in the hinge region, which 
determines DNA binding polarity, or in the β-strands of the LBD, which contact 
the RXR DBD, may also lead to FPLD3. Furthermore, several lines of evidence 
suggest that mutations in the intrinsically unstructured N-terminus of the protein 
could affect the functional properties of the DBD and LBD, and may therefore 
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also cause FPLD3. For example, the Pro12Ala mutation affects DNA binding (27) 
and cofactor interaction (55), whereas mutation of the phosphorylation site S112 
(S112A) influences ligand binding affinity (49). While the AF-1 domain is highly 
dynamic (20), it may become structured upon post-translational modification 
and/or binding of regulatory proteins (6). Additional 3D-structures, for example 
using a phospho-mimic mutant of PPARγ (S112E/D) or co-crystalization with an 
AF1 binding protein (e.g. Tip60 (56)) are needed to establish the structural basis of 
interdomain communication. 
Although crystallographic studies combined with cell-based assays of natural 
PPARγ variants have contributed enormously to our knowledge of structure-
function relationships within this protein, in vivo studies are required to investigate 
the physiological consequences of genetic variation of PPARγ. So far, the limited 
number of studies in knock-in mice and patients indicate that additional factors 
influence the development of the insulin resistance phenotype associated with 
PPARγ mutations. For example, homozygous Pro12Ala mice are more insulin 
sensitive then Pro12 animals, but this effect is reversed upon high-fat feeding (55). 
In addition, mice harbouring a heterozygous FPLD3-associated P495L mutation 
only display the clinical features of their human counterparts when present in 
the hyperphagic ob/ob background (57). These data suggest that gene-nutrient 
interactions play an important role in the development of insulin resistance 
associated with genetic variants of PPARγ. Furthermore, as already outlined above 
(FSX kindred), there is clear evidence that gene-gene interactions also play an 
important role in the development of metabolic dysfunction in affected subjects 
(36).
The powerful combination of crystallization studies, cell-based assays and in vivo 
investigations (both in mice and humans) will not only help us to design more 
rational therapeutic approaches to reduce morbidity and mortality in patients 
harbouring PPARγ mutations, but also help us understand the disease process and 
unveil mechanisms that are more generally applicable to the common conditions of 
insulin resistance, glucose intolerance/type 2 diabetes, and dyslipidaemia.
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Abstract

The nuclear receptor PPARγ plays a key role in the regulation of glucose and lipid 
metabolism in adipocytes by regulating their differentiation, maintenance and 
function. A heterozygous mutation in the PPARG gene, which changes an arginine 
residue at position 425 into a cysteine (R425C), has been reported in a patient 
with familial partial lipodystrophy subtype 3 (FPLD3). The strong conservation of 
arginine 425 among nuclear receptors that heterodimerise with RXR prompted us to 
investigate the functional consequences of the R425C mutation on PPARγ function. 
Here we show that this mutant displayed strongly reduced transcriptional activity 
compared to wild type PPARγ, irrespective of cell type, promoter context or ligand, 
whereas transrepression of NF-κB activity remained largely intact. Our data indicate 
that the reduced transcriptional activity of PPARγ R425C is not caused by impaired 
corepressor release, but due to reduced dimerisation with RXRα in combination 
with reduced ligand binding and subsequent coactivator binding. As a consequence 
of these molecular defects, the R425C mutant was less effective in inducing 
adipocyte differentiation. PPARγ R425C did not inhibit its wild type counterpart 
in a dominant negative manner, suggesting a haploinsufficiency mechanism in at 
least some FPLD3 patients. Using molecular dynamics simulations, substitution 
of R425 with cysteine is predicted to cause the formation of an alternative salt 
bridge. This structural change provides a likely explanation how mutation of a 
single conserved residue in a patient with FPLD3 can disrupt the function of the 
adipogenic transcription factor PPARγ on multiple levels.
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Introduction

The prevalence of obesity and overweight rapidly increases worldwide (1). This is a 
major health concern, because adiposity is highly associated with insulin resistance, 
type 2 diabetes, dyslipidemia, hypertension and atherosclerosis (components 
of the metabolic syndrome). Interestingly, the selective loss of adipose tissue 
(lipodystrophy) is also frequently associated with marked insulin resistance and 
complications such as type 2 diabetes, dyslipidemia and hypertension (2). Thus, 
normal amounts of adipose tissue and normal fat distribution appear to be critical 
for the optimal regulation of lipid and energy metabolism.
Lipodystrophies represent a heterogeneous group of diseases characterized by 
altered amounts and/or distribution of body fat and major metabolic complications. 
The main forms can be classified according to their origin, either genetic or 
acquired, and subclassified according to the clinical pattern (3;4). Whereas acquired 
lipodystrophies, like the metabolic syndrome and lipodystrophy due to highly 
active anti-retroviral therapy (HAART) (5) are fairly common, inherited forms 
of lipodystrophy are rare. Familial partial lipodystrophy (FPLD) is an autosomal 
dominantly inherited disorder, characterized by gradual loss of subcutaneous 
fat from the extremities and an accumulation of excess fat in the intra-abdominal 
regions (3;4). FPLD subtype 3 (FPLD3, MIM 604367) is associated with mutations in 
the PPARG gene (MIM 601487)(6;7). The majority of FPLD3 patients have profound 
metabolic disorders, in particular severe insulin resistance (IR) and early onset 
diabetes mellitus, with polycystic ovarium syndrome seen in female subjects as 
a direct consequence of IR and marked or extreme dyslipidemia, characterized 
by high triglycerides and low HDL cholesterol. Some subjects also suffer from 
hypertension and hepatic steatosis (6;7).
The PPARG gene encodes the PPARγ protein, a member of the nuclear receptor 
superfamily of ligand inducible transcription factors (8-10). Differential promoter 
usage and alternative splicing of the PPARγ gene generates four mRNA species 
(PPARγ 1-4), but just two different receptor proteins, PPARγ1 and PPARγ2. The 
PPARγ2 isoform contains 28 additional amino acids at its N-terminus and its 
expression is restricted to adipose tissue, while PPARγ1 is more widely expressed 
(e.g. in adipose tissue, lower intestine and macrophages). PPARγ plays a key role in 
glucose and lipid metabolism in adipocytes (8-10). Studies in murine cell lines have 
established that liganded PPARγ is both essential and sufficient for adipogenesis 
(11), while PPARγ knockout mice fail to develop adipose tissue (12-14). In addition, 
PPARγ directly regulates the expression of a number of genes involved in net lipid 
partitioning into mature adipocytes. Besides PPARγ, two closely related receptors 
have been identified, named PPARα and PPARβ/δ, which are encoded by different 
genes (10;15). These three related receptors all bind to the PPAR responsive 
elements (PPRE) in the promoter regions of target genes as obligate heterodimers 
with retinoic acid X receptors (RXRs), but exhibit different physiological roles due 
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to their distinct expression patterns and specific activation by different ligands. 
Like other nuclear receptors, PPARγ consists of distinct functional domains 
including a constitutively active transactivation domain (AF-1), at the N-terminus, 
a centrally located highly conserved DNA-binding domain (DBD) composed 
of two zinc finger motifs, and a C-terminal ligand-binding domain (LBD) that 
contains a powerful ligand-dependent transactivation function (AF-2). Ligand 
binding stabilises the active conformation of the PPARγ LBD, thereby serving as 
a “molecular switch” between activation and repression functions of the receptor 
(16;17). On some promoters, unliganded PPARγ recruits corepressors like N-CoR 
and SMRT, which are part of multiprotein complexes containing histone deacetylase 
(HDAC) activity that repress gene transcription (18-20). Upon ligand binding, 
these corepressor complexes are released and replaced by coactivator complexes, 
including the SRC1/CBP and TRAP/DRIP/ARC complexes, that are involved in 
transcriptional activation (21;22). The endogenous ligands for PPARγ are not firmly 
established although some natural compounds, like polyunsaturated fatty acids 
and prostaglandin J2 derivatives (15-deoxy-D12,14-PGJ2) have been shown to be able 
to activate PPARγ (23)(24). Synthetic PPARγ agonists include the thiazolidinediones 
(TZDs)(25) and tyrosine-based agonists (26), which ameliorate insulin resistance 
and lower blood glucose levels in patients with type 2 diabetes (8). At least part of 
this response is thought to occur through indirect regulation of gene expression by 
PPARγ, e.g. by transrepression of TNFα-induced NF-κB activity (27)(28).
Seven PPARγ missense mutations have been described in patients suffering from 
FPLD3, which are located either in the DNA binding domain (C142R, C159Y, 
C190W (PPARγ2 nomenclature)) or in the ligand binding domain (V318M, F388L, 
R425C, P495L (PPARγ2 nomenclature)) (29-32). In addition, 2 nonsense mutations 
(R385X, Y355X) and 2 frameshift/premature stop mutations have been reported 
(32-34). Except for R425C, all mutations have been shown to result in receptors 
with reduced transcriptional activity and some, but not all mutants inhibited 
their wild-type counterpart in a dominant negative manner (see also Discussion). 
The functional consequences of the R425C FPLD3-associated missense mutation, 
which changes arginine 425 into cysteine, are currently unknown. Interestingly, a 
structure based sequence alignment of nuclear receptors revealed that this arginine 
residue is part of a structural signature, which defines nuclear receptors that form 
heterodimers with RXRα, including the thyroid hormone receptor β (TRβ) (35). 
Within this subclass of proteins, named class II receptors, R425 is involved in the 
formation of a conserved salt bridge with a negatively charged residue in helix 4/5 
(E352 in PPARγ2). In contrast, the homodimeric class I receptors lack this conserved 
arginine residue and the internal salt bridge (35).
The strong conservation of arginine 425 in PPARγ2 among class II nuclear receptors 
together with the lack of functional data on the natural R425C mutation motivated 
us to investigate the functional consequences of this FPLD3-associated mutant. 
Here we combine detailed molecular analysis with structural modelling, using 
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molecular dynamics simulations, to show that the R425C mutation found in a patient 
with FPLD3 causes aberrant salt bridge formation and thereby abrogates PPARγ 
transcriptional activity leading to an inhibition of adipocyte differentiation.

Materials and methods

Materials
Rosiglitazone was purchased from Alexis. Pioglitazone, Ciglitazone, Troglitazone 
and 15-deoxy-Δ12,14-PGJ2 were from Cayman Chemical Company. GW1929 and 
TNFα were from Sigma-Aldrich. [3H]-Rosiglitazone was purchased from American 
Radiolabeled Chemicals, Inc. Fugene®6 transfection reagent was from Roche 
Applied Biosciences. Anti-PPARγ (sc-7273), anti-RXRα (sc-553) and anti-Gal4 (sc-
510) antibodies were from Santa Cruz Biotechnologies. Anti-tropomyosin antibody 
(T2780) was purchased from Sigma-Aldrich and Roche Applied Biosciences, 
respectively. Anti-rabbit-HRP (111035144) and anti-mouse-HRP (115035146) 
were from Jackson Immunoresearch Laboratories Inc. Oil-Red-O was purchased 
from Sigma-Aldrich (O-0625). Crystal violet was from Chroma-Gesellschaft 
Schmid&Co. 

Plasmids
All recombinant DNA work was performed according to standard procedures (58). 
The pCDNA3-PPARγ1, pCDNA3-PPARγ2 and pCDNA3-PPARβ/δ constructs were 
kind gifts from Dr. V.K.K. Chatterjee (48). pCDNA3.1-PPARα expression plasmid 
was a kind gift from Dr. S. Ali. The reporter containing the human aquaporin 
promoter (-681/+11) was a kind gift from Dr. N. Maeda (38). The reporter plasmid 
2κB-luciferase was a kind gift from Dr. E. Burstein (59). The retroviral pMSCV-
vector (Clontech) containing wild type murine PPARγ2 was a kind gift from Dr. 
B.M. Spiegelman and Dr. R.G. Roeder (60). The bacterial expression vector for GST-
SMRT (61) and the 3xPPRE-tk-Luc reporter (23) were kind gifts from Dr. R.M. Evans. 
The bacterial expression vector for GST-SRC1 (amino acids 570-780) (62), GST-RelA 
(63) and the 5xGal4-AdMLTATA-Luc (64), 5xGal4-TK-Luc (64) and 3xPPRE-tk-Luc 
(23) reporters have been described earlier.
The pCDNA-Gal4DBD-PPARγ LBD (amino acids 173-475) expression construct 
was generated by cloning a BamH1/Xba1 fragment from pSG424-PPARγLBD (gift 
from Dr. V.K.K Chatterjee (48) into the respective sites of pCDNA3-Gal4DBD (64). 
The expression vector containing the complete coding region of human RXRα 
was a kind gift from Dr. J.D. Baxter (65). pCDNA3.1-RXRα was generated by 
PCR amplification of RXRα from this vector using primers containing XbaI and 
HindIII-sites and cloned into the respective sites of pCDNA3.1(-). PGEX2TK-GST-
CBP was generated by cloning the BamHI/EcoRI fragment (amino acids 1-452) 
from pCDNA3.1-CBP (64) into the pGEX2TK vector. To generate a pCDNA3-
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Gal4DBD-SMRT-ID1 construct, the SMRT-ID1 fragment (amino acids 2302-2352) 
was amplified from the GST-SMRT construct (61) by PCR using primers containing 
BamH1and XbaI-sites respectively and cloned into the pCDNA3-Gal4DBD 
construct. PCDNA3-VP16 was constructed by amplification of the VP16 from a 
psG5-VP16 expression construct (66) by PCR using a forward primer containing 
a HindIII-site and a reverse primer containing a stopcodon and BamH1-site. The 
VP16 cDNA was inserted in the corresponding sites of pCDNA3. PCDNA3-VP16-
PPARγLBD was generated by PCR amplification of VP16 activation domain using 
primers containing HindIII and BamH1-sites respectively and insertion into the 
respective sites of pCDNA-Gal4DBD-PPARγLBD, after removal of the Gal4DBD 
sequence. All mutations were generated by Quickchange mutagenesis (Stratagene) 
and verified by sequencing.

Cell culture, transient transfections and reporter assays
The human osteosarcoma cell line U2OS and the human embryonic kidney 293T 
cell line (HEK293T) were maintained in DMEM Glutamax (Dulbecco) containing 
10% foetal calf serum (Gibco Life Technologies), 100 μg of penicillin/ml and 100 μg 
streptomycin/ml (Gibco Life Technologies). U2OS cells used for NF-κB-luciferase 
reporter assays were maintained in DMEM Glutamax (Dulbecco) containing 5% 
dextran-coated charcoal stripped foetal calf serum (67) (Gibco Life Technologies), 
100 μg of penicillin/ml and 100 μg streptomycin/ml (Gibco Life Technologies). The 
murine NIH-3T3 cell line was cultured in the same media but now with 10% bovine 
serum (Gibco Life Technologies), 100 μg of penicillin/ml and 100 μg streptomycin/
ml (Gibco Life Technologies). For luciferase reporter assays cells were seeded in 24-
wells plates and transiently transfected using the calcium-phosphate precipitation 
method. Each well was cotransfected with a reporter construct, PPAR expression 
constructs and 2 ng pCMV-Renilla (Promega) or 12,5 ng TK-Renilla (Promega) as 
indicated in the figure legends. The next day, cells were washed twice with HBS 
(pH 7.05) and subsequently maintained in medium in absence or presence of PPAR 
ligands for 24 hours. After incubation cells were washed twice with phosphate-
buffered saline (PBS) and harvested in passive lysisbuffer (Promega) and assayed 
for luciferase activity according to the manufacturer’s protocol (Promega Dual-
Luciferase Reporter Assay System) and for Renilla luciferase activity to correct for 
transfection efficiency. The relative light units were measured by a Centro LB 960 
luminometer (Berthold Technologies).
For western blot analyses of the different PPARγ proteins, U2OS cells were transiently 
transfected with 2 μg PPARγ expression construct using Fugene®6 transfection 
reagent and treated as described as above. Cells were lysed in Laemli sample buffer 
and subjected to SDS-PAGE and transferred to Immobilon membranes (Millipore). 
α-PPARγ antibody was used to probe for PPARγ protein and ECL (Amersham 
Biosciences) was used for detection.
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GST-pull downs
Recombinant PPARγ2 cDNAs (wild type or mutants) in the pCDNA3 expression 
vector were transcribed and translated in vitro in reticulolysate in the presence of 
[35S]methionine according to manufacturer’s protocol (TNT T7 Quick Coupled 
Transcription/Translation Kit, Promega). Rosetta pLysS competent bacteria 
(Novagen) were transformed with GST expression plasmids. GST fusion proteins 
were induced and purified as described earlier (62). [35S]–labelled proteins were 
incubated with GST fusion proteins in NETN-buffer (20 mM Tris pH 8.0, 100 mM 
NaCl, 1 mM EDTA, 0,5% NP40) containing protease inhibitors (Complete, Roche 
Applied Biosciences). Samples were subsequently washed and subjected to SDS-
PAGE. Gels were enhanced with Amplify (Amersham) and dried and the [35S]-
labelled proteins were visualized by fluorography. For each assay, at least three 
independent pull downs were performed.

EMSA
Double-stranded DNA oligomers, containing the PPRE from the rat acyltransferase-
coenzyme A oxidase promoter (36), were labelled with [α-32P]dATP using Klenow 
enzyme and purified using Probe QuantTM G-50 Micro Colums (Amersham 
Biosciences). In vitro translated PPARγ (wild type or mutants) and/or in vitro 
translated RXRα proteins were pre-incubated for 15 minutes at room temperature 
in absence or presence of 10-fold cold probe (wild type or mutant) in a buffer 
containing 10 μg BSA, 1 μg poly dI:dC, 40 mM HEPES (pH 7.4), 100 mM KCl, 
2 mM DTT and 20% glycerol. For supershift experiments 1 μg of α-RXR or α-
PPARγ or α-Gal4 antibodies were added to the pre-incubation mix. Following pre-
incubation, purified [32P]-labelled probe was added and incubated for 30 minutes 
at room temperature, followed by 30 minutes at 4°C. Receptor-DNA complexes 
were separated from unbound DNA on non-denaturing polyacrylamide gels and 
visualized by autoradiography. At least three independent experiments were 
performed.
The complete probe sequences used for binding and competition analysis were 
as follows: PPRE-wild-type, 5’-CCGGGGACCAGGACAAAGGTCACGAAGCT-3’ 
and PPRE-mutant, 5’-CCGGGGGACCAGCACAAAGCACACGAAGCT-3’

Ligand-binding assay
Filter binding assays were performed as described by Adams et al. (68) with minor 
modifications. Bacterially expressed and purified GST-PPARγ2 fusion proteins were 
incubated with 10 or 100 nM [3H]-Rosiglitazone in binding buffer (50mM HEPES 
pH 7.9, 100 mM KCl, 2 mM DTT, 10% glycerol) followed by incubation with an 200-
fold excess of competing cold ligand (rosiglitazone). Bound ligand was separated 
from unbound ligand by passage through a filter membrane (Millipore HA filters, 
0.45mm) under vacuum followed by three washes with binding buffer. Filters were 
then transferred into tubes containing scintillation fluid and counted in a γ-counter. 
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Binding experiments were performed independently three times.

Differentiation assay 
Retrovirus was produced by Fugene transfection of Phoenix Ampho cells with 
the parental retroviral pMSCV-vector, pMSCV containing either wild type 
murine PPARγ2, or PPARγ2 R425C and collection of virus supernatants. NIH-
3T3 fibroblasts were infected overnight with the virus supernatants in medium 
containing 4 μg/ml polybrene and infected cells were selected by addition of 2 
μg/ml puromycine to the culture medium. Selected cells were grown to confluency 
and after two days incubated with culture medium containing dexamethasone (250 
nM), IBMX (500 μM), insulin (170 nM) and rosiglitazone (2.5 nM) for two days. 
At day 3, medium was changed for culture medium supplemented with insulin 
(170 nM) and Rosiglitazone (2.5 nM) and left for a week. Cells were subsequently 
washed and triglycerides were stained by Oil-Red-O and the cell nuclei by crystal 
violet. Stained cells were photographed with a light microscope (Zeiss Axiovert 40 
CFL) coupled to a digital camera (Canon DSC Powershot G5). Two independent 
retroviral transductions were performed.
For western blot analyses, differentiated NIH-3T3 cell lines (empty vector, PPARγ 
wild type or PPARγ2 R425C) were lysed in Laemli sample buffer and samples were 
subjected to SDS-PAGE and transferred to Immobilon membranes (Millipore). α-
PPARγ and α-tropomyosin antibodies were used to probe for PPARγ protein and 
tropomyosin protein respectively. ECL (Amersham Biosciences) was used for 
detection.

Quantitative RT PCR
Transduced NIH-3T3 fibroblasts were differentiated as described above. For each 
cell line (empty vector, PPARγ2 wild type or PPARγ2 R425C), total RNA from three 
wells was isolated independently using TriPure reagent (Roche Applied Science) 
and reverse transcribed using MMLV-RT Rnase H Minus Point Mutant (Promega), 
according to manufacturer’s protocol. Transcription levels were determined by 
real-time PCR using the LightCycler (Roche Applied Science). Briefly, the relative 
expression of the housekeeping gene Hprt1 (hypoxanthine-guanine phosphoribos
yltransferase 1) was used to calculate the relative expression level of the PPARγ2 
target genes Fabp4, Aqp7 and Gyk respectively, according to Vandesompele et al. 
(69). The PCR reactions were performed using the DNA Master SYBR-green 1 kit 
(Roche Applied Science) and contained 5.0 μl 1:40 diluted cDNA, 0.25 pmol/μl. 
primer, DNA master SYBR-green I solution, and MgCl2 (3.5 mM). Reactions were 
carried out in triplicate for each sample. 
The sequences of the primers are as follows:  murine Hprt1 sense primer; 5’-
TCCTCCTCAGACCGCTTTT-3’; anti-sense primer, 5’-CCTGGTTCATCATCGC
TAATC-3’; murine Fabp4 sense primer 5’-GAAAACGAGATGGTGACAAGC-
3’; anti-sense primer 5’-TTGTGGAAGTCACGCCTTT-3’; murine Aqp7 sense 
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primer, 5’ GGCTTCTCCCTTCCTCTAGTTT-3’; anti-sense primer, 5’- AAGGCC
ACTGAGGAAGTCATT-3’; murine Gyk sense primer, 5’- TTCCAGGAAATAATA
ACTTTGTCAAG-3’; anti-sense primer, 5’- CACTGCACTGAAATACGTGCT-3’.

MD simulations
Molecular dynamics simulations were performed with the GROMACS 3.1.4 
package (70;71), using the GROMOS96 43A1 force field (72). The starting structure 
of the wild type protein was obtained from the protein data bank (PDB) (73), entry 
1FM6 (16), chain D or chain X and entry 1FM9 chain D; the mutant protein structure 
was obtained by replacing Arginine 425 by a Cysteine (for 1FM6 chain D) or by an 
Alanine (for all three chains). Cofactors and ligands were removed. Each simulation 
was run for 5.0 ns. A total of seven simulations was thus performed: three for wild 
type, three for the R425A mutant and one for the R425C mutant.
The starting structure was solvated in a cubic box with a minimum solute-box 
distance of 14Å, filled with approximately 25000 SPC water molecules (74) and 
5 (wild type) or 6 (mutant) additional Na+ ions to electro-neutralize the system, 
respectively. Periodic boundary conditions were applied.
Each system was first energy minimized using 1.000 steps of Steepest Descent 
algorithm. After this, equilibration was performed in five 20 ps phases during 
which the force constant of the position restraints term for the solute was decreased 
from 1000 to 0 KJ mol-1 nm-2 (1000, 1000, 100, 10, 0 KJ mol-1 nm-2, respectively). The 
initial velocities were generated at 300K following a Maxwellian distribution.
Solute, solvent and counterions were independently weakly coupled to reference 
temperature baths at 300 K (τ = 0.1 ps) (75). The pressure was maintained by weakly 
coupling the system to an external pressure bath at one atmosphere except for the 
first 20 ps equilibration part which was performed at constant volume (NVT). The 
LINCS algorithm (76) was used to constrain bond lengths, allowing an integration 
time step of 0.002 ps (2 fs) to be used. The non-bonded interactions were calculated 
with a twin-range cut-off (77) of 0.8 and 1.4 nm. The long-range electrostatic 
interactions beyond the 1.4 nm cut-off were treated with the generalized reaction 
field model (78) using a dielectric constant of 54. The non-bonded interaction pair 
list was updated every 5 steps. Trajectory coordinates and energies were stored 
at 0.5 ps intervals. The analysis was performed using the set of programs within 
GROMACS. Figures were generated using MolScript (79) and Raster3D (80).

Results

The FPLD3-associated PPARγ2 R425C displays reduced transcriptional activity 
As a first step in our analysis of the FPLD3-associated R425C mutation, its effect 
on the ability of PPARγ2 to activate transcription was tested in reporter assays. For 
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this the human osteosarcoma cell line U2OS was used, which lacks endogenous 
PPARγ expression and displayed the most significant reporter activation by 
liganded PPARγ among several human cell lines tested. Cells were transfected 
with expression vectors encoding wild type PPARγ2 or R425C mutant together 
with a reporter construct containing three copies of the PPRE found in the rat acyl 
CoA promoter (36). While wild type PPARγ2 readily activated this 3xPPRE-tk-Luc 
reporter approximately 120-fold upon addition of the synthetic ligand rosiglitazone 
(1 μM), PPARγ2 R425C only activated this reporter 20-fold (Figure 1A). Figure 
1B shows that PPARγ2 R425C was functionally defective at all concentrations of 
rosiglitazone tested, including saturating amounts. Cotransfection with RXRα 
did not increase the transcriptional activity of either wild type or mutant PPARγ, 
indicating that RXRα is not limiting under these experimental conditions (data not 
shown). Similar results were obtained in 293T cells, indicating that the reduced 
activity of the R425C mutant is not cell type specific (data not shown).
Since PPARγ can be activated by various ligands (23-26), reporter assays were also 
performed using several other synthetic and one natural PPARγ ligand. All the TZDs 
tested (rosiglitazone, pioglitazone, troglitazone and ciglitazone) and the natural 
ligand 15-deoxy-Δ12,14-PGJ2 showed similar differences in transcriptional activity 
between wild type and mutant PPARγ2 (Figure 1C). Interestingly, the impaired 
activity of the R425C mutant was partially restored by the tyrosine-based agonist 
GW1929, a strong agonist that is also capable of activating the FPLD3 associated 
V318M and P495L mutants of PPARγ2 (37).
The reporter construct used above contains three copies of a functional PPRE. In 
order to test the effect of PPARγ2 R425C on a more “natural” promoter, reporter 
assays were performed using a luciferase reporter construct containing the promoter 
of the human adipose aquaporin gene (AQP7), which contains a single functional 
PPRE (38). As shown in Figure 1D, activation of this reporter by wild type PPARγ2 
was less pronounced (6- and 12-fold in the absence and presence of rosiglitazone, 
respectively), compared to the 3xPPRE reporter (Figure 1A). However, mutation of 
R425 into cysteine reduced the ability of PPARγ2 to activate this natural promoter 
in a similar fashion (Figure 1D).
Amino acid sequence alignment of PPARs revealed that the arginine at position 
425 in PPARγ2 lies within a region that is highly conserved between species 
and different PPAR family members (Figure 2A). To investigate the effect of the 
R425C mutation on other PPAR isoforms, analogous mutations were generated in 
PPARγ1 (R397C), PPARα (R388C) and PPARβ/δ (R361C) and the proteins were 
subsequently tested for their ability to activate a 3xPPRE reporter construct in 
U2OS cells. Wild type PPARγ1 activated the 3xPPRE-tk-Luc reporter approximately 
70-fold upon addition of rosiglitazone, while the R397C mutant only activated this 
reporter 15-fold (Figure 2B, left panel). As reported earlier (39), wild type PPARα 
displayed significant activity in the absence of ligand, which was further increased 
by addition of the synthetic PPARα-specific ligand WY14643. Mutation of PPARα 
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R388 into cysteine almost completely inhibited transcriptional activity, both in the 
absence and presence of ligand (Figure 2B, middle panel). Finally, assays performed 
with PPARβ/δ showed that this receptor also activated the reporter upon addition 
of a specific PPARβ/δ ligand (GW501516), albeit significantly less than the PPARγ 
isoforms or PPARα. Nevertheless, the weak transcriptional activity of PPARβ/δ  
was clearly inhibited by mutating R361 into cysteine (Figure 2B, right panel). 
Collectively, these results suggest that the FPLD3-associated R425C mutation 
results in reduced transcriptional activity of PPARγ2, independent of ligand type, 
ligand concentration and promoter used. Furthermore, the reduced transcriptional 
activity of R425C is not limited to the PPARγ2 protein, since similar effects were 
observed when analogous mutations were generated in the PPARγ1 isoform as 
well as in the related PPARα and PPARβ/δ proteins.

Figure 1. The FPLD3-associated R425C mutation reduces the transcriptional activity of PPARγ2.
A, U2OS cells were transfected with expression vector encoding PPARγ2 wild type (wt) or PPARγ2 
R425C respectively, and a 3XPPRE-tk-Luc reporter. Activation of the luciferase reporter, in the absence 
or presence of 1 μM rosiglitazone, is expressed as fold induction over that with empty vector (ev) in the 
absence of ligand, after normalisation for Renilla luciferase activity. Results are averages of at least three 
independent experiments assayed in duplicate ± standard error of the means. B, Dose-response curve of 
U2OS cells transfected as in panel A. C, Reporter assay as outlined in panel A using the PPARγ ligands, 
pioglitazone (Pio; 2 μM), troglitazone (Tro; 1.5 μM), ciglitazone (Ci; 6 μM), 15-deoxy-Δ12,14-PGJ2 (PGJ2; 
14 μM) and GW1929 (1 μM), respectively. D, U2OS cells were transfected as in A, but with the human 
adipose aquaporin (AQP7)-Luc reporter instead of the 3xPPRE-tk-Luc reporter.
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Figure 2. Mutations analogous to R425C in PPARγ2 have similar effects on transcriptional activity of 
different PPAR proteins. 
A, Alignment of the amino acid sequence surrounding R425 in human PPARγ2 (CAA62153), 
with human PPARα (AAB32649), human PPARβ/δ (AAH02715), mouse PPARγ (AAO45098), pig 
PPARγ (CAA07225) and salmon PPARγ (CAC02968). Species in which the sequence surrounding 
R425 was identical to human and mouse (e.g. rat (AADA0119), zebrafish (AAY85274), Xenopus 
(AAH60474), chicken (AAL85323)) were omitted for reasons of clarity. Also indicated are the 
boundaries of helix 8 and 9, as defined in the crystal structure of the PPARγ LBD (17). B, U2OS 
cells were transfected with expression vectors encoding PPARγ1 wt or R397C mutant (left panel), 
PPARα or R388C mutant (middle panel) or PPARδ or R361C mutant (right panel). Activation of the 
3xPPRE-tk-Luc reporter in the absence or presence of rosiglitazone (1 μM) for PPARγ1, WY14643 
(100 μM) for PPARα or GW501516 (2.2 nM) for PPARδ, are presented as described in Figure 1A. 

Corepressor binding and -release of PPARγ2 R425C is impaired
Mutations in the thyroid hormone receptor β (TRβ) are found in patients with 
resistance to thyroid hormone (RTH)(40). One RTH-associated mutation changes an 
arginine at position 383 into a histidine (R383H), resulting in impaired release of the 
corepressor SMRT (41). Since R383 in TRβ is analogous to R425 in PPARγ2 (Figure 
3A), the effect of the R425C mutation in PPARγ2 on binding and release of SMRT 
was investigated. For this, bacterially expressed and purified GST or GST-SMRT 
fusion proteins were incubated with in vitro translated [35S]methionine-labelled 
PPARγ2 proteins (wild type or R425C) in the absence or presence of rosiglitazone. 
As shown in Figure 3B, wild type PPARγ2 interacted with SMRT in the absence 
of ligand and this interaction was reduced upon addition of rosiglitazone (Figure 
3B). The PPARγ2 R425C mutant interacted with SMRT less efficiently, both in the 
absence and presence of ligand and did not show an obvious impairment of SMRT 
release in response to ligand (Figure 3B).
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To substantiate these in vitro results in living cells we performed mammalian two-
hybrid assays. For this, an expression vector consisting of the interaction domain 
1 (ID1) of SMRT fused to the DNA-binding domain of Gal4 (Gal4DBD) were used, 
together with an expression vector encoding a fusion protein of PPARγLBD with the 
activation domain of VP16 (VP16). In the absence of ligand, wild type PPARγLBD 
clearly interacted with the SMRT-ID1, as demonstrated by the activation of the 
5xGal4-TK-Luc reporter (Figure 3C). Upon addition of rosiglitazone this interaction 
decreased in a dose dependent manner. In contrast, PPARγLBD R425C showed 
limited interaction with SMRT-ID1, either in the absence or presence of ligand. In 
contrast, the FPLD3-associated P495L mutant of PPARγ2, which was previously 
shown to exhibit impaired corepressor release (37), showed a comparable level of 
transcriptional activity at all concentrations of rosiglitazone. The negative controls, 
in which VP16 protein was coexpressed with either Gal4DBD or Gal4DBD-SMRT-
ID1, displayed negligible luciferase activity.

Figure 3. The PPARγ2 R425C mutation affects corepressor binding but not release.
A, Alignment of the amino acid sequence surrounding R425 in human PPARγ2 and human TRβ1 
(AAI06930). B, GST fusion proteins coupled to Sepharose beads were incubated with in vitro translated 
[35S]-labelled PPARγ2 proteins (wt or mutant) in the absence or presence of rosiglitazone (1 μM). After 
extensive washing, samples were boiled and separated on SDS-polyacrylamide gels. Gels were fixed 
and dried and the labelled proteins were detected by fluorography. The input lanes represent 10% of the 
total lysate used in each reaction.  C, U2OS cells were transfected with Gal4DBD or Gal4DBD-SMRT ID1 
(50 ng), VP16 or VP16-PPARγLBD (wt or mutant; 50 ng), 5xGal4-TK-Luc reporter (500 ng) and incubated 
with different concentrations of rosiglitazone as indicated. Activation of the luciferase reporter, in the 
absence or presence of rosiglitazone, is expressed as fold induction over that with Gal4DBD+VP16 in 
the absence of ligand, after normalisation for Renilla luciferase activity. Results are averages of at least 
three independent experiments assayed in duplicate ± standard error of the means.
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Thus, our data indicate that the R425C mutation in PPARγ2 does not impair 
corepressor release, but rather reduces the affinity for the corepressor. We conclude 
therefore that in contrast to the natural R383H mutant of TRβ, the reduction in 
PPARγ-mediated transcription caused by the R425C mutation is unlikely to be 
caused by impaired corepressor release. 

The PPARγ2 R425C mutation results in reduced heterodimerisation with RXRα 
The crystal structure of PPARγ-LBD reveals 13 α-helices and a small four-stranded 
β-sheet (16;17). The arginine at position 425 lies within a highly conserved 
sequence that is located in a loop between helix 8 and 9, and some of the residues 
surrounding arginine 425 (G423, D424 and P426) are involved in heterodimerisation 
with RXRα. This prompted us to investigate whether the PPARγ R425C mutation 
affected dimerisation with RXRα. First, we studied the effect of this mutation and 
mutations of the other highly conserved loop residues on in vitro heterodimerisation 
by performing GST-pull down assays. For this, in vitro translated [35S]methionine-
labelled PPARγ2 proteins (wild type or mutants) were incubated with bacterially 
expressed and purified GST-RXRα. While wild type PPARγ2 efficiently interacted 
with RXRα, the R425C mutant protein displayed reduced binding (Figure 4A). 
Mutation of arginine 425 into alanine (R425A) or lysine (R425K) also decreased 
the PPARγ2-RXRα interaction. PPARγ2 D424A showed a slightly reduced binding 
compared to wild type PPARγ2, whereas mutation of glycine 423 or proline 426 
into alanine (G423A and P426A, respectively) did not have an appreciable effect 
on in vitro dimerisation with RXRα. As a control, a PPARγ2 mutant was generated 
(L464R), analogous to the homodimerisation defective mouse ER mutant (L511R) 
(42). This L464R mutant completely failed to dimerise with RXRα in these in vitro 
assays (Figure 4A).
Next, the effects of the mutants described above on the transcriptional activity of 
PPARγ2 were studied. Like the R425C mutant (Figure 1), the R425A and R425K 
mutants displayed strongly reduced ligand-dependent activation of a 3xPPRE-tk-
Luc reporter in U2OS cells (Figure 4B). The D424A mutant showed slightly reduced 
transcriptional activity, while the activity of the G423A and P426A mutants was 
similar to wild type PPARγ2. Transcriptional activity of the heterodimerisation 
defective mutant L464R was completely abolished. The expression of all PPARγ 
proteins was confirmed by Western blot analysis (Figure 4B, lower panel). In general, 
the observed differences in transcriptional levels between the PPARγ2 mutants 
reflected the differential effects on heterodimerisation of these mutants (Figure 4A), 
confirming that heterodimerisation is a prerequisite for the transcriptional activity 
of the PPARγ2 protein. In addition, mutation of the positively charged arginine at 
position 425 into a cysteine (R425C), into the uncharged residue alanine (R425A) 
or into a lysine residue (R425K), which is also positively charged, all affected the 
in vitro RXRα heterodimerisation capacity as well as the transcriptional activity of 
PPARγ2. These findings point to the specific requirement of the arginine residue at 
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position 425 for optimal function of PPARγ2 as a transcription factor. 
Since PPARγ can only bind to PPRE sequences in the DNA upon heterodimerisation 
with RXRα, we investigated the effect of the R425C mutant on DNA binding. 
Electrophoretic mobility shift assays were performed in which in vitro translated 
RXRα and PPARγ2 proteins (either wild type or mutant) were incubated with a 
[32P]-labelled PPRE sequence. A specific PPARγ2-RXRα heterodimeric complex 

Figure 4. Heterodimerisation of PPARγ2 R425C with RXRα and subsequent DNA binding is 
impaired.
A, Bacterially expressed and purified GST or GST-RXRα proteins were incubated with in vitro translated 
[35S]methionine-labelled PPARγ2 proteins (wt or mutant). Bound proteins were visualised as described 
in Figure 3B. B, U2OS cells were transfected with various PPARγ2 mutants. Experiments were performed 
and data are presented as described in Figure 1A. Expression of the different PPARγ2 proteins was 
confirmed by western blot analysis using an antibody directed against PPARγ. C, In vitro translated 
RXRα or PPARγ2 (wt or mutant) proteins were incubated with [32P]-labelled probe in absence or 
presence of 10X unlabelled probe (wt or mutant) as indicated. Protein-DNA complexes were separated 
from unbound DNA on non-denaturing SDS-polyacrylamide gels and visualized by autoradiography 
of dried gels.
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was formed on the PPRE, as formation of this protein-DNA complex could be 
diminished by addition of an excess of unlabelled wild type PPRE, but not by 
an excess of mutant PPRE (Figure 4C). The R425C mutant protein also displayed 
specific DNA binding in the presence of RXRα, albeit 2.3 fold less than wild type, 
as determined by densitometric analysis. A similar difference in binding capacity 
was observed with increasing amounts of PPARγ2 protein (wild type or R425C) 
(see Supplementary material, Figure S1). Specific antibodies against PPARγ and 
RXRα supershifted both the wild type and mutant protein-DNA complexes, 
confirming the heterodimeric composition of both complexes (see Supplementary 
material, Figure S2). The dimerisation-defective L464R mutant failed to bind the 
PPRE in the presence of RXRα (Figure 4C). Taken together, these results indicate 
that heterodimerisation with RXRα and subsequent DNA binding of PPARγ2 is 
significantly, but not completely impaired by the R425C mutation. 

Ligand binding and subsequent coactivator binding of PPARγ2 R425C is reduced
Since heterodimerisation with RXRα and subsequent DNA binding of PPARγ2 R425C 
is not completely impaired, this suggests that additional molecular defects contribute 
to the impaired function of this FPLD3-associated mutant. To investigate this, we 
performed reporter assays in which PPARγ driven transcription is independent 
of heterodimerisation with RXRα. For this, the mutations described above were 
introduced into a chimeric Gal4DBD-PPARγ LBD receptor and expressed together 
with a Gal4 reporter gene in U2OS cells. Both the wild type Gal4-PPARγLBD 
receptor and the dimerisation defective L464R mutant stimulated transcription 
from the reporter up to 350-fold in the presence of rosiglitazone, showing that 
transcriptional activation is indeed independent of heterodimerisation with RXRα 
in this assay (Figure 5A). In contrast the activity of the R425C mutant, as well as 
the R425A and R425K mutants, was strongly reduced. The G423A, D4242A and 
P426A mutants displayed levels of transcription similar to wild type PPARγ. As a 
control, Western blot analysis was performed and showed comparable amounts 
of GAL4DBD fusion proteins (Figure 5A, lower panel). These results indicate that 
the transcriptional defect in the PPARγ2 R425C protein is not only due to reduced 
heterodimerisation with RXRα.
In order to identify additional defects in the R425C protein, we first performed 
ligand binding assays. For this, bacterially expressed and purified GST-PPARγ2 
fusion proteins (wild type or R425C) were incubated with either 10 nM or 100 nM 
of [3H]-labelled rosiglitazone. Whereas wild type PPARγ2 protein displayed specific 
binding of rosiglitazone, the mutant protein showed reduced binding capacity for 
the ligand at both concentrations tested (Figure 5B). The amounts of the bacterially 
produced receptors were similar (Figure 5B; inset), indicating that the lower 
binding capacity for rosiglitazone displayed by the mutant protein was not caused 
by differences in protein levels. Since a coactivator binding surface is generated in 
the LBD of PPARγ upon ligand binding, we next examined whether the reduced 
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affinity for rosiglitazone displayed by the R425C protein also affected interaction 
with coactivators. For this, bacterially expressed and purified GST-fusion proteins 
of the coactivators CBP and SRC1 were incubated together with in vitro translated 
[35S]methionine-labelled PPARγ2 wild type or PPARγ2 R425C proteins in the absence 
or presence of rosiglitazone. As observed before (43-45), wild type PPARγ2 bound 
to SRC1 in the presence of rosiglitazone in a dose-dependent manner (Figure 5C), 
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Figure 5. Ligand binding and subsequent coactivator binding of PPARγ2 R425C is reduced.
A, U2OS cells were transfected with 5xGal4-AdMLTATA-Luc reporter (1 μg), empty vector or Gal4DBD-
PPARγLBD expression vectors (wt or mutant; 200 ng) and incubated with or without rosiglitazone (1 
μM) as indicated. Data are presented as described in figure 1A. Comparable amounts of the different 
GAL4 DBD fusion proteins were detected by western blot analysis using a GAL4 antibody. B, GST-
PPARγ2 (wt or mutant) was incubated with different concentrations of [3H]-rosiglitazone. Bound ligand 
was measured by a γ-counter. Data are indicated as mean of three separate experiments performed in 
duplicate. Inset, bacterially expressed and purified PPARγ2 proteins (wt or mutant) were subjected to 
SDS-PAGE and visualized by Coomassie brilliant blue staining. C, In vitro translated [35S]-labelled PPARγ2 
proteins (wt or mutant) were incubated with bacterially expressed and purified GST or GST-SRC1 in 
the absence or presence of increasing concentrations of rosiglitazone (0.1, 1 or 2 μM). Bound proteins 
were visualised by fluorography of dried gels. D, In vitro translated [35S]-labelled PPARγ2 proteins (wt 
or mutant) were incubated with bacterially expressed and purified GST or GST-CBP in the absence 
or presence of rosiglitazone (1 μM). Bound proteins were visualised by fluorography of dried gels.
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while the interaction between PPARγ2 and CBP was less dependent on the presence 
of ligand (Figure 5D). Although PPARγ2 R425C also displayed specific binding to 
SRC1 and CBP under these conditions, these protein-protein interactions were 
significantly weaker compared to wild type PPARγ2. 
In summary, these experiments indicate that in addition to impaired 
heterodimerisation (Figure 4), the R425C mutation also abrogates ligand binding 
compared to the wild type protein and as a consequence diminishes ligand-
dependent interaction with transcriptional coactivators.

Transrepression of NF-κB by PPARγ R425C remains largely intact and is independent of 
heterodimerisation with RXRα
In order to examine the effect of the R425C mutation on PPARγ-mediated repression 
of NF-κB activity, we performed reporter assays in which U2OS cells were transfected 
with expression vectors encoding wild type PPARγ2 or mutant PPARγ (R425C or 
L464R) or an empty vector together with a 2κB-luciferase reporter. Upon addition 
of TNFα, this reporter was activated up to 10-fold and cotransfection of increasing 
amounts of either wild type PPARγ2 or R425C both reduced this activation in a 
dose dependent manner. Addition of rosiglitazone enhanced this inhibitory effect 
to some extent (Figure 6A). Since the R425C mutant displayed reduced dimerisation 
with RXRα (Figure 4), these results suggest that monomeric forms of the receptor 
may be sufficient for transrepression of NF-κB activity, as was also shown for other 
nuclear receptors (46). To investigate this, we employed the PPARγ2 L464R mutant, 
which displays a complete loss of dimerisation activity (Figure 4). A dose dependent 
decrease in reporter activation by TNFα was observed upon addition of increasing 
amounts of L464R mutant, corroborating the hypothesis that PPARγ mediated 
transrepression of NF-κB is independent of heterodimerisation with RXRα.
In addition, since transcriptional interference between PPARγ and NF-κB occurs 
through the RelA (p65) subunit of NF-κB (47), we assessed this protein-protein 
interaction by incubating bacterially expressed GST-RelA fusion proteins with in 
vitro translated PPARγ2 proteins (either wild type, R425C or L464R). As shown 
in figure 6B, all three PPARγ2 proteins were able to bind to GST-RelA and this 
interaction was largely rosiglitazone independent.
In summary, although the FPLD3-associated R425C mutation results in reduced 
transcriptional activity of PPARγ (Figure 1), PPARγ-mediated transrepression of NF-
κB activity remains largely intact, especially in the presence of ligand. Furthermore, 
our data suggest that the PPARγ-mediated transrepression is largely independent 
of heterodimerisation with RXRα.
 
Molecular dynamics simulation predicts an alternative salt bridge in PPARγ2 R425C
Since the arginine residue on position 425 in PPARγ2 is involved in the formation 
of an internal salt bridge (16), the effects of substituting this amino acid by cysteine 
was examined using several 5 nanosecond (ns) molecular dynamics simulations 
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of wild type protein and R425A and R425C mutants starting from various crystal 
structures of the LBD domain of PPARγ (see Material and Methods). Positional 
root mean square deviation (RMSD) from the starting structures as well as the 
various energy terms reached equilibrium in a few ns for all the simulations (see 
Supplementary material Figure S3 and S4). When analysing the trajectories resulting 
from the different simulations, there was a clear and consistent difference between 
wild type PPARγ2 and PPARγ2 R425C with respect to salt bridges that are present. 
In the wild type protein, R425 (located in the loop between helix 8 and 9) forms a 
salt bridge with E352 (in helix 4/5), and R471 (in helix 10) forms a salt bridge with 
D424 (Figure 7A, left panel). In the R425C mutant, however, the salt bridge between 
R425 and E352 obviously cannot be formed, and this resulted, unexpectedly, in a 
switch from the R471-D424 salt bridge to a salt bridge between R471 and E352 
(Figure 7A, right panel, and Supplementary material Figure S5). A similar change 
was observed when R425 was mutated into alanine (data not shown). We also 
compared various structural parameters (RMSDs, angles between helices, solvent 
accessibility of surface residues). Although in some simulations helix 10 seemed 
to be deformed in the R425C mutant, we could not find consistent differences 
between wild type and mutant simulations. The difference in salt bridge pattern 
was consistently found between on the one hand the three wild type simulations 
and on the other hand four mutant simulations (both R425A and R425C). The fact 

Figure 6. The FPLD3-associated PPARγ R425C mutation is able to transrepress NF-κB activity.
A, U2OS were transfected with empty vector (10 ng), wild type PPARγ2, PPARγ2 R425C and PPARγ2 
L464R respectively (10, 50 or 100 ng) and 2κB-luciferase reporter (300 ng). Activation of the luciferase 
reporter in the absence or presence TNFα (250 units) or TNFα in combination with rosiglitazone (1 
μM), respectively, is expressed as fold induction over that of empty vector in the absence of TNFα 
and rosiglitazone, after normalisation for Renilla luciferase activity. Results are averages of three 
independent experiments performed in duplicate ± standard error of the means. B, In vitro translated 
[35S]-labelled PPARγ2 proteins (wt, R425C or L464R) were incubated with bacterially expressed and 
purified GST or GST-RelA in the absence or presence of rosiglitazone (1 μM). Bound proteins were 
visualised by fluorography of dried gels. 
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that the same rearrangement is observed in independent simulations starting from 
various crystal structures, make the observed structural difference between wild 
type and mutant protein highly significant. 
To test the importance of those salt bridges for transcriptional activity, we mutated 
the individual residues involved in the salt bridge formation to alanine residues 
and performed reporter assays in U2OS cells. Like R425C, the salt bridge mutants 
D424A, E352A and R471A all displayed reduced transcriptional activity compared 
to wild type PPARγ2 (Figure 7B). Western blot analysis was performed as a control 
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and showed comparable expression levels for all PPARγ proteins (Figure 7B, lower 
panel). These findings suggest that the internal salt bridges between R425 and 
E352 and between D424 and R471 play an important role in PPARγ2-mediated 
transcription by maintaining the structural integrity of the ligand binding domain 
of this receptor. 

PPARγ2 R425C and PPARγ1 R397C do not display dominant negative behaviour
All of the FPLD3-associated PPARγ mutations are heterozygous and some of 
the resulting PPARγ mutant proteins have been shown to inhibit their wild type 
counterpart in a dominant negative manner (29;37). We therefore examined whether 
the R425C mutant of PPARγ2 and the same mutant in the context of the PPARγ1 
protein (R397C) would inhibit the activity of the respective wild type receptors. 
For this, reporter assays were performed, using a 1:1 ratio between wild type and 
mutant receptors and different concentrations of ligand. As shown in figure 8A, 
PPARγ1 R397C failed to display dominant negative behaviour independent of 
ligand concentration while the FPLD3-associated PPARγ1 P467L inhibited wild 
type PPARγ1 at low concentrations of ligand, as reported earlier (37). In addition, 
the artificial PPARγ1 L468A/E471A mutant displayed a strong dominant negative 
activity against its wild type protein independent of ligand concentration, as shown 
earlier (48).
When tested in the context of the PPARγ2 protein, the R-to-C mutant also lacked 
dominant negative activity, whereas PPARγ2 L496A/E499A was able to inhibit wild 
type PPARγ2 at all concentrations of rosiglitazone (Figure 8B). Interestingly, whereas 
PPARγ1 P467L displayed a dominant negative effect over its wild type counterpart 
(Figure 8A), the same mutant in the context of PPARγ2 (P495L) was not able to 

Figure 8. FPLD3-associated R-to-C mutants fail to display dominant negative activity towards wild 
type PPARγ isoforms.
FPLD3-associated R-to-C mutants fail to display dominant negative activity towards wild type PPARγ 
isoforms. A, U2OS cells were transfected with equal amounts of wild type and mutant PPARγ1 (both 
100 ng), 3xPPRE-tk-Luc reporter (500 ng) and incubated with different concentrations of rosiglitazone, 
as indicated. B, U2OS were transfected as in panel A, but with PPARγ2 expression vectors. Results are 
averages of at least three independent experiments assayed in duplicate ± standard error of the means.
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inhibit wild type receptor in a dominant negative manner (Figure 8B). In addition, 
the PPARγ1 P467L mutant was dominant negative over wild type PPARγ2, but 
PPARγ2 P495L did not display dominant negative activity over wild type PPARγ1 
(data not shown). Similar results were obtained in 293T cells, indicating that the 
observed effects were not restricted to U2OS cells (data not shown).
In summary, these data show that unlike the artificial PPARγ double mutant, the 
FPLD3-associated PPARγ R-to-C mutant does not exert dominant negative activity 
over the wild type receptor, whereas dominant negative activity of the FPLD3-
associated PPARγ P-to-L mutant appears to be limited to the PPARγ1 isoform under 
our experimental conditions.

The R425C mutation reduces the ability of PPARγ2 to induce adipocyte differentiation
Having established by in vitro and cell-based assays that PPARγ function is affected 
on multiple levels we investigated the effect of this mutation in vivo on adipocyte 
differentiation. NIH-3T3 fibroblasts were transduced with virus obtained from 
cells transfected with the parental retroviral pMSCV vector, pMSCV-PPARγ2 or 
pMSCV-PPARγ2 R425C and stable cell lines were selected. Approximately 20% 
of the NIH-PPARγ2 cells differentiated into adipocytes, as assessed by staining 
of triglycerides with Oil-red-O (Figure 9A). Virtually no adipocyte differentiation 
could be detected in NIH-vector or NIH-PPARγ2 R425C fibroblasts under our 
experimental conditions. To independently confirm adipocyte differentiation, the 
mRNA expression of three PPARγ target genes, fatty acid binding protein 4 (Fabp4), 
adipose aquaporin (Aqp7) and glycerol kinase (Gyk), was determined on the same 
cell lines by quantitative RT-PCR assays. While a 34-fold increase in Fabp4 mRNA 
expression was observed for NIH-PPARγ2 cells, mRNA expression of this gene in 
NIH-PPARγ2 R425C cells was similar to NIH-vector cells (Figure 9B). The PPARγ2 
R425C protein also failed to induce mRNA expression of Aqp7 and Gyk, both of 
which were significantly upregulated by the wild type receptor (Figure 9B). As 
shown by Western blot analysis, the PPARγ protein expression levels for wild type 
and R425C proteins were similar (Figure 9C). 
These findings show that the R425C mutation not only compromises the ability of 
the PPARγ2 protein to activate transiently transfected reporter genes (Figure 1), but 
also reduces its potential to activate endogenous target genes (Fabp4, Aqp7, Gyk) 
and promote adipogenesis (Figure 9).

Discussion

The nuclear receptor PPARγ plays a key role in the regulation of glucose and lipid 
metabolism in adipocytes by regulating their differentiation, maintenance and 
function (9;10). Compelling genetic evidence for this view comes from human 
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FPLD3 patients, harbouring heterozygous mutations in the PPARG gene, as they 
are characterized by aberrant fat distribution and metabolic disturbances, including 
insulin resistance and dyslipidemia (6;7). In this report, we demonstrate that the 
FPLD3-associated PPARγ2 R425C mutant displays multiple molecular defects. 
These defects probably do not involve impaired corepressor release, but comprise 
a combination of reduced heterodimerisation with RXRα, lower ligand binding 
affinity and subsequent reduced binding of coactivators, resulting in reduced 
transcriptional activity and eventually in an impaired ability of the R425C mutant 
to induce adipocyte differentiation. Interestingly, like the dimerisation defective 
L464R mutant, the R425C mutant could still transrepress TNFα-induced NF-κB 
activity. These results are reminiscent of the transrepression of NF-κB activity by 
monomeric forms of other nuclear receptors, like the glucocorticoid receptor (46), 
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Figure 9. Reduced potential of the PPARγ2 R425C to induce adipocyte differentiation.
A, NIH-3T3 fibroblasts were transduced with retrovirus obtained form cells transfected with pMSCV 
(empty vector; ev), pMSCV-PPARγ2 or pMSCV-PPARγ2 R425C. After a week of incubation with 
differentiation medium, triglycerides were stained with Oil-Red-O and cell nuclei with crystal violet. 
Pictures are representative for three independent experiments. B, mRNA expression of the Fabp4, 
Aqp7 and Gyk genes in NIH-3T3 cell lines described in panel A after differentiation. Expression 
levels are indicated as fold induction over that with NIH-empty vector cells (ev), after normalisation 
for the housekeeping gene Hprt1. Results are averages of at least three independent experiments 
assayed in duplicate ± standard deviation. C, Western blot analysis of lysates of the NIH-3T3 cell 
lines described in panel A with antibodies against PPARγ and tropomyosine (internal control).
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and indicate that activation and transrepression critically depend on different 
regions of the receptor (49). Recently, a structure based sequence alignment revealed 
two sets of differentially conserved residues that divided the entire nuclear receptor 
superfamily in two classes related to their oligomeric behaviour (35). Nuclear 
receptors that form homodimers belong to class I, while nuclear receptors that form 
heterodimers with RXRα, like PPARγ, belong to class II. A differentially conserved 
arginine (R425 in PPARγ2) defines the signature of these class II receptors, and is 
involved in the formation of a salt bridge with a negatively charged residue in 
H4/H5 (E352 in PPARγ2) (16;17). Moreover, the crystal structure of PPARγ LBD 
revealed an additional internal salt bridge between two different conserved “class 
II” residues, D424 (L8/9) and R471 (H10). Our molecular dynamics simulations 
predicted that substitution of PPARγ2 R425 with a cysteine residue would disrupt 
both internal salt bridges leading to the formation of an alternative salt bridge 
between R471 and E352. The conserved “salt bridge residues” are structurally 
important in defining the conformation of the LBD of PPARγ2: both D424 and R471 
are involved in dimerisation with RXRα (16), while R425 and E352 form hydrogen 
bonds with Y505 at the C-terminus of helix 12 leading to the stabilisation of H12, 
which is important for cofactor binding (39). In addition, destabilisation of H12 
could in turn affect heterodimerisation, since an interdimer salt bridge is formed 
between Y505 (H12) of PPARγ2 and K431 of RXRα (16). Finally, crystallographic 
studies on PPARα together with a corepressor peptide indicate that the two 
hydrophobic residues immediately preceding E352 in PPARγ2 are probably part 
of the corepressor interaction surface (50). Therefore, conformational changes 
resulting from the simultaneous disruption of both internal salt bridges through 
the R425C mutation provide a likely explanation for the impaired interactions 
with cofactors and RXRα, as well as the reduction in ligand binding, despite the 
fact that R425 is not in the direct vicinity of the ligand binding pocket. The partial 
restoration of PPARγ2 R425C activity by the tyrosine-based agonist GW1929 might 
be explained by the benzophenone group in this type of ligand, which is not present 
in TZDs. This group can make additional hydrophobic interactions with residues 
in H3, H7 and H10 (16), which could contribute to the active conformation of the 
LBD structure and thereby partially restore the activity of PPARγ2 R425C, as was 
observed specifically with this ligand.
Studies on four other mammalian class II nuclear receptors, vitamin D receptor 
(VDR), TRβ, RXRα and retinoic acid receptor α (RARα), have pointed to the 
importance of the conserved salt bridge residues for their function. In keeping 
with our results on the E352A mutation in PPARγ2, the analogous mutant in VDR 
(E269A) displayed reduced ligand binding and transcriptional activity (51). Unlike 
the PPARγ2 R425C mutant, however, mutation of the analogous residue in TRβ, as 
exemplified by the RTH-associated R383H mutant, did not affect activation of target 
genes, but resulted in impaired corepressor release (41). Furthermore, the R339A 
mutation reduced the transcriptional activity of RARα, but heterodimerisation 
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was unaffected (35), which is in contrast to the analogous PPARγ2 mutant (R425A). 
Finally, the D384A mutant of RXRα (D424A in PPARγ2) displayed reduced ability 
to homodimerise, but heterodimerisation with RARα was unaffected (52). These 
findings therefore clearly underscore the important role of the internal salt bridges 
in maintaining the structural integrity of the LBDs of class II receptors, but also 
show that the molecular defect(s) caused by their disruption can differ between 
individual nuclear receptors.
Although the PPARγ2 R425C mutant displays some similarities with other FPLD3-
associated PPARγ mutants, the molecular defects are clearly not identical. Based 
on functional characterisations in combination with studies on dominant negative 
activity of these different PPARγ mutants, PPARγ mutations can be divided in at least 
three different subgroups (29-34;37). The first group comprises the missense DNA 
binding mutants and ligand binding domain (LBD) truncation mutants (C142R, 
C159Y, C190W, FS343X, R385X). These mutants have no DNA binding capacity, 
but are still able to recruit coactivators and can therefore compete for common 
cofactors (“squelching”), which can explain their dominant negative activity. The 
second group consists of missense mutations located in the LBD (V318M, P495L), 
which inhibit PPARγ activity through an alternative mechanism. These mutants 
are transcriptionally inactive due to impaired ligand and coactivator recruitment, 
but are able to compete for DNA binding with wild type PPARγ. As a consequence 
the activation of PPARγ target genes is reduced, which could explain the dominant 
negative activity of these mutants. The third group, represented by the PPARγ R425C 
mutant, displays both impaired heterodimerisation with RXRα and subsequent 
DNA binding, as well as impaired ligand and cofactor binding, the combination of 
which could account for the absence of dominant negative activity. In line with this, 
addition of an artificial mutation in TRβ, that attenuated heterodimerisation with 
RXRα and subsequent DNA binding, abrogated the dominant negative activity of 
three different natural LBD mutants (53;54). This suggests that the combination 
of either intact DNA binding together with impaired cofactor binding, or intact 
cofactor binding in combination with impaired DNA binding is a prerequisite for 
dominant negative activity of TRβ and PPARγ mutants. Like the R425C mutant 
analysed here, the FPLD3-associated PPARγ2 F388L mutant (30) and the recently 
published nonsense mutation, which truncates PPARγ2 after residue 355 (Y355X) 
(33) also lack dominant negative behaviour. Together with the FPLD3-associated 
PPARγ4 promoter (-14A>G) mutation (55), which only reduces the expression of 
the PPARγ protein, these findings indicate that in some FPLD3 patients PPARG 
mutations act through a haploinsufficiency mechanism rather than dominant 
negative activity of the affected gene product.
When the FPLD3-associated PPARγ P-to-L mutant was tested in the context of 
the PPARγ1 protein (P467L), this protein inhibited wild type PPARγ1 and -γ2 in 
a dominant negative fashion at low concentrations of rosiglitazone, as described 
earlier (37). Interestingly, the same amino acid substitution in the context of the 
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PPARγ2 protein (P495L) resulted in a protein that lacked this capacity, indicating 
that at least under our experimental conditions the dominant negative activity of 
the PPARγ P-to-L mutant is isoform specific. These findings suggest that the effect 
of dominant negative PPARγ mutants might be more pronounced in tissues with 
a high PPARγ1/-γ2 ratio, but it is currently unknown whether this ratio differs 
between body fat depots. An important challenge for the future will be to establish 
how heterozygous PPARG mutations can lead to depot-specific effects on adipose 
tissue, as exemplified by the characteristic aberrant fat distribution in patients 
suffering from FPLD3 and mice expressing PPARγ mutants (56;57).
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Supplemental Figures

Supplementary Figure S1. 
In vitro translated RXRα or PPARγ2 (wt or mutant) proteins were incubated with [32P]-labelled probe 
in the presence of antibodies against PPARγ or RXRα, or an irrelevant antibody (α-Gal4) as indicated. 
Protein-DNA complexes were separated from unbound DNA on non-denaturing SDS-polyacrylamide 
gels and visualized by autoradiography of dried gels. Note that both antibodies (α-PPARγ and α-
RXRα) can supershift the protein-DNA complexes, confirming the heterodimeric composition of the 
complexes.
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Supplementary Figure S3. 
Positional root mean-square deviation (RMSD) of structures from the respective starting structure 
versus simulation time. The RMSD values of the secondary structure elements subjected to least-
squares superposition of backbone atoms are shown for the wild type (black line) and Cys mutant (red 
line) MD simulations (starting from crystal structure 1FM6 chain D). Note that the RMSD values reach 
a plateau after approximately 1 ns which indicates that the systems are stable within the timeframe of 
the simulation. 
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Supplementary Figure S2.
Increasing amounts of in vitro translated RXRα or PPARγ2 (wt or mutant) proteins were incubated with 
[32P]-labelled probe as indicated. Protein-DNA complexes were separated from unbound DNA on non-
denaturing SDS-polyacrylamide gels and visualized by autoradiography of dried gels. PPARγ2 R425C 
displyas reduced DNA binding compared to wild type PPARγ2, independent of the concentration of 
PPARγ2 protein (either wild type or mutant).
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Supplementary Figure S4. 
Non-bonded energies (sum of protein-protein and protein-solvent energy terms) versus simulation 
time. Van der Waals energy (A) and Coulomb energy (B) are shown for the wild type (black line) and 
Cys mutant (red line) simulation (starting from crystal structure 1FM6 chain D); these values were 
smoothed for clarity using a 0.05-ns averaging window. Note that the electrostatic energies reach a 
plateau after 1 to 2 ns which indicates that the systems have reached an equilibrium and are stable 
within the timeframe of the simulation.
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Supplementary Figure S5. 
Alternative salt bridge formation in PPARγ R425C. Minimum distance between R471 guanidinium and 
E352 carboxylate groups is shown for wildtype (black line) and Cys mutant (red line) MD simulation 
(starting from crystal structure 1FM6 chain D). (A) Complete simulation (0.1 ns equilibration and 5.0 ns 
simulation). (B) Detailed view of the first 500 ps which shows that the salt bridge switch occurs during 
the first 100 ps. Distance values were smoothed for clarity using a 0.05-ns averaging window. In the 
R425C mutant, the carboxylate group of E352 can no longer hydrogen bond to the side chain of residue 
425; instead a conformational switch is observed after ~ 0.08 ns leading to the formation of a stable 
hydrogen bond between the guanidinium group of R471 and the carobxylate group of E352.
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Abstract

Context: Familial partial lipodystrophy (FPLD) results from coding sequence 
mutations either in LMNA, encoding nuclear lamin A/C, or in PPARG, encoding 
peroxisome proliferator-activated receptor gamma (PPARγ). The LMNA form is 
called FPLD2 (MIM 151660) and the PPARG form is called FPLD3 (MIM 604367). 
Objective: To investigate whether the clinical phenotype of this proband is due to 
mutation(s) in PPARγ.
Design: Case report 
Setting: Academic medical center
Patient: A 31-yr-old female with the clinical phenotype of FPLD3; i.e 
lipodystrophy and early childhood diabetes with extreme insulin resistance and 
hypertriglyceridemia leading to recurrent pancreatitis.
Results: The proband was heterozygous for a novel C>T mutation in PPARG gene 
that led to the substitution of arginine 194 in PPARγ2 isoform, a conserved residue 
located in the zinc finger structure involved in DNA binding, by tryptophan 
(R194W). The mutation was absent from the genomes of 100 healthy Caucasians. In 
vitro analysis of the mutated protein showed that R194W (and R166W in PPARγ1 
isoform) could not bind to DNA and had no transcriptional activity. Furthermore, 
R194W had no dominant negative activity.
Conclusions: The R194W mutation in PPARG disrupts its DNA binding activity 
and through haploinsufficiency leads to clinical manifestation of FPLD3 and the 
associated metabolic disturbances.
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Introduction

Dunnigan-type familial partial lipodystrophy results from rare coding sequence 
mutations either in LMNA, encoding nuclear lamin A/C, or in PPARG, encoding 

peroxisome proliferator-activated receptor gamma (PPARγ) (1;2). The LMNA 
and PPARG forms are called FPLD2 (MIM 151660) and FPLD3 (MIM 604367), 
respectively. These mutations underlie profound redistribution of fat stores, 
characterized by lipoatrophy of the extremities and gluteal region in combination 
with lipohypertrophy in face, neck, trunk and central adipose stores. This 
redistribution can be accompanied by a variety of clinical characteristics, including 
severe insulin resistance, often with acanthosis nigricans, and hypertriglyceridemia, 
sometimes associated with pancreatitis and eruptive xanthomata (3). The core 
clinical phenotype is fat loss with subsequent development of secondary metabolic 
disturbances that are characteristic of the insulin resistance syndrome.
The presence of lipodystrophy in subjects with dysfunctional PPARG missense 
mutations, such as R425C, F388L, E138fsDAATG, V290M, P467L and Y355X (4-9) and 
in PPARγ-deficient murine models (10;11) has confirmed the central role of PPARγ 

in adipogenesis. PPARγ interacts with retinoid X receptor (RXR), binds DNA as a 
heterodimer and subsequently regulates transcription of PPARγ-responsive genes. 
Heterozygous loss of function or haploinsufficiency is clinically important when 
gene dosage is strictly regulated. Here, we show that a heterozygous mutation of 
a conserved arginine residue into tryptophan in the PPARγ (referred as R166W in 
PPARγ1 and R194W in PPARγ2 isoform) zinc finger II region disrupts DNA binding 
and transcriptional activity and thus underlies FPLD3.

Methods

Study subject
The study was approved by the University of Western Ontario Ethics Review Panel 
(protocol 07920E) and the subject gave informed consent to participate.

Magnetic Resonance Imaging
MRI was performed using a 1.5 Tesla scanner (Signa, GE Medical Systems, 
Milwalkee, WI, USA) with a neck coil and body coil. Axial and sagittal T1 weighted 
images of the c-Spine, Axial T1 weighted images of the abdomen and the lower leg 
were acquired according to the procedure described earlier.

DNA sequence analysis 
After DNA sequencing showed no mutation in LMNA, we amplified and 
sequenced the 6 exons of PPARG plus >100 bp at intron-exon boundaries and 
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~700 bp of the promoter (5;7). The R194W mutation was genotyped by scoring the 
electropherogram tracing of exon 4 sequences from the Applied Biosystems 3730 
Automated DNA Sequence Analyser (ABI, Mississauga, ON). Genomic DNA from 
100 healthy Caucasian subjects was studied, permitting 70% power to exclude a 
mutation with frequency >2% in the healthy population (two-tailed alpha<0.05).

PPARgamma clones
A cDNA encoding full length human PPARγ1 was cloned into the pTRE-shuttle2 
eukaryotic expression vector (Clontech, Palo Alto, CA). A double-FLAG epitope 
tag (MDYKDHDGDYKDHD) was added to the N-terminus of the clone. The 
pCDNA3-PPARγ1 and pCDNA3-PPARγ2 constructs were kind gifts from Dr. V.K.K. 
Chatterjee. The R194W mutation was introduced using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) and verified by sequencing. 

Electrophoretic mobility shift assays (EMSA)
EMSA experiments were performed as described (12). In short, a radiolabelled 
double-stranded DNA oligomer, containing the PPRE from the rat acyltransferase-
coenzyme A oxidase promoter, was incubated with in vitro translated PPARγ 
(wild type or mutants) and/or in vitro translated RXRα proteins. For supershift 
experiments 1 μg of α-RXR (sc-553; Santa Cruz Biotechnologies), α-PPARγ (sc-
7273) or α-Gal4 (sc-510) antibodies were added. Receptor-DNA complexes were 
separated from unbound DNA on native gels and visualized by autoradiography. 
At least three independent experiments were performed. The complete probe 
sequences used for binding and competition analysis were as follows: PPRE-wild-
type, 5’-CCGGGGACCAGGACAAAGGTCACGAAGCT-3’ and PPRE-mutant, 
5’-CCGGGGGACCAGCACAAAGCACACGAAGCT-3’. Western blot analyses 
of the different in vitro translated PPARγ proteins was performed as described 
(13). α-PPARγ antibody (sc-7196) was used to probe for PPARγ protein and ECL 
(Amersham Biosciences) was used for detection.

Cell culture, reporter assays and dominant negative assays
NIH 3T3 mouse fibroblasts and human U2OS osteosarcoma cells were maintained 
in DMEM Glutamax (Dulbecco) containing 10% foetal calf serum (Gibco Life 
Technologies), 100 μg of penicillin/ml and 100 μg streptomycin/ml (Gibco Life 
Technologies). NIH 3T3 mouse fibroblasts were grown in 24-well plates (1.0×105 

cells/well) in DMEM+10% fetal calf serum. Cells were transfected with 25 ng WT or 
R194W expression plasmid, 6 ng of pTET-off, 25 ng of pRXR, 2 ng of a β-galactosidase 
control plasmid and 200 ng of the PPAR-dependent luciferase reporter pFATP-Luc 
(i.e. three copies of the mouse FATP gene PPRE inserted upstream of the minimal 
thymidine kinase promoter). Cells were transfected for 4 h with Lipofectamine-
plus and then treated with DMSO or increasing doses of rosiglitazone for 16 h. 
Transfections were performed in triplicate. Mixing experiments examining 
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dominant negative activity (Fig. 4E) were conducted as described above except 
with the amounts of PPARγ plasmids: NIH 3T3 cells that were transfected with 
the combination of 5 ng of WT PPARγ and increasing amounts of WT, the R194W 
mutant, or the dominant-negative mutant P467L (5, 10, or 20 ng; indicated in the 
figure as 1:1, 1:2 and 1:4 respectively), in the presence or absence of rosiglitazone 
(Fig. 4E and 4F).
U2OS were also seeded in 24-wells plates and transiently transfected using the 
calcium-phosphate precipitation method. Each well was cotransfected with 1 μg 
reporter construct, 10 ng pCDNA-PPARγ expression constructs and 2 ng pCMV-
Renilla (Promega). After washing, cells were maintained in medium in presence or 
absence of rosiglitazone (1 mM) for 24 h. Activities of luciferase plus β-galactosidase 
(NIH-3T3) or luciferase plus renilla (U2OS) were measured with the Dual-light 
assay system (ABI, Foster City, CA) or Dual-Luciferase Reporter Assay System 
(Promega), respectively, using  a 96-well luminometer (Berthold Technologies, Bad 
Wildbad, Germany).

Results

Patient medical history and clinical evaluation
The proband was a 31-yr-old Turkish female living in The Netherlands. Menarche 
occurred at age 11, followed by regular menstrual cycles.  At age 15, she was 
diagnosed with diabetes with severe insulin resistance. Despite insulin therapy, 
she developed severe hypertriglyceridemia, with plasma concentration > 50 
mmol/L, leading to eruptive xanthomas on her trunk and extremities. At age 
17, her menstrual cycle became irregular and her extremities and face developed 
excessive hair growth, leading to the diagnosis of polycystic ovarian syndrome 
(PCOS). At age 19, she became pregnant after in vitro fertilization and gave birth 
to a healthy son. Subsequently, she was hospitalized twice more for pancreatitis 
at ages 20 and 22. During outpatient follow-up, her insulin dose was increased 
>300 U per day. At the end of 2005, she was referred to the Academic Medical 
Center, Amsterdam for management of refractory hypertriglyceridemia despite 
fibrate and insulin treatment. On examination, she was mildly obese (weight 
68 kg; height 167 cm and body mass index [BMI], 25 kg/m2). Her resting blood 
pressure was 130/70 mm Hg. She had excess subcutaneous (sc) fat on the face, 

neck, trunk, and abdomen, with lack of sc fat on the gluteal region and extremities 
(Figure 1). This was confirmed with magnetic resonance imaging (Figure 2), which 
showed excessive and relatively symmetrical deposition of sc fat on the face, neck, 
and upper trunk, with disproportionate depletion of sc fat in the lower body. 
Furthermore, she had acanthosis nigricans on her feet, axillae and neck. She was 
also hirsute. Measurements from fasting plasma: glucose 8.8 mmol/L; HbA1c 8.2%: 
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insulin 1074 pmol/L (reference 34-172); C-peptide 950 pmol/L (reference 176-664); 
total cholesterol 9.42 mmol/L; HDL cholesterol 1.33 mmol/L; and triglyceride 
35.0 mmol/L. APOE genotype was E3/E3. Lipoprotein lipase (LPL) activity was 
normal and no genomic DNA sequence changes were seen in the LPL gene (data 
not shown). The free androgen index was 134 (normal ratio 0-8). At the time of 
these measurements, she was being treated with multiple daily insulin injections 
totaling 300 U/day, ciprofibrate 100 mg and cyproterone 50 mg daily.
Her 53 year-old father had a history of type 2 diabetes and dyslipidemia, but was 
not lipodystrophic clinically. Her mother died at age 20 from meningitis. The 
proband’s sister, half-sister and two half-brothers were healthy; none had criteria 
for metabolic syndrome diagnosis. None of the family members were willing to 
participate in additional clinical or genetic testing.

DNA sequence analysis 
In the genome of the proband, we found a heterozygous nucleotide substitution 

Figure 1. Clinical aspects of the proband. 
(A and B) showing the masculine appearance with a clear trunk-sparing lipodystrophy; (C-E), acanthosis 
nigricans on her neck, axilla and feet; (F), eruptive xanthoma.
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Figure 2. Magnetic resonance imaging (MRI) scans. 
T1 weighted images were obtained; (A and B), scans of the neck showing a layer of sc fat measuring 
2.52 cm; (C), cross section at the abdomen, showing a symmetrical layer of sc fat measuring 1.09 cm; 
(D), cross section at the gluteal region, showing sc fat measuring 0.80 cm; (E), cross section at the level 
of upper leg region, showing a dorsal layer of sc fat measuring 0.64 cm; (F) cross section at the level of 
lower leg region, showing a dorsal layer of sc fat measuring 0.56 cm.

C>T at position 1762 in the PPARγ isoform 4 (Figure 3). All other regions analysed 
were free of DNA sequence changes. This mutation was absent from the genomes 
of 100 normal Caucasian controls. This mutation causes an amino acid substitution 
R194W in PPARγ isoform 2 (R166W in PPARγ isoform 1).
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R194W mutant PPARγ does not bind DNA and is transcriptionally inactive
The location of the mutation within the DNA binding domain of PPARγ suggested 
that it might influence DNA binding. To investigate this possibility, the binding of 
the R166W as well as R194W mutant to a standard PPRE sequence was assessed 
using an electrophoretic mobility shift assay (EMSA). While PPARγ wild type in the 
presence of RXRα was capable of binding to PPARγ response element, the R166W 
mutant had no detectable DNA binding activity (Figure 4A). As expected, lack of 
DNA binding was also observed in the PPARγ2 isoform (Figure 4B).
The transcriptional activity of the R194W mutant PPARγ was assessed by transient 
transfection of PPARγ expression plasmids into NIH 3T3 cells and analysis of 
luciferase activity from a PPAR responsive reporter. The R194W mutant receptor 
was inactive at all doses of the ligand rosiglitazone (Figure 4C). In addition, U2OS 
cells were transfected with PPARγ1 (WT and R166W) or PPARγ2 isoform (WT and 
R194W). Whereas both WT isoforms had a slight basal expression level that was 
highly induced by rosiglitazone, both mutant isoforms displayed no transcriptional 
activity in the absence or presence of exogenous ligand (Figure 4D). 

Figure 3. Reported PPARG mutations in FPLD3 and genomic DNA sequence electropherograms of 
heterozygous R194W mutation. 
Schematic genomic map of PPARG, showing the positions of known mutations, and the disease mechanism 
indicated. Coding exons are shown with Arabic numerals, while non-coding exons are designated 
alphabetically. The start of transcription for γ1, γ2, γ3 and γ4 isoforms is shown. The electropherogram 
tracing shows both alleles from proband (R194W) compared to corresponding genomic DNA sequence 
from a healthy subject. The position of the mutation is indicated by the arrow. Normal nucleotide and 
amino acid sequence is shown above the WT electropherogram tracing. Note that the mutation numbers 
refer to gamma 1 isoform in a few and to gamma 2 isoform in other subjects.
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R194W mutant PPARγ displays no dominant-negative activity
To investigate if the R194W receptor had dominant-negative activity against WT 
PPARγ, a mixing experiment was performed in which an increasing amount of 
mutant or wild-type receptor were mixed with a fixed amount of WT PPARγ 
(Figure 4E). While simply increasing the amount of the WT receptor caused a 
significant increase in transcriptional activity (WT+WT), the addition of increasing 
amounts of R194W PPARγ to a fixed amount of WT receptor resulted in no change 
in total PPARg transcriptional activity (WT+R194W). For comparison, the same 
experiment was conducted with the P467L that has dominant-negative activity(4). 
Increasing amounts of P467L PPARγ caused a dose-dependent decrease in WT 
PPARγ transcriptional activity (WT+P467L). When the cells were treated with high 
concentration of rosiglitazone (Figure 4F), the dominant negative activity of P467L 
was abolished as described earlier(4). Together, these findings indicate that the 
R194W mutant does not possess any dominant-negative activity against the WT 
PPARγ receptor.

Discussion

The principal findings of this study are: 1) association of a novel heterozygous PPARγ 
missense mutation, R194W (R166W in gamma1 isoform), with FPLD3, including 
fat redistribution, severe insulin resistance, hypertriglyceridemia, hirsutism and 
acanthosis nigricans; and 2) functional analysis showing that the R194W mutant is 
transcriptionally inactive, independent of PPARγ isoform (γ1 and γ2) and cell type 
(NIH-3T3 and U2OS) 
The substitution of a hydrophilic arginine to a hydrophobic tryptophan within an 
α-helix would predict disrupted structure and decreased DNA binding, as was 
seen with EMSA. The importance of the conserved arginine residue is underscored 
by natural mutations in other nuclear receptors causing hormone resistance. For 
instance, a R614H mutation and deletion of this amino acid (D614) in the androgen 
receptor (AR) have been reported in two patients with complete androgen 
insensitivity (14). Furthermore, mutation of the analogous residue (R477H) in 
the glucocorticoid receptor (GR) was detected in a patient with primary cortisol 
resistance (15). In addition, mutation of this conserved arginine residue in the 
photoreceptor-specific nuclear receptor PNR into tryptophan (R104W) (16) or 
glutamine (R104Q) (17) were found in patients with enhanced S-cone syndrome. 
DNA binding of the AR D614 and R614H mutants and the GR R477H mutant 
was impaired (14;15) analogous to the PPARγ R194W mutant, emphasizing the 
importance of this conserved arginine residue in nuclear receptor signaling.
R194W brings the number of reported PPARG mutations associated with clinical 
phenotypes to fourteen. Only the PPARγ2 P115Q mutation was not associated with 
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FPLD3 (18). Two PPARγ missense mutations (P467L and V290M), along with the 
recently published subjects by Agostini et al (C114R, C131Y, C162W, FS315X and 
R357X) act via a dominant negative mechanism (19), while five (-14A>G, F388L, 
E138fsDAATG, Y355X and R194W) caused FPLD3 through haploinsufficiency 
(5;7;20) (Figure 3). The R425C mutation (9) also lacks dominant negative activity 
(E.H. Jeninga et al., submitted). All patients with PPARG haploinsufficiency 
mutations were ascertained based upon a diagnosis of FPLD; almost every patient 
with a PPARG mutation had partial lipodystrophy as a core phenotype. FPLD3 has 
proven to be a useful and appropriate clinical designation; the term acknowledges 
the centrality of lipodystrophy, while concurrently distinguishing FPLD3 from 
phenotypically similar but molecularly distinct forms of lipodystrophy, such as 
FPLD2 due to LMNA mutations.
Mutations can lead to disease through either i) loss of function; ii) gain of function; 
or iii) dominant negative activity. According to the “classical” dominant negative 
hypothesis, the mutant allele eliminates the WT function by direct interference. 
For instance, in the case of nuclear receptors the mutant receptor competes with 
the WT for binding DNA. However, there is some evidence that nuclear receptors 
can also have indirect dominant negative activity by affecting the bioavailability 
of other components of the transcriptional machinery, such as coactivators, and 
hence could interfere with the WT allele. We have shown that R194W has neither 

Figure 4. PPARG R194W mutation is transcriptionally inactive. 
A, In vitro translated RXRα and/or PPARγ1 (wt or R166W) proteins were incubated with [32P]-labelled 
probe in absence or presence of 10X unlabelled probe as indicated. Protein-DNA complexes were 
separated from unbound DNA on native gels and visualized by autoradiography of dried gels. To 
analyse the specificity of the binding the same experiment was performed in the presence of antibodies 
against PPARγ or RXRα, or an irrelevant antibody (α-Gal4) as indicated (the right panel). Expression of 
the different PPARγ proteins was confirmed by western blot analysis using an antibody directed against 
PPARγ. B, Competition and supershift EMSA as described in (A) was performed for PPARγ2 isoform 
using in vitro translated PPARγ2 (wt or R194W) proteins. C, The R194W mutant does not respond 
to rosiglitazone. NIH 3T3 cells were transfected with WT, R194W mutant or empty vector, together 
with a PPAR responsive reporter construct and a β-galactosidase reference plasmid. After transfection, 
NIH3T3 cells were treated with the indicated dose of rosiglitazone for 16h. Data are presented as a 
percentage of the maximum level of transcription achieved in the rosiglitazone curve (10 μM). 0% was 
defined separately for each curve as the lowest level of transcription for that curve. The data points are 
means ± SD (n=3). D, U2OS cells were transfected with expression vectors encoding PPARγ1 (wild type 
or mutant) or PPARγ2 (wild type or mutant) and a 3xPPRE-tk-luc reporter. Activation of the luciferase 
reporter, in the absence or presence of 1 μM rosiglitazone, is expressed as fold induction over that 
with empty vector (pCDNA) in the absence of ligand, after normalisation for Renilla luciferase activity. 
Results are averages of at least three independent experiments performed in duplicate ± standard error 
of the means. E, R194W has no dominant negative activity. Increasing amounts of R194W or P467L 
mutant receptors were cotransfected with a fixed amount of WT PPARγ. Data are normalized to the 
transcriptional activity of WT receptor alone (1:0) and are presented as means ± SD (n=3).The legend 
indicates the molar ratios of the two transfected receptors (WT+WT or WT + mutant). * indicates p<0.05, 
§ indicates p<0.01 relative to the wild-type receptor alone (1:0). F, The same experiment (as described in 
E) was performed in the presence of a saturating amount (20 mM) of rosiglitazone. Under this condition 
P467L had no dominant negative activity as was published in the original article(4). 

[
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direct (figure 4 A) nor indirect (Figure 4E) dominant negative activity under our 
experimental conditions. With haploinsufficiency, 50% reduced gene expression 
results from one nonfunctional allele, whereas dominant negative mutations 
induce even greater reduction in gene expression. How do these two mechanisms 
underlie the same phenotype? One possibility is that subjects with either 
mutation type might have slightly different clinical phenotypes that are not easily 
discerned using current methods. For instance, hypertension in human subjects 
with dominant negative mutations seems to be more severe than in subjects with 
haploinsufficiency mutations (21). Additional pedigrees with PPARG would allow 
for better comparisons of these two mechanisms in vivo.
Since the first publication on familial partial lipodystrophy by Dunnigan and 
Kobberling (22), awareness of this condition by clinicians has increased. Several 
mutations both in LMNA and PPARG have been described. Yet, many such patients 
are probably overlooked, because of clinical similarities with the common obesity-
related metabolic syndrome that currently is endemic to westernized societies, 
largely due to lifestyle changes. Careful physical examination of patients with insulin 
resistance and hypertriglyceridemia could help identify partial lipodystrophy. 
In summary, in a proband with FPLD3 we found a novel PPARG mutation that 
fails to bind DNA and is transcriptionally inactive. Human PPARG mutations will 
improve our understanding of mechanisms involved in lipodystrophy and insulin 
resistance.
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Abstract

The ligand-inducible nuclear receptor PPARγ plays a key role in the differentiation, 
maintenance and function of adipocytes and is the molecular target for the insulin 
sensitizing thiazoledinediones (TZDs). Although a number of PPARγ target genes 
that may contribute to the reduction of circulating FFAs after TZD treatment have 
been identified, the relevant PPARγ target genes that may exert the anti-lipolytic 
effect of TZDs are unknown.  Here we identified the anti-lipolytic human G 
protein-coupled receptor 81 (GPR81), GPR109A and the (human-specific) GPR109B 
genes as well as the mouse Gpr81 and Gpr109A genes as novel TZD-induced genes 
in mature adipocytes. GPR81/Gpr81 is a direct PPARγ target gene, since mRNA 
expression of GPR81/Gpr81 (and GPR109A/Gpr109A) increased in mature 
human and murine adipocytes as well as in vivo in epididymal fat pads of mice 
upon rosiglitazone stimulation, while siRNA- mediated knockdown of PPARγ in 
differentiated 3T3-L1 adipocytes showed a significant decrease in Gpr81 protein 
expression.  In addition, ChIP-seq analysis in differentiated 3T3-L1 cells revealed 
a conserved PPAR:RXR binding site in the proximal promoter of the Gpr81 gene, 
which was proven to be functional by EMSA and reporter assays. Importantly, 
siRNA-mediated knock down of Gpr81 partly reversed the inhibititory effect of 
TZDs on lipolysis in 3T3-L1 adipocytes. The coordinated regulation of the GPR81/
Gpr81 and GPR109A/Gpr109A genes (and GPR109B in humans) by TZD-induced 
PPARγ activation presents a novel mechanism by which these drugs may lower 
circulating FFA levels and thereby ameliorate insulin resistance in obese patients.
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Introduction

Due to a high calorie diet and a sedentary lifestyle, obesity and its associated 
comorbidities like hypertension, type II diabetes and atherosclerosis rapidly 
increase worldwide (1). Adipose tissue is the major site of lipid storage in the body 
and plays a pivotal role in the regulation of whole body metabolic homeostasis and 
therefore in the pathophysiology of obesity (2). After a meal, excess fuel substrates 
are partitioned to adipose tissue where they are processed and stored as triglycerides 
(TAG). Conversely, during fasting TAGs are hydrolized to free fatty acids (FFA) 
and glycerol, and the FFA released into the blood stream can subsequently be used 
by other organs as energy substrates. The latter process, termed lipolysis, is tightly 
regulated by hormones and cytokines (3). The three main hormones that regulate 
lipolysis in humans are insulin, which inhibits lipolysis, and catecholamines 
(adrenaline, noradrenaline) and glucagon which stimulate lipolysis. In rodents, 
inhibition of lipolysis by adenosine presents an additional regulatory pathway. 
Lipolysis is deregulated in obesity: basal lipolysis rates are increased (4), while the 
stimulation of lipolysis by catecholamines (5) as well as the anti-lipolytic action 
of insulin (6) are inhibited. The impairment of hormonal control of lipolysis may 
be due to high levels of TNFα, which is over-produced by adipose tissue in obese 
humans and rodents (7). Deregulated lipolysis results in increased circulating FFA 
levels and lipid accumulation in non-adipose tissues, ultimately contributing to 
insulin resistance and other obesity-related metabolic disorders (8).
One of the key regulators of adipocyte differentiation, maintenance and function 
is peroxisome proliferator-activated receptor γ (PPARγ), a member of the nuclear 
hormone receptor superfamily of ligand inducible transcription factors (9). PPARγ 
exists in two isoforms, PPARγ1 and PPARγ2. PPARγ2 has an additional 30 amino 
acids at the N-terminus and its expression is restricted to adipose tissue while 
PPARγ1 is more widely distributed (e.g. adipocytes, lower intestine, monocytes 
and macrophages). In vitro and in vivo studies showed that PPARγ is both necessary 
and sufficient to induce adipogenesis (9). PPARγ bind as an obligate heterodimer 
with the retinoic acid X receptors (RXRs) to PPAR responsive elements (PPREs), 
which consist of two direct repeats of 6 nucleotides (AGGTCA) interspaced by one 
nucleotide (DR-1). Upon binding of ligand these proteins undergo a conformational 
change, which allows the interaction with so-called coactivators, starting a cascade of 
protein interactions and modifications that finally results in the induction of specific 
target genes (10). Although the endogenous ligands for PPARγ have not been firmly 
established, natural compounds like polyunsaturated fatty acids and eicosanoids 
have been shown to activate PPARγ. In addition, the antidiabetic drugs, such as 
thiazolidinediones (TZDs) act as high affinity PPARγ ligands (11). Administration 
of these TZDs to obese and/or insulin resistant patients has been shown to reduce 
circulating FFAs and thereby improve insulin sensitivity. Part of these effects 
may be explained by the stimulatory effect of TZDs on adipocyte differentiation, 
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thereby increasing lipid storage capacity in adipose tissue. In addition, PPARγ also 
regulates a number of genes essential for the adipocytic phenotype, such as genes 
involved in lipid uptake, lipid synthesis, lipid droplet stabilization, glycerol/FA 
recycling and FA oxidation (12). Since elevated levels of serum FFAs promote 
insulin resistance (13), an important potential mechanism for the beneficial effects 
of TZDs is therefore the net partitioning of lipids in adipose tissue. Consistent 
with this notion genes encoding proteins involved in lipid uptake in adipocytes, 
such as lipoprotein lipase (LPL), CD36 and the oxidized LDL receptor (OLR) have 
been reported to be directly regulated by PPARγ (9). In addition, PPARγ directly 
regulates the expression of the lipid-droplet proteins perilipin and S3-12 (14), and 
genes (potentially) involved in the ‘futile cycle’ (9;15;16), the re-esterification of 
fatty acids and glycerol to triglycerides, which may be particularly important in 
rodents (17). Several findings suggest that PPARγ and TZDs may also be implicated 
in the process of lipolysis. First, the TZD troglitazone has been shown to lower 
basal lipolysis rates in differentiated adipocytes ((18-20); this manuscript), as well 
as TNFα-activated lipolysis (21;22). Secondly, introduction of a dominant-negative 
form of PPARγ in mature adipocytes resulted in increased lipolysis, suggesting that 
PPARγ normally inhibits this process (23). Finally, treatment of diabetic patients 
with TZDs has been shown to restore insulin-mediated suppression of lipolysis (24-
27). However, the relevant PPARγ target genes which may exert the anti-lipolytic 
effect of TZDs are unknown. 
To identify novel target genes that may play a role in the effects of TZDs on lipid 
metabolism, we performed a transcriptome analysis in human adipocytes treated 
with the TZD rosiglitazone. In this study we show that TZDs induce the expression 
of two anti-lipolyitic G-protein-coupled receptors, GPR81/Gpr81 and GPR109A/
Gpr109A, in human and murine adipocytes. In addition, a third anti-lipolytic 
GPR, the human-specific GPR109B, is also induced by rosiglitazone. This PPARγ-
mediated activation may occur through a conserved PPRE located in the GPR81 
promoter. The coordinated regulation of these genes by TZD-induced PPARγ 
activation presents a novel mechanism by which these drugs may lower circulating 
FFA levels and thereby ameliorate insulin resistance in obese patients. 

Materials and methods

Materials
Rosiglitazone was purchased from Alexis. Anti-PPARγ antibody (2345S) was from 
Cell Signalling, anti-GPR81 antibody (NLS2095) was from Novus Biologicals, anti-
GPR109A (GTX12610) was from Genetex and anti-tubulin (T5168) was from Sigma. 
Anti-PPARγ (sc-7196) and anti-RXR (sc-774) were used for ChIP assays. Anti-PPARγ 
(sc-7273), anti-RXRα (sc-553) and anti-Gal4 (sc-510) antibodies used for EMSA were 
from Santa Cruz Biotechnologies. 
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Plasmids
All recombinant DNA work was performed according to standard procedures (28). 
The murine GPR81 reporter, GPR81(-1059/+28)-luc, was generated by inserting the 
respective promoter into XhoI/HindIII site of the PGL3-basic vector (Promega). All 
mutations were generated by Quickchange mutagenesis (Stratagene) and verified 
by sequencing. All other plasmids have been described earlier (29).

Cell culture, differentiation and reporter assays
Culturing of cells was performed as described (29)(30)(31). Differentiation of 3T3-
L1 (29), the human multipotent adipose derived stem cells (hMADs) (31) and the 
human Simpson-Golabi Behmel Syndrome cell line (SGBS) (30) has been described 
earlier. Reporter assays were performed exactly as described (29). 

Micro-array analysis
3T3-L1, SGBS and hMADs were differentiated as described above and at day 6, 8 
and 17 respectively treated with Rosiglitazone or DMSO for 6 hours. Micro-array 
experiments were performed as described before (32). In short, total RNA was 
isolated using TRIzol reagent. Concentrations and purity were determined on a 
NanoDrop ND-1000 spectrophotometer (Isogen). RNA integrity was checked on an 
Agilent 2100 bioanalyzer (Agilent Technologies) with 6000 Nano Chips. Part of the 
RNA samples from four 6 cm dishes was used for quantitative RT-PCR (see RT-PCR 
section). Remaining RNA samples from four 6 cm dishes were pooled and used 
for micro-array analysis. Samples were hybridized on Human NUGO arrays from 
Affymetrix. A detailed description of the analysis method is available on request. 

Animal study
Animal study was performed as described earlier (32). In short, Sv129 male mice 
were purchased at The Jackson Laboratory (Bar Harbor, ME). At 20 weeks of age, 
the diet of half of the mice group was supplemented with rosiglitazone (0.01% 
w/w) for a week. At the end of the experiment epididymal white adipose tissue 
was dissected, weighed, and used for RNA isolation. The animal experiments were 
approved by the animal experimentation committee of Wageningen University.

RNA isolation and real-time PCR
3T3-L1 fibroblasts were differentiated as described above. Three independent 
samples of total RNA were extracted at different time points using TRIzol reagent 
(Invitrogen). cDNA was synthesized using the superscript first strand synthesis 
system (Invitrogen) according to manufacturer’s protocol. Gene expression levels 
were determined by quantitative real-time PCR with the MyIq cycler (Bio-Rad) 
using SYBR-green (Bio-Rad) and normalized to TFIIb expression.
The primers used were murine TFIIb forward primer; 5’-TCCTCCTCAGACCGCT 
TTT-3’; reverse primer, 5’-CCTGGTTCATCATCGCTAATC-3’; murine Gpr81 forward 
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primer 5’-GGTGGCACGATGTCATGTT-3’; reverse primer 5’-GACCGAGCAGA
ACAAGATGATT-3’; murine Gpr109A forward primer, 5’-TCCAAGTCTCCAAA
GGTGGT-3’; reverse primer, 5’-TGTTTCTCTCCAGCACTGAGTT-3’; murine Fapb4
 forward primer, 5’- GAAAACGAGATGGTGACAAGC-3’; reverse primer, 
5’-TTGTGGAAGTCACGCCTTT-3’; human 36B4 forward primer, 5’-CGGGAAGG
CTGTGGTGCTG-3’; reverse primer 5’- GTGAACACAAAGCCCACATTCC-3’; 
human GPR109A forward primer, 5’- TTCAGAGAATGCGATTTAGGG-3’; reverse
primer 5’-ACACCTTGCAACCAGTCTCC-3’; human GPR109B forward
primer, 5’-TTCTGTGGGGCATCACTGT-3’; reverse primer, 5’-GCCATTCTGGATC
AGCAACT-3’; human GPR81 forward primer, 5’- ATTTGGCCGTGGCTGATTTC-
3’; reverse primer, 5’- ACCGTAAGGAACACGATGCTC-3’.             

Western blot analysis
For Western blot analyses, differentiated 3T3-L1 cells were lysed in RIPA lysis 
buffer (200 mM Tris-HCl pH 8,0; 0,1% SDS, 1% Triton X-100; 10 mM EDTA; 150 mM 
NaCl; 1% NaDOC containing protease inhibitors). Total cell lysate was diluted in 
4x Laemli sample buffer and subjected to SDS-PAGE and transferred to Immobilon 
membranes (Millipore). α-PPARγ, α-GPR81, α-GPR109A, α-FABP4 and α-tubulin 
antibodies were used to probe for the respective proteins. ECL Plus (Perkin Elmer) 
was used for detection and signals were quantified using a densitometer. 

Chromatin immunoprecipitation (ChIP) and sequencing (ChIP-seq)
ChIP assays were performed exactly as described earlier (33). The primers 
used for ChIP assays were as follows: murine Gpr81 forward primer 5’-
AGTGCCAGAGAGGGGAGACT-3’; reverse primer 5’-CGTTTCTCTGCAGACC
TTCC-3’; murine beta-globin forward primer primer 5’-CCTGCCCTCTCTA
TCCTGTG-3’; reverse primer 5’-GCAAATGTGTTGCCAAAAAG-3’; human 
GPR81 forward primer 5’-CTGGAGAGCACACAAAGCTG-3’; reverse primer
5’-CCACTCCAGGAAATGTTTGG-3’; human Beta-globin forward primer
5’-TGGTATGGGGCCAAGAGATA-3’; reverse primer 5’-TAGATGCCTCTGCCC
TGACT-3’. ChIP-seq was performed as described earlier (12).

EMSA
EMSAs were performed as described earlier (29). The sequences of the double-
stranded DNA oligomers, containing the wild type or mutant PPRE from the 
mouse G-protein-coupled receptor 81 promoter (between -128 and -98 of the Gpr81 
gene) used, were as follows: mGpr81-wild-type, 5’-CCGGGGACGGGTAGTCAG
GCAAAGGTTAGGGAGGA-3’ and mGpr81-mutant A, 5’-CCGGGGACGGCAAG
TCACCCAAAGGTTAGGGAGGA-3’ and mGpr81-mutant B, 5’-CCGGGACGGGT
AGTCTCGCAAACCTTAGGGAGGA-3’
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siRNA transfection in differentiated adipocytes
3T3-L1 cells were differentiated as described above. At day 6 cells were detached 
using 5x trypsin/EDTA (Gibco Life Technologies), washed in medium containing 
4% glycerol. For each reaction 2 million of cells were resuspended in buffer L 
(AMAXA Cell line Nucleofector kit L) and control (D-001210-01-20; Dharmacon), 
murine specific PPARγ (#2 J-040712-06 Dharmacon) or custom-made Gpr81 
(5’-ACCTGGAAGTCAAGCACTATT; Dharmacon) siRNA oligonulceotides 
were delivered into adipocytes (500 nM of each siRNA/ 2 million cells) by 
electroporation (AMAXA Nucleofector II). Cells were reseeded and 20 hours post 
electroporation cells were incubated with 1 μM rosiglitazone for an additional 28 
hours. Subsequently, cells were harvested for Western blot analysis and media 
(n=4) were collected for glycerolmeasurements. Glycerol levels were determined 
according to the manufacturers instructions (Instruchemie). 

Results

GPR109A, GPR109B and GPR81 are regulated by rosiglitazone in mature adipocytes
To identify novel TZD-regulated genes in mature human adipocytes, we performed 
transcriptome analysis in differentiated human multipotent adipose derived 
stem cells (hMADs) (31). Out of 361 genes that were upregulated after 6 hours 
of treatment with the TZD rosiglitazone (data not shown) we selected the human 
specific G-protein-coupled receptor 109B (GPR109B) to explore in more detail. 
Together with GPR109A and GPR81, GPR109B belongs to the class A rhodopsin-
like G-protein-coupled receptors (GPCRs). GPR109A (also called puma-g) and 
the human specific GPR109B are 96% homologous (34) and expressed in adipose 
tissue, spleen and immune cells (35)(36)(37), whereas GPR81 expression is almost 
exclusively restricted to adipose tissue (38)(39). GPR109A has been identified as the 
receptor for the anti-lipolytic drug nicotinic acid (NA), and in GPR109A knockout 
mice it has been shown that GPR109A was the receptor mediating the lipid-
lowering effects of NA (35)(36)(37). Recently the ketone body β-hydroxybutyrate 
was reported as an endogenous agonist for GPR109A (40). In addition, very recently 
two reports (41)(42) showed that GPR81 functions as a receptor for lactate, which 
reduces lipolysis in vitro and in vivo (43)(44). Interestingly, the GPR81, GPR109A 
and GPR109B genes are colocalized on human chromosome 12 and share synteny 
with murine GPR81 and GPR109A on mouse chromosome 5 (Figure 1A; (45)). 
For this reason, expression of the GPR109A and GPR81 genes, which were not 
represented on the microarray, was determined together with the GPR109B gene in 
differentiated hMADs cells. Using quantitative RT-PCR, mRNA expression of these 
three genes was found to increase 4- to 5-fold after treatment with rosiglitazone 
for 6 hours (Figure 1B, left panel). The same experiment was performed in another 
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Figure 1. GPR109A/Gpr109A, GPR81/Gpr81 and GPR109B are induced by the PPARγ ligand 
rosiglitazone in mature adipocytes and in vivo in adipose tissue.
A, Schematic representation of the genomic arrangement of the GPR-family in human and mouse. 
GPR109A, GPR109B and GPR81 mRNA expression in fully differentiated hMADs (B) and SGBS cells 
(C) after treatment with 1 μM rosiglitazone for 6 hours. D, GPR109A and GPR81 mRNA expression in 
fully differentiated murine 3T3-L1 cells after incubation with 1 μM rosiglitazone for 6 hours. Relative 
mRNA expression levels were related to untreated cells and normalized for the 36B4 or TFIIb reference 
gene for human and murine adipocytes respectively. E, GPR109A and GPR81 mRNA expression levels 
in epididymal fat pads of control or rosiglitazone treated male SV129 mice. Relative mRNA expression 
levels were related to control mice and normalized for the TFIIb reference gene.
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human adipocyte cell line, the Simpson-Golabi Behmel syndrome (SGBS) cell line 
(30). In these cells a similar mRNA expression profile was observed (Figure 1C). To 
investigate whether conserved mechanisms of regulation exist in mouse adipocytes, 
we examined the effect of rosiglitazone treatment on Gpr81 and Gpr109A mRNA 
expression in differentiated 3T3-L1 adipocytes. As was observed for the human 
adipocytes, treatment of murine adipocytes with rosiglitazone stimulated the 
mRNA expression levels of Gpr81 and Gpr109A up to 4-fold (Figure 1D). Finally, 
we examined the effect of rosiglitazone treatment on the mRNA expression of 
Gpr81 and Gpr109A in mouse adipose tissue in vivo. For this Sv129 male mice 
received a diet supplemented with rosiglitazone for 1 week, RNA was isolated 
from epididymal fat pads and subjected to quantitative RT-PCR analysis. As shown 
in Figure 1E, mRNA expression of both Gpr109A and Gpr81 was upregulated in 
epididymal fat pads of the mice administered rosiglitazone compared to control 
mice.
In summary, rosiglitazone treatment induces the mRNA expression of the human 
GPR109A, GPR109B and GPR81 genes in differentiated adipocytes. A conserved 
regulatory mechanism may underlie this induction, since the mouse Gpr109A 
and Gpr81 genes were also significantly upregulated, in vitro and in vivo, upon 
rosiglitazone treatment.

GPR81 and GPR109A mRNA and protein expression increase during 3T3-L1 
differentiation
Since PPARγ plays an essential role in adipogenesis and the expression of known 
PPARγ target genes increases during differentiation we studied the protein and 
mRNA expression levels of Gpr81 and Gpr109A during differentiation of 3T3-L1 
pre-adipocytes into mature adipocytes. At different time points of differentiation 
cells were harvested to determine mRNA and protein expression levels. 
Quantitative RT-PCR showed that mRNA expression of both Gpr81 and Gpr109A 
steadily increased during adipocyte differentiation, starting at day 2 (Figure 2). 
In addition, protein expression levels of GPR81 and GPR109A were determined 
during adipogenesis. Protein expression of GPR81 could be detected from day 4 
onwards, while expression of the Gpr109A protein was observed slightly earlier 
(day 3). As a control, protein expression levels of PPARγ and the well established 
PPARγ target gene Fabp4 were determined and showed a similar increase during 
adipocyte differentiation (Figure 2). In conclusion, Gpr81 and Gpr109A mRNA and 
protein expression clearly increased during differentiation of 3T3-L1 adipocytes.

siRNA mediated knockdown of PPARγ in mature adipocytes decreases GPR81 protein 
expression
To investigate whether the activation of the Gpr81 and Gpr109A genes by 
rosiglitazone is mediated by PPARγ, we reduced expression of the PPARγ protein 
in mature 3T3-L1 adipocytes by siRNA-mediated knockdown. As described earlier 
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(46), rosiglitazone treatment resulted in reduced PPARγ protein levels (Figure 3, 
lane 1 and 2). Electroporation of siRNA oligonucleotides directed against PPARγ 
significantly reduced, but did not completely abolish PPARγ protein expression in 
the absence and presence of rosiglitazone (Figure 3). In agreement with the mRNA 
expression data (Figure 1B), the expression of the Gpr81 and Gpr109A proteins 
increased in the presence of rosiglitazone in these cells (Figure 3, lane 1 and 2). 
Knockdown of PPARγ resulted in a significant reduction (5-fold, as determined by 
densitometry) of both basal and rosiglitazone-induced Gpr81 protein expression 
compared to 3T3-L1 adipocytes treated with non-targeting siRNA oligonucleotides. 
In the case of Gpr109A, a 2-fold reduction of rosiglitazone-induced protein 
expression was observed upon knockdown of the PPARγ protein. These results 
indicate that the PPARγ protein is essential for the activation of the Gpr81 gene- 
and to a lesser extent the Gpr109A gene- by rosiglitazone. 

Figure 2. mRNA and protein expression of GPR109A and GPR81 increases during differentiation of 
3T3-L1 adipocytes.
GPR109A, GPR81 and Fabp4 mRNA expression (upper panel) and protein expression levels (lower 
panels) at day 0, 1, 2, 3, 4 and 6 respectively of differentiating 3T3-L1 cells. Relative mRNA expression 
levels were related to undifferentiated cells (day 0) and normalized for the TFIIb reference gene. Tubulin 
protein expression was used as a loading control in Western blot analysis.
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Endogenous PPARγ and RXR bind to the proximal promoter of GPR81
The rapid activation of the Gpr81 and Gpr109A genes by rosiglitazone (Figure 
1) together with the essential role of the PPARγ protein in this process (Figure 3) 
prompted us to examine whether PPARγ and its heterodimeric partner RXR are 
recruited to the proximal promoter of the Gpr81 and/or Gpr109A genes. Very 
recently, a genome-wide analysis of PPARγ and RXR binding during 3T3-L1 
differentiation by ChIP sequencing technology was reported (12). Detailed analysis 
of the chromosomal region surrounding the Gpr81 and Gpr109A genes revealed 
clear PPARγ and RXR binding in the proximal promoter (-294/-55) of Gpr81, 
suggesting a PPARγ:RXR binding site at this location. Interestingly, no significant 
peaks in close proximity of the Gpr109A gene were observed (Figure 4A). The 
recruitment of PPARγ and RXR to the proximal promoter of the Gpr81 in mature 
3T3-L1 adipocytes (day 6) was confirmed by ChIP-PCR (Figure 4B). In addition, 
the recruitment in preadipocytes (day 0), in which PPARγ expression is low, was 
negligible and neither PPARγ nor RXR were detected on an arbitrary gene region of 
the beta-globin gene on chromosome 7, which served as a negative control (Figure 
4B). 
Since the proximal promoter region of the Gpr81 gene is well conserved between 
human and mouse, we investigated if PPARγ/RXR also binds to the proximal 
promoter of the human GPR81 gene in SGBS preadipocytes (day 0) and mature 
SGBS adipocytes (day 8). Interestingly, both PPARγ and RXR were recruited to the 
proximal promoter of GPR81 in differentiated SGBS cells, but not in preadipocytes 
(day 0) (Figure 4C). Also in this case binding of PPARγ and RXR was absent in 
the negative control (human beta-globin; Figure 4C). Taken together these results 
indicate that a PPARγ/RXR heterodimer binds to the proximal promoter of the 
mouse Gpr81 gene as well as the human GPR81 gene.

Identification of a functional PPRE in the proximal promoter of GprR81
In order to identify the PPRE in the proximal promoter of Gpr81, we subjected 
the sequence underneath the peaks (-294/-55) of the ChIP-seq data (Figure 4A) 

PPARγ

Gpr81

Rosi - +- +
siRNA  control     PPAR�

Tubulin

Gpr109A

1 2 43

Figure 3. siRNA mediated PPARγ knockdown reduces 
GPR81 and GPR109A protein expression.
Differentiated 3T3-L1 adipocytes (day 6) were 
electroporated with control or PPARγ siRNA. Twenty 
hours after electroporation medium was replaced 
by medium with or without 1 μM rosiglitazone and 
incubated for an additional 28 hours. Cells were lysed 
and subjected to Western blot analysis. α-tubulin was 
used as a loading control. This blot is a representative of 
at least three independently performed experiments.
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to an in silico promoter analysis (NHR scan; (47)). A potential PPRE was detected, 
which was conserved between human and mice (Figure 5A). To assess if PPARγ/
RXRα binds to this potential PPRE we first performed electrophoretic mobility 
shift assays. A 32P labelled probe containing the PPRE was incubated with in vitro 
translated PPARγ2 and/or RXRα. As shown in Figure 5B, a specific PPARγ2-RXRα 
heterodimeric complex was formed on the Gpr81 PPRE, as formation of this protein-
DNA complex could be diminished by addition of an excess of unlabelled wild type 
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Figure 4. PPARγ and RXR are recruited to the proximal promoter of GPR81.
A, ChIP-seq data of differentiated 3T3-L1 adipocytes (day 6) viewed in the UCSC browser showing 
PPARγ and RXR binding sites for GPR81. B, ChIP-PCR for PPARγ and RXR was performed in 3T3-L1 
(B) and SGBS (C) at the days indicated. As a negative control the arbitrary gene, beta-globin was used. 
Results are indicated as % of immunoprecipitated chromatin compared to the input.
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Figure 5. Identification of the PPRE in the proximal promoter of GPR81.
A, Alignment of the murine, human GPR81 and perfect PPRE.  Electrophoretic mobility shift assay using 
a 32P labelled fragment from the proximal GPR81 promoter containing the PPRE incubated with in-vitro 
translated PPARγ2 and/or RXRα proteins in the presence or absence of an excess of unlabelled wild-
type or mutant fragment (B) or α-Gal4, α-PPARγ or α-RXRα antibody respectively (C). Protein-DNA 
complexes were separated from unbound DNA on non-denaturing polyacrylamide gels and visualized 
by autoradiography of dried gels.

PPRE, but not by an excess of mutant PPRE (Figure 5B). Specific antibodies against 
PPARγ and RXRα, but not an antibody directed against an irrelevant protein (Gal4), 
supershifted the protein-DNA complex, confirming the heterodimeric composition 
of the complex (Figure 5B; right panel).
Next, we fused the 5ʹ-flanking region and start site of the mouse Gpr81 gene (-
1059/+28) to a luciferase gene. The activity of this reporter was determined in 
human osteosarcoma (U2OS) cells, which express negligible levels of endogenous 
PPARγ protein, but display a robust response upon overexpression of the protein 
(29). As shown in Figure 6A, transfection of cells with an expression vector encoding 
PPARγ2 markedly activated the reporter gene compared to empty vector control 
(pCDNA). Activation of PPARγ by rosiglitazone further enhanced the PPARγ-
mediated activation of the reporter. Mutation of the potential PPRE completely 
abolished the PPARγ mediated activation of the reporter, both in the absence and 
presence of rosiglitazone (Figure 6A). 



Chapter 5

102

To examine the regulation of the Gpr81 promoter in more detail we tested the ability 
of the PPARγ1 isoform, as well as three PPARγ2 mutants to activate this reporter. 
As shown in Figure 6B, PPARγ1 activated the reporter to a comparable level as 
PPARγ2, suggesting there is no isoform specificity for this PPRE. The two natural 
PPARγ2 mutants R425C and P495L displayed reduced and negligible activity, 
respectively, in agreement with their activity on other promoters (29)(48). The 
heterodimerization defective mutant L464R failed to activate the reporter (Figure 
6B), confirming that dimerization of PPARγ and RXRα is a prerequisite for binding 
to the Gpr81 PPRE (Figure 5B and C).
Taken together these results indicate that PPARγ activates transcription of the 
Gpr81 gene by binding of a PPARγ/RXR heterodimer to a conserved PPRE located 
in the proximal promoter (-141/ -129) of the gene. 
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Figure 6. The identified PPRE in the proximal promoter of GPR81 is functional in cells.
A, U2OS cells were cotransfected with a reporterconstruct (pGL3-GPR81(-1059/+28)) containing wild-
type or mutant PPRE together with empty (pCDNA) or PPARγ encoding expression vectors. Activation of 
the luciferase reporter in the absence or presence of 1μM rosiglitazone is expressed as fold induction over 
that with empty reporter cotransfected with pCDNA in the absence of rosiglitazone after normalisation 
for Renilla luciferase activity. B, U2OS cells were transfected with the GPR81(-1059/+28) reporter and 
expression vectors encoding wild type PPARγ1, PPARγ2 or mutant PPARγ2. Activation of the luciferase 
reporter is expressed as described above. Results are averages of at least three independently performed 
experiments assayed in duplicate ± standard error of the means.

siRNA mediated knockdown of both Gpr81 and PPARγ in mature adipocytes increased 
lipolysis
Next, we wished to establish the relevance of the PPARγ-mediated upregulation 
of the Gpr81 gene in the anti-lipolytic action of TZDs. For this, we reduced Gpr81 
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or PPARγ protein expression by siRNA-mediated knockdown in mature 3T3-L1 
adipocytes and determined glycerol levels as a measure for lipolyis. In agreement 
with previous studies (19)(18)(20), TZD treatment decreased glycerol levels by 
twofold (Figure 7B). Partial knock down of PPARγ increased lipolysis, and reduced 
the effect of rosiglitazone treatment (35% reduction; Figure 7B, right panel). 
Similarly, knock down of Gpr81, which was also partial (Figure 7A), resulted in a 
slight increase in glycerol levels, and a 35% reduction of the rosiglitazone-mediated 
inhibition (Figure 7B, right panel). Taken together, these data suggest that the anti-
lipolytic action of rosiglitazone is partly mediated through the PPARγ-mediated 
regulation of the Gpr81 gene in mature adipocytes.
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Figure 7. GPR81 contributes to the anti-lipolytic action of rosiglitazone.
siRNA-mediated knock down of PPARγ or Gpr81 win differentiated 3T3-L1 adipocytes was performed 
as described in Figure 3. (A) Cells were lysed and subjected to Western blot analysis, using α-tubulin as 
a loading control. (B) Media were collected (n=4) and glycerol levels were determined, as a measure for 
lipolysis. Indicated is the fold reduction upon rosiglitazone treatment over vehicle treated cells.
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Discussion

PPARγ plays a key role in (pre)adipocyte biology by regulating their differentiation, 
maintenance and lipid metabolism. The insulin-sensitizing TZDs have been shown 
to be high affinity ligands for PPARγ and are administered to patients with insulin 
resistance. This class of antidiabetic drugs increases systemic insulin sensitivity in 
diabetic animal models and humans (49). The number of target genes which help to 
explain the beneficial effects of these ligands is however limited. Here we present 
compelling evidence that the anti-lipolytic G-protein-coupled receptor 81 (GPR81/
Gpr81) is a novel direct PPARγ target gene in human and murine adipocytes. 
Interestingly, in addition to the Gpr81/GPR81 gene, expression of the anti-lipolytic 
Gpr109A/GPR109A gene (and the GPR109B gene in human adipocytes) was also 
stimulated by TZD-activated PPARγ, but a functional PPRE could only be identified 
in the proximal promoter of the Gpr81 gene (Figure 1A and 4A). It is possible that 
this site also controls the Gpr109A/GPR109A promoter which is 16 Kb further 
downstream. Of note, the genome-wide profiles of PPARγ:RXR in 3T3-L1 have 
unequivocally shown that only a very small percentage of PPARγ:RXR target sites 
lie in the proximal promoters (12;50). Distal gene regulation has been proposed 
to occur via a mechanism by which a transcription factor bound to a distal site 
directs looping, thereby bringing coactivators and chromatin remodelers at the 
distal sites in proximity of TSS of target genes and facilitating recruitment of RNA 
polymerase II (51). The rapid increase (within 6 hours) and synchronous induction 
of GPR81/Gpr81 and GPR109A/Gpr109A in mature adipocytes observed in our 
studies support the direct regulation of both genes by PPARγ. Alternatively, PPARγ 
could regulate the GPR109A/Gpr109A gene (and the GPR109B gene in humans) 
in an indirect manner. Future studies are therefore required to establish the exact 
molecular mechanisms underlying the regulation of the GPR109A/Gpr109A gene.
Based on the data presented here showing that PPARγ directly regulates the 
antilipolytic GPR81, GPR109A and GPR109B genes in adipocytes together with 
previous reports showing that TZDs reduce lipolysis in these cells (18-22), we 
propose the following model for the anti-lipolytic effect of TZDs in adipocytes. 
Administration of TZDs to mature adipocytes activates PPARγ leading to increased 
transcription of GPR81 and GPR109A (and GPR109B in humans) and subsequent 
increase in protein expression of both receptors. GPR109A and GPR81 couple 
to members of the Gi family of G proteins (39;45). In adipocytes activation of Gi 
preferentially results in the inhibition of adenylyl cyclases, which counteracts the 
activity of pro-lipolytic receptors (e.g. β-adrenergic and glucagon receptors). As 
a result, intracellular cAMP levels will be lowered and Protein kinase A will be 
less active. PKA phosphorylates a number of proteins, most notably hormone 
sensitive lipase (HSL) and perilipin, which are required for hydrolysis of TAGs. 
Phosphorylation of perilipin allows access to the TAG containing droplets by the 
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now activated HSL and a second lipase, ATGL, which hydrolyses the TAG in FFA 
and glycerol. Our data in mature 3T3-L1 adiopocytes suggest that the PPARγ-
mediated upregulation of Gpr81 and Gpr109A contributes to the anti-lipolytic action 
of TZDs in vitro. It is therefore tantalizing to speculate that also in vivo the insulin-
sensitizing, antidiabetic and hypolipidemic actions of TZDs are partly mediated 
via PPARγ-mediated upregulation of the Gpr81 and Gpr109A genes in rodents and 
the GPR81, GPR109A and GPR109B genes in humans. Investigations on the effects 
of TZDs in Gpr81 knockout mice, Gpr109A knock out mice and double knock out 
animals will help to establish the importance of these GPCRs in mediating the lipid 
lowering effects of these drugs.
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Abstract

PPARγ, a member of the nuclear receptor superfamily of ligand-inducible 
transcription factors, plays a keyrole in the differentiation, maintenance and 
function of adipocytes and is the molecular target for the insulin-sensitizing TZDs. 
Despite the fact that a number of PPARγ target genes have been characterized, 
the underlying molecular mechanisms whereby TZDs improve insulin sensitivity 
remain unclear. In order to unravel mechanisms by which TZD action in adipocytes 
influences insulin sensitivity, we searched for novel PPARγ target genes using 
transcriptome analysis in human adipocytes treated with the TZD rosiglitazone. 
We identified the E3 ubiquitin ligase ring finger protein 125 (RNF125/TRAC-1) as 
a novel PPARγ target gene. We demonstrate that rosiglitazone rapidly induced the 
expression of RNF125/Rnf125 in both human and murine adipocytes and that the 
expression of Rnf125 increased subsequent to PPARγ expression during adipocyte 
differentiation of 3T3-L1 cells. Furthermore, ChIP-seq analysis in differentiated 
3T3-L1 adipocytes revealed three PPARγ:RXR binding sites in the promoter of the 
Rnf125 gene and binding of PPARγ/RXR heterodimers to all three was confirmed 
by ChIP-PCR and EMSA. As ubiquitination has been implicated in the regulation 
as well as activation of proteasome-dependent degradation of target proteins, the 
direct regulation of E3 ubiquitin ligases such as RNF125 by PPARγ presents a novel 
mechanism by which TZDs may exert their insulin-sensitizing effects.
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Introduction

The incidence of obesity is increasing dramatically in industrialized countries and 
this is a major health concern as it comes with pathological consequences such as 
type 2 diabetes and cardiovascular disease (1-3). Adipose tissue is the major site 
for storage of lipids and plays an essential role in regulating whole body lipid and 
glucose homeostasis. Supporting this notion, loss of adipose tissue in lipodystrophy 
as well as its expansion in obesity both result in metabolic pathologies. One of 
the key regulators in adipocyte differentiation, maintenance and function is the 
peroxisome proliferator activated receptorγ (PPARγ), a ligand inducible nuclear 
hormone receptor (4;5). PPARγ exists in two isoforms, PPARγ1 and PPARγ2, which 
are derived from the PPARG gene by differential promoter usage and/or mRNA 
splicing. PPARγ2 has an additional 30 amino acids at the N-terminus and its 
expression is restricted to adipose tissue, whereas PPARγ1 is more ubiquitously 
expressed. An important role for PPARγ in adipogenesis has been established by 
several in vitro and in vivo studies showing that it is both necessary and sufficient 
to induce adipogenesis (6-9). PPARγ binds to retinoic acid X receptors (RXRs) and 
as obligate heterodimers to PPAR responsive elements (PPREs), which are often 
degenerate variants of two direct repeats of 6 nucleotides (AGGTCA) interspaced 
by one nucleotide (DR-1) (1). In the absence of ligand most heterodimers are 
bound to DNA in association with corepressors, histone deacetylases and 
chromatin remodelers to maintain active repression of target genes (10). Ligand 
binding stabilizes the active conformation of the receptor resulting in the release 
of corepressors and subsequent recruitment of coactivators thereby initiating a 
cascade of protein interactions and modifications that finally results in the induction 
of specific target genes (10). Although a range of naturally occurring compounds 
including polyunsaturated fatty acids and eicosanoids (11;12) can activate PPARγ, 
the physiological relevance of these compounds has to be determined. In addition, 
PPARγ is the molecular target of the insulin sensitizing thiazoledinediones (TZDs) 
(13). TZD treatment has been shown to improve systemic insulin sensitivity in 
diabetic animal models and humans (14). The primary mode of action of TZDs is 
thought to occur through the direct regulation of a number of adipocyte-specific 
genes, including genes involved in adipocyte differentiation, lipid uptake, lipid 
droplet stabilization and lipid and glucose metabolism (15). Next to these effects, 
TZDs have been shown to induce an anti-inflammatory response. At least part of the 
anti inflammatory effects are thought to be mediated through the transrepression 
of NF-κB either by PPAR-independent (16;17) or PPAR-dependent mechanisms 
(18;19), resulting in decreased expression of target genes for cytokines and growth 
factors. 
To further unravel the mechanisms by which TZDs mediate their insulin sensitizing 
effects in adipocytes, we performed a micro-array analysis in human differentiated 
adipocytes treated with the TZD rosiglitazone for 6 hours. We show that rosiglitazone 
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rapidly induced the expression of the E3 ubiquitin ligase RNF125/Rnf125 in both 
human and murine adipocytes. ChIP-seq analysis revealed three PPARγ:RXR 
binding sites in the promoter of the Rnf125 gene, two of these are located in the 
distal promoter (>25 Kb upstream of the TSS) and the third one in close proximity 
of the TSS.  To our knowledge this is the first report showing that TZD mediated 
activation of PPARγ induces the expression of an E3 ubiquitin ligase. 

Materials and methods

Materials
Rosiglitazone was purchased from Alexis. Anti-PPARγ antibody (2345S) was from 
Cell Signalling, anti-RNF125 antibody was a kind gift from Dr. Arimoto (20) and 
anti-tubulin (T5168) was from Sigma. Anti-PPARγ (sc-7196) and anti-RXR (sc-774) 
were used for ChIP assays. Anti-PPARγ (sc-7273), anti-RXRα (sc-553) and anti-Gal4 
(sc-510) antibodies used for EMSA were from Santa Cruz Biotechnologies. 

Plasmids
All recombinant DNA work was performed according to standard procedures (21). 
The murine Rnf125 reporter, Rnf125(-1100/+68)-luc, was generated by inserting the 
respective promoter into KpnI/BglII site of the PGL3-basic vector (Promega). All 
mutations were generated by Quickchange mutagenesis (Stratagene) and verified 
by sequencing. All other plasmids have been described earlier (22).

Cell culture and differentiation
The human osteosarcoma cell line U2OS was maintained in DMEM Glutamax 
(Dulbecco) containing 10% foetal calf serum (Gibco Life Technologies), 100 μg /ml 
penicillin and 100 μg/ml streptomycin (Gibco Life Technologies). The murine 3T3-
L1 cell line was cultured in the same media but now with 10% bovine serum (Gibco 
Life Technologies), 100 μg/ml penicillin and 100 μg/ml streptomycin (Gibco Life 
Technologies). Two days post-confluence (day 0) cells were induced to differentiate 
by changing the medium to culture medium containing 3-isobutyl-1-methylxanthine 
(IBMX; 500 μM), Dexamethasone (Dex; 1 μM) and insulin (1 μg/ml). After 48 hours 
(day 2) the medium was replaced by culture medium supplemented with insulin (1 
μg/ml) and maintained for 4 days. The human multipotent adipose derived stem 
cells (hMADs) were maintained in DMEM low glucose (Dulbecco) supplemented 
with 10% foetal calf serum (Gibco Life Technologies), 100 μg of penicillin/ml and 
100 μg streptomycin/ml (Gibco Life Technologies). When cells reached confluence 
(day 0), medium was replaced by DMEM/Ham’s F12 (1/1) containing insulin (5 
μg/ml), human transferrin (10 μg/ml), T3 (0,2 nM), rosiglitazone (0,5 μM), Dex 
(1 μM), IBMX (100 μM). At day 3 the medium was changed for DMEM/Ham’s 
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F12 (1/1) supplemented with insulin (5 μg/ml), human transferrin (10 μg/ml), T3 
(0,2 nM) and rosiglitazone (0,5 μM). At day 10, medium was replaced by DMEM/
Ham’s F12 (50/50) medium containing insulin (5 μg/ml), human transferrin (10 
μg/ml) and T3 (0,2 nM) and cells were left for a week. The human Simpson-
Golabi Behmel Syndrome cell line (SGBS) was maintained in DMEM Glutamax 
(Dulbecco) supplemented with 10% foetal calf serum (Gibco Life Technologies), 
100 μg of penicillin/ml and 100 μg streptomycin/ml (Gibco Life Technologies). 
When cells reached confluence (day 0) the medium was replaced by DMEM/
Nutrient Mix F12 (1/1) containing biotin (33 mM), pantothenate (17 mM), insulin 
(20 nM), human transferring (10 μg/ml), cortisol (100 nM), T3 (0,2 nM), Dex (25 
nM), IBMX (500 μM) and rosiglitazone (2 μM). At day 4 DMEM/Nutrient Mix F12 
(1/1) medium containing biotin (33 mM), pantothenate (17 mM), insulin (20 nM), 
human transferring (10 μg/ml), cortisol (100 nM) and T3 (0.2 nM) was added and 
cells were grown for an additional 4 days.

Micro-array
3T3-L1, SGBS and hMADs were differentiated as described above and at day 6, 8 
and 17 respectively treated with Rosiglitazone or DMSO for 6 hours. Micro-array 
experiments were performed as described before (23). In short, total RNA was 
isolated using TRIzol reagent. Concentrations and purity were determined on a 
NanoDrop ND-1000 spectrophotometer (Isogen). RNA integrity was checked on an 
Agilent 2100 bioanalyzer (Agilent Technologies) with 6000 Nano Chips. Part of the 
RNA samples from four 6 cm dishes was used for quantitative RT-PCR (see RT-PCR 
section). Remaining RNA samples from four 6 cm dishes were pooled and used 
for micro-array analysis. Samples were hybridized on Human NUGO arrays from 
Affymetrix. A detailed description of the analysis method is available on request. 

RNA isolation and real-time PCR
3T3-L1 fibroblasts were differentiated as described above. Three independent 
samples of total RNA were extracted at different time points using TRIzol reagent 
(Invitrogen). cDNA was synthesized using the superscript first strand synthesis 
system (Invitrogen) according to manufacturer’s protocol. Gene expression 
levels were determined by quantitative real-time PCR with the MyIq cycler 
(Bio-Rad) using SYBR-green (Bio-Rad) and normalized to TFIIb expression.
The primers used were murine TF-IIb forward primer; 5’-
TCCTCCTCAGACCGCTTTT-3’; reverse primer, 5’-CCTGGTTCATCATCGC
TAATC-3’; murine Rnf125 forward primer 5’-TCCATTTTGTCAGCGGGAACT-
3’; reverse primer 5’-GGCTTTCATCAGGTCGTGAAT-3’; murine PPARγ forward
 primer, 5’- CGCTGATGCACTGCCTATGA-3’; reverse primer, 5’- AGAGGTCCAC
AGAGCTGATTCC-3’.; human 36B4 forward primer, 5’-CGGGAAGGC
TGTGGTGCTG-3’; reverse primer 5’- GTGAACACAAAGCCCACATTCC-3’;
human RNF125 forward primer; 5’- TACCCGATGAGAATTCCAAGC-3’;
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reverse primer 5’-TCTTCGGATAAGAGCTTCCTCA-3’.

Western blot analysis
For Western blot analyses, differentiated 3T3-L1 cells were lysed in 2X Laemli 
sample buffer and subjected to SDS-PAGE and transferred to Immobilon membranes 
(Millipore). α-PPARγ, α-RNF125 and α-tubulin antibodies were used to probe for 
the respective proteins. ECL Plus (Perkin Elmer) was used for detection.

Chromatin immunoprecipitation (ChIP) and sequencing (ChIP-seq)
ChIP assays were performed as described earlier (24). Briefly, chromatin of 3T3-
L1 preadipocytes (day 0) and differentiated adipocytes (day 6) was fragmented. 
Chromatin was incubated overnight at 4°C with Prot A beads (Amersham 
Biosciences), antibody against PPARγ or RXR and 1 μg/μl BSA. The next day after 
extensive washing chromatin was eluted from the beads and decrosslinked overnight 
at 65°C at 950 rpm. Subsequently, chromatin was purified using phenol:chloroform 
extraction and precipitated. Precipitated DNA was solved in water and analyzed 
using quantitative RT-PCR. The primers used for ChIP assays were as follows: 
murine RNF125 PPRE A forward primer 5’-AGCTGCTGTCTGGAAATGGT-3’; 
reverse primer 5’-TGCCTGAGTAGTCACCAGCTT-3’; murine RNF125 PPRE 
B forward primer 5’-AAGCCTGGGAGAGAGAGAGG-3’; reverse primer 5’-
CTAGGCAAGGCACTTTGCTG-3’; murine RNF125 PPRE C forward primer 5’-
CCTCGTCTTGAAATATTGA-3’; reverse primer 5’-ACTCTATCCGGCCTCCAAGT-
3’; murine beta-globin forward primer primer 5’-CCTGCCCTCTCTATCCTGTG-3’; 
reverse primer 5’-GCAAATGTGTTGCCAAAAAG-3’. ChIP-seq was performed as 
described earlier (15).

Reporter assays
U2OS cells were seeded in 24-wells plates and transiently transfected using the 
calcium-phosphate precipitation method. Each well was cotransfected with 1 μg 
reporter construct, 50 ng pCDNA-PPARγ or pCDNA (empty vector) and 2 ng pCMV-
Renilla (Promega). The next day, cells were washed twice with HBS (pH 7.05) and 
subsequently maintained in medium in absence or presence of 1 μM Rosiglitazone 
for 24 hours. After incubation cells were washed twice with phosphate-buffered 
saline (PBS) and harvested in passive lysisbuffer (Promega) and assayed for 
luciferase activity according to the manufacturer’s protocol (Promega Dual-
Luciferase Reporter Assay System) and for Renilla luciferase activity to correct for 
transfection efficiency. The relative light units were measured by a Centro LB 960 
luminometer (Berthold Technologies).

EMSA
EMSAs were performed as described earlier (22). The sequences of the double-
stranded DNA oligomers, containing the wild type or mutant PPRE from the 
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mouse Rnf125 promoter used, were as follows: mRNF125 PPRE A -wild-type, 
5’- CCGGGGAGTGGGGAAAGGGTCAGGC -3’ and mRNF125 PPRE A -mutant, 
5’- CCGGGGAGTGCCGAAAGCCTCAGGC -3’; mRNF125 PPRE B -wild-type, 
5’- CCGGGCAGCAGGAATTAGGTCATTG -3’ and mRNF125 PPRE B -mutant, 
5’- CCGGGCAGCACCAATTACCTCATTG -3’; mRNF125 PPRE C -wild-type, 5’- 
CCGGCTAAATGGTCATAGGTCGGCT -3’ and mRNF125 PPRE C -mutant, 5’- CC
GGCTAAATCCTCATACCTCGGCT -3’.  

Results

PPARγ  regulates the expression of RNF125 in adipocytes
In order to identify novel TZD-regulated genes in mature human adipocytes, we 
performed transcriptome analysis in differentiated human multipotent adipose 
derived stem cells (hMADs) (25) stimulated with the TZD rosiglitazone for 6 hours.  
Out of a number of upregulated genes, the 10 genes with the highest fold induction 
are listed in Table 1. Among these genes are the already identified PPARγ target 
genes, UCP-1 (26), PCK1 (27), PDK4 (28) and the recently identified GPR109B 
(chapter 5). Out of these 10 highly upregulated genes we selected the E3 ubiquitin 
ligase RNF125 to investigate in more detail. First, we confirmed this regulation of 
RNF125 mRNA expression in differentiated hMADs cells treated with rosiglitazone 
for 6 hours using quantitative RT-PCR (Figure 1A). The same experiment was 
performed in another human adipocyte cell line, the Simpson-Golabi Behmel 
syndrome (SGBS) cell line (29). In these cells RNF125 mRNA expression also 
increased upon rosiglitazone treatment, albeit to a lesser extent then observed in 
hMADs (Figure 1A). To examine whether the regulation of Rnf125 is conserved in 
mouse adipocytes, we performed the same experiment in the murine adipocyte cell 
line, 3T3-L1. Like for the human mature adipocytes, the mRNA expression level of 

Table 1. List of most upregulated annotated genes.
Transcriptome analysis in differentiated hMADs stimulated or not with rosiglitazone for 6 hours was 
performed. Of the annotated genes that were significantly upregulated, the 10 genes with the highest 
induction are listed.
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Rnf125 increased after rosiglitazone treatment of murine adipocytes (Figure 1A).
Since PPARγ plays an essential role in adipogenesis and the expression of known 
PPARγ target genes increases during differentiation, we studied the mRNA and 
protein expression of Rnf125 during differentiation of 3T3-L1 preadipocytes into 
adipocytes. Rnf125 mRNA expression increases from day 2 of differentiation and 
this occured simultaneously with the increase in PPARγ mRNA expression during 
differentiation as determined by quantitative RT-PCR (Figure 1B). In addition, 
protein expression of Rnf125 and PPARγ was examined at the same time points. 
As shown in Figure 1B, Rnf125 protein expression could be detected from day 4 
onwards, whereas PPARγ protein expression could be detected somewhat earlier 
(day 3; Figure 1B). 
In conclusion, treatment of human and murine adipocytes with the TZD rosiglitazone 
induces mRNA expression of RNF125 and Rnf125, respectively. Furthermore, the 
mRNA and protein expression of Rnf125 increased during differentiation.
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Figure 1. RNF125/Rnf125 expression is induced by the PPARγ ligand rosiglitazone in mature 
adipocytes and during adipogenesis.
A, mRNA expression levels in human (hMADs and SGBS) and murine (3T3-L1) adipocytes treated 
with 1 μM rosiglitazone for 6 hours. Relative mRNA expression levels were related to untreated cells 
and normalized for the 36B4 or TFIIb reference gene for human and murine adipocytes respectively. B, 
Rnf125 and PPARγ mRNA expression (upper panel) and protein expression (lower panel) at different 
time points of 3T3-L1 differentiation. Relative mRNA levels were related to undifferentiated 3T3-L1 
cells at day 1 and normalized for the TFIIb reference gene. Tubulin was used as a loading control in 
Western blot analysis.
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Endogenous PPARγ and RXRα bind to three different sites in the promoter of Rnf125
The rapid induction of RNF125/Rnf125 in mature adipocytes by rosiglitazone and 
the increase in mRNA and protein expression of Rnf125 following PPARγ expression 
during differentiation suggest a direct regulation of this gene by PPARγ. Therefore 
the next step in our analysis was to investigate whether PPARγ and its heterodimeric 
partner RXR are recruited to the promoter of the Rnf125 gene. Very recently, Nielsen 
et al. (15) reported a genome-wide analysis of PPARγ and RXR binding during 
differentiation of 3T3-L1 cells by ChIP sequencing. Detailed analysis of the region 
on chromosome 18 in which the Rnf125 gene is located revealed three PPARγ:RXR 
binding sites in differentiated 3T3-L1 cells (Figure 2A). Two of these sites (peak A 
and B) are located in the distal promoter region and one site (peak A) close to the 
transcriptional startsite (TSS) of Rnf125 isoform 1 (Figure 2A). Furthermore PPARγ 
and RXR peaks were absent in undifferentiated 3T3-L1 cells (day 0) in which PPARγ 
expression is low (data not shown). The recruitment of endogenous PPARγ and 

Figure 2. PPARγ and RXR are recruited to three different sites in the promoter of Rnf125.
A, ChIP-seq data of differentiated 3T3-L1 adipocytes (day 6) viewed in the UCSC browser showing 
PPARγ and RXR binding sites for Rnf125. On the x-axis the Rnf125 gene with its two transcripts, encoding 
isoform 1 (233 aa) and isoform 2 (140 aa) respectively, is indicated. On the y-axis, the Yaxis number that 
correlates to the number of sequences counted in a sliding window of 100 basepairs is indicated. B, 
ChIP-PCR for PPARγ and RXR was performed in undifferentiated (day 0) and differentiated (day 6) 
3T3-L1 cells. The arbitrary beta-globin gene was used as a negative control. Results are expressed as % 
of immunoprecipitated chromatin compared to the input.
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RXR to these sites in differentiated 3T3-L1 cells (day 6) was confirmed by ChIP-
PCR (Figure 2B).  In addition, recruitment of endogenous PPARγ and RXR to these 
sites in undifferentiated 3T3-L1 cells (day 0) in which PPARγ expression is low, as 
well as to an arbitrary gene (beta-globin) was negligible.
In summary, our ChIP-seq and ChIP-PCR data suggest binding of PPARγ/RXR 
heterodimers at three different sites in the promoter of the murine Rnf125 gene in 
mature adipocytes. 

Identification of PPREs upstream of the Rnf125 gene
In order to identify the PPREs in the promoter of Rnf125, we subjected the 
sequences underneath the peaks of the ChIP-seq data (Figure 2A) to an in silico 
promoter analysis (NHR scan; (30;30)). Potential PPREs were detected and are 
depicted in figure 3A. To establish if PPARγ/RXRα bound to these PPREs, we 
performed electrophoretic mobility shift assays using three different 32P labelled 
probes containing the respective PPREs. As shown in figure 3B, PPARγ/RXRα 
heterodimers bind specifically to the PPREs (lane 4, 10 and 16 for PPRE A, B and 
C respectively), as formation of the protein-DNA complexes was abrogated by 
addition of an excess of unlabelled wild type PPRE (lane 5 (A), 11 (B) and 17 (C)), 
but not by an excess of unlabelled mutant PPRE (lane 6 (A), 12 (B) and 18 (C)). 
Furthermore, addition of specific antibodies against PPARγ and RXRα, but not an 
antibody directed against an irrelevant protein (Gal4), supershifted the protein-
DNA complex, confirming the heterodimeric composition of the complex (Figure 
3C). These results suggest that we identified three PPREs upstream of the Rnf125 
gene. 

The conserved PPRE in the proximal promoter of Rnf125 (PPRE C) is functional 
The identified PPRE (C) near the TSS of the murine Rnf125 encoding isoform 1 
(Figure 2A) shares 85% sequence identity with a perfect PPRE in the TSS of the 
human RNF125 gene, as assessed by NHR scan (Figure 4A). As binding of the 
PPARγ/RXR heterodimer to PPRE C was confirmed in vitro (Figure 3B), the next 
step in our analysis was to asses whether this PPRE is functional in vivo. Therefore 
we fused the 5’ flanking region and startsite of the mouse Rnf125 gene (-1100/+68) to 
a luciferase reporter. Cotransfection of human osteosarcoma (U2OS) cells with this 
reporter construct and expression vectors encoding PPARγ2 activated this reporter 
gene significantly compared to empty vector control (pCDNA), as shown in figure 
4B. Addition of the PPARγ ligand rosiglitazone only slightly increased the activity 
of the reporter. Mutation of the PPRE reduced the PPARγ2 mediated activation of 
the reporter significantly in both the absence and presence of rosiglitazone (Figure 
4B). 
To investigate the regulation of this PPRE in the promoter of Rnf125 in more detail 
we tested the ability of the PPARγ1 isoform, as well as three PPARγ2 mutants to 
activate this reporter. Although PPARγ1 activated the reporter to a comparable level 
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PPRE A PPRE C PPRE B 
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Figure 3. Identification of the three PPREs in the promoter of Rnf125.
A, A PPRE was predicted for each site in the promoter of Rnf125 by NHR scan. Electrophoretic mobility 
shift assays using 32P labelled probes containing the respective PPREs incubated with in vitro translated 
PPARγ and/or RXRα proteins in the presence or absence of an excess of unlabelled wild type or 
mutant probe (B) or α-Gal4, α-PPARγ or α-RXRα antibody respectively (C). Protein-DNA complexes 
were separated from unbound DNA on non-denaturing polyacrylamide gels and visualized by 
autoradiography of dried gels. 
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as PPARγ2 in the absence of rosiglitazone, the activity of PPARγ1 was somewhat 
higher in the presence of rosigitazone compared to PPARγ2 (Figure 4C). In keeping 
with their activity on other promoters (22;31), the two natural PPARγ2 mutants 
R425C and P495L displayed reduced and negligible activity, respectively. The 
heterodimerization defective mutant L464R failed to activate the reporter (Figure 
4C), confirming that dimerization of PPARγ and RXRα is a prerequisite for binding 
to the Rnf125 PPRE (Figure 3B and C).
Taken together these results suggest that binding of a PPARγ/RXR heterodimer to 
a conserved PPRE located in the proximal promoter (-384/ -366) of the Rnf125 gene 
controls the regulation of the gene. 
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Figure 4. The conserved PPRE near the TSS of Rnf125 is functional in cells.
A, Alignment of the PPRE near the TSS of the murine Rnf125 and human RNF125 gene together with a 
perfect PPRE. B, Reporter assays were performed in U2OS cotransfected with a reporterconstruct (pGL3-
Rnf125(-1100/+68)) containing wild type or mutant PPRE and empty (pCDNA) or PPARγ expression 
vectors. C, U2OS cells were transfected with Rnf125(-1100/+68) reporter together with expression 
vectors encoding PPARγ1 or PPARγ2 (wild type or mutant). Activation of the luciferase reporter in the 
presence or absence of 1 μM rosiglitazone is expressed as fold induction over that of empty reporter in 
the absence of 1 μM rosiglitazone after normalisation for Renilla luciferase activity.
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Discussion

PPARγ plays an essential role in adipocytes, as it regulates adipocyte differentiation, 
maintenance and metabolism. The insulin-sensitizing TZDs have been shown to 
be high affinity ligands for PPARγ which improve systemic insulin sensitivity in 
diabetic animal models and humans (14). Although a number of PPARγ target 
genes that might contribute to the insulin sensitizing effects of TZDs have been 
identified during the last decade might, the underlying molecular mechanisms 
remain poorly understood. The data presented in this report indicate that the E3 
ubiquitin ligase ring finger protein 125 (RNF125/Rnf125) is a novel direct PPARγ 
target gene. Interestingly, we identified three different PPARγ:RXR sites in the 
promoter of the Rnf125 gene (Figure 2B and 3B), which according to Ensembl gives 
rise to two transcripts, encoding Rnf125 isoform 1 and Rnf125 isoform 2, proteins 
of 233 and 140 amino acids respectively (Supplemental figure 1). However, the 
existence of two Rnf125 isoforms is questionable since (i) the human and rat 
RNF125/Rnf125 gene have only one transcript encoding the long isoform (murine 
isoform 1; Supplemental figure 1), (ii) murine isoform 2 lacks the RING domain 
which has been shown to be required for E3 ligase activity (20;32), (iii) murine 
Rnf125 isoform 1 (Figure 1B), but not Rnf125 isoform 2 (data not shown) could be 
detected by Western blot analysis in 3T3-L1 adipocytes and moreover (iv) analysis 
of RNA polymerase II (RNAPII) occupancy, which provide a direct readout of 
transcriptional activation by transcription factors showed RNAPII occupancy in 
Rnf125 isoform 1, but not in the gene region assigned to isoform 2. These findings 
suggest that at least in adipocytes only Rnf125 isoform 1 is expressed. It is possible 
that this isoform is regulated by all three identified PPREs. Consistent with this 
hypothesis, recent studies have shown that only a small percentage of PPARγ:RXR 
target sites are located in the proximal promoter (<1 Kb upstream of TSS) and that 
many known PPARγ target genes contained multiple PPARγ:RXR binding sites in 
the promoter (15;33). In addition, Lefterova et al. showed that PPARγ:RXR sites in 
distal promoters might be functional as a large number of PPARγ:RXR sites located 
> 10 Kb from a TSS were enriched for H3K9Ac, a signature for enhancers (34), in 
adipocytes but not preadipocytes (33). In these cases transcription factors bound to 
distal sites might direct looping of the chromatin by which it brings coactivators 
and chromatin remodelers at the distal sites in proximity of the TSS of the target 
genes, thereby facilitating recruitment of RNA polymerase II (35).
To our knowledge this is the first report showing that PPARγ regulates an E3 
ubiquitin ligase, indicating that PPARγ, next to regulation at a transcriptional level, 
may also regulate proteins at the post-translational level, at least by ubiquitination. 
The E3 ubiquitin ligase RNF125 was first identified in a retroviral vector-based 
T cell surface activation marker screen and therefore also named TRAC-1 (T cell 
RING (really interesting new) protein identified in activation screen) (36). Highest 
expression of RNF125 was observed in spleen, liver, thymus and peripheral blood 
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lymphocytes (32;36), but in these reports adipose tissue was not tested. RNF125 
has been shown to function as a positive regulator of the T-cell response (TCR) in 
T-cells (32) and to down-modulate HIV-1 replication in primary peripheral blood 
mononuclear cells (PBMC) (37). In addition, RNF125 has been shown to inhibit 
pathogen induced cytokine production by RIG signalling through ubiquitin 
conjugation to RIG-I (retinoic acid-inducible gene I) itself, as well as to MDA5 
(a protein related to RIG-I) and IPS-1 (a downstream protein of RIG-I signalling) 
(20). Interestingly, this group also showed a substantial increase in the release of 
the cytokine IFNγ in the presence of polyI:C after siRNA mediated knockdown of 
Rnf125 in MEFs, which are capable to differentiate into mature adipocytes. Since 
it is known that TZDs induce an anti-inflammatory response in adipocytes, it is 
possible that this occurs by PPARγ mediated upregulation of RNF125. Alternatively, 
RNF125 might modulate the activity or degradation of important adipocyte 
specific proteins. Further studies aimed at identifying the substrates for RNF125 
in adipocytes are needed to understand the relevance of TZD induced PPARγ 
mediated regulation of this gene. 
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Supplemental Figure S1. RNF125 transcripts in human, mouse and rat.
Schematic representation of transcripts (left) and encoded proteins (right) of the human, murine and rat 
RNF125/Rnf125 gene according to Ensembl.
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Abstract    

Context: Congenital generalized lipodystrophy (CGL) results from mutations in 
AGPAT2, encoding 1-acyl-glycerol-3-phosphate-acyltransferase 2 (CGL1; MIM 
608594), BSCL2, encoding seipin (CGL2; MIM 269700) or CAV1, encoding caveolin1 
(CGL3; MIM 612526)
Objective: To investigate whether the clinical phenotype of the proband is caused 
by mutation(s) in BSCL2
Design: Case report
Patients and Settings: A 7-day old child of consanguineous Turkish parents was 
admitted to hospital for feeding problems and weight loss. Physical examination 
showed the generalized loss of subcutaneous fat and a strikingly enlarged liver, 
suggestive for congenital generalized lipodystrophy. 
Results: A homozygous mutation in the acceptor splice site of exon 5 of the 
BSCL2 gene was found in the genome of the proband. This mutation affects RNA 
splicing and results in aberrant seipin proteins, which were normally expressed 
and localized to the endoplasmic reticulum like wild type protein. Examination 
of organic acids in urine of the patient showed that these were highly elevated 
compared to age-dependent reference values.
Conclusions: Here we report abnormal organic acid levels in urine of a patient 
with congenital generalized lipodystrophy (CGL) resulting from a novel mutation 
in BSCL2. This is indicative for mitochondrial dysfunction and suggests for the first 
time an association between CGL and mitochondrial dysfunction.
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Introduction

Adipose tissue plays an essential role in whole body metabolism as illustrated 
by lipodystrophies in which the lack of adipose tissue results in many metabolic 
complications such as severe insulin resistance, hypertriglyceridemia and 
hepatic steatosis (1). Lipodystrophies can be classified as acquired or genetic 
and subclassified as partial or generalized. Genetic lipodystrophies are the most 
severe and either autosomal dominant or recessive. Congenital generalized 
lipodystrophy (CGL), also known as Berardinelli-Seip syndrome is an autosomal 
dominant inherited disorder and is characterized by a near complete absence of 
adipose tissue, from birth or early infancy. Lipids are stored aberrantly in muscle 
and liver resulting in extreme insulin resistance. In addition to hepatomegaly and 
generalized muscular hypertrophy, patienst have acromegaloid features such as 
enlarged hands and feet, acanthosis nigricans and excessive body hair (2;3). A few 
patients develop hypertrophic cardiomyopathy. Up to date CGL has been associated 
with mutations in three different genes; AGPAT2 (4), BSCL2 (5) and CAV1 (6). 
Several mutations in patients have been reported in AGPAT2, which encodes the 
1-acyl-glycerol-3-phosphate-acyltransferase 2, an enzyme involved in the synthesis 
of triglycerides and predominantly expressed in adipose tissue (7). Very recently 
CGL has been reported to be associated with a nonsense mutation in CAV1, 
which encodes caveolin1, a highly conserved protein that is the key component 
of membrane invaginations known as caveolae (8). Loss of this protein in mice 
leads to lipodystrophy and insulin resistance (9). Magré et al. were the first who 
reported several mutations, such as nonsense, frameshift, deletion, insertion and 
missense mutations, associated with CGL in BSCL2 and called the protein ‘seipin’ 
(5). Seipin is an integral ER membrane protein and mainly expressed in adipose 
tissue, brain and testis (5;10). Lundin et al. determined the membrane topology of 
seipin showing that this protein spans the ER membrane twice with the C- and N-
termini facing the cytoplasm and a glycolisation site in the luminal segment (11). 
Here we report a novel mutation in BSCL2 and show for the first time abnormalities 
in urinary organic acids suggestive for mitochondrial dysfunction.

Subject and Methods

Study subject
The patient had been referred to the University Medical Centre Utrecht for clinical 
evaluation and informed consent for this study was obtained from the parents of 
the patient. 

Isolation of genomic DNA and RNA, RT-PCR and mutation analysis
Genomic DNA was isolated from EDTA containing blood samples. Exons, including 
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the intron boundaries of BSCL-2 were amplified by PCR. RNA was isolated form 
EDTA containing blood samples and used for cDNA synthesis using oligo(dT) 
primers and Superscript II (Invitrogen). RT-PCR was performed using primers 
located in exon 4 (forward) and exon 6 (reverse). PCR products were purified 
and sequenced using a BigDye Terminator v1.1 cycle sequencing kit (Applied 
Biosystems). The sequence products were purified and analyzed on an ABI Prsim 
3730 DNA analyzer (Applied Biosystems). Primer sequences are available upon 
request.

Plasmids
All recombinant DNA work was performed according to standard procedures (12). 
The pLPS-seipin-EGFP expression construct (13) was a kind gift of Dr. K. Wagner 
(medical University, Graz, Austria). The pEBB-Flag-seipin wild type construct was 
generated by PCR amplification of full length seipin from this vector using primers 
containing BamH1 and Not1 restriction sites and cloned into the respective sites 
of pEBB-Flag. The pEBB-Flag-seipin ΔExon 5 and FS constructs were generated 
by Quickchange mutagenesis (Stratagene) and the sequences were verified by 
sequencing. pEBB-HA-seipin wild type, ΔExon 5 and FS were generated according 
to using the same procedures as described above, but cloned in the pEBB-HA 
vector.

Western blot analysis
The human osteosarcoma cell line U2OS was maintained in DMEM Glutamax 
(Dulbecco) containing 10% foetal calf serum (Gibco Life Technologies), 100 μg of 
penicillin/ml and 100 μg streptomycin/ml (Gibco Life Technologies). U2OS were 
transiently transfected with Seipin expression constructs using PEI transfection 
reagent. Cells were lysed in 2X Laemli sample buffer and subjected to SDS-PAGE 
and transferred to Immobilon membranes (Millipore). Anti-Flag M2 antibody 
(F3165, Sigma) was used to probe for the respective proteins. ECL Plus (Perkin 
Elmer) was used for detection.

Immunofluorescence microscopy
Immunofluorescence microscopy was performed as described earlier (14). 
Briefly, U2OS cells were grown on coverslips and transiently transfected with 
seipin expression constructs using PEI transfection reagent. Cells were washed, 
fixed, permeabilized, blocked in BSA and subsequently incubated with mouse-
anti-HA (H9658, Sigma) and rabbit-anti-calreticuline (ALX-210-126-R100, Alexis 
Biochemicals) antibodies. As secondary antibodies Alexa Fluor 568 anti-mouse 
(A11031, Invitrogen) and Alexa Fluor 488 anti-rabbit (A11034, Invitrogen) were used, 
respectively. The coverslips were washed and mounted with FlourSave reagent 
(Calbiochem). Images were analysed on a confocal laserscanning microscope (Zeiss 
LSM 710 Meta).
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Organic acid measurement in urine patient
Organic acid profiles in urine were analyzed by gas chromatography and flame 
ionisation detection after ethoximation and formation of TMS eters. The identities 
of the increased components were confirmed by mass spectrometry.

Results

Patient medical history and clinical evaluation
The patient is the third child of consanguineous Turkish parents. Family history is 
uneventful. He was born after a normal pregnancy with a birth weight of 3360gr. He 
was first admitted at the age of seven days for feeding problems and weight loss. 
Physical examination was remarkable for the generalized absence of subcutaneous 
fat and a strikingly enlarged liver (Figure 1). Laboratory examination included 
severe hypertriglyceridemia (7.4 mmo/l), low HLD cholesterol (0.5 mmol/l), 
impaired liver function and hyperglycemia (Figure 1E). Liver biopsy showed 
micro and macrovesicular steatosis. Serum leptin concentration was undetectable. 
At age 4 weeks, he was started on a low fat diet supplemented with medium chain 
triglycerides, protein, essential fatty acids and vitamins. Insulin was administered 
intravenously and later on subcutaneously in doses exceeding 2 U/kg and was 
discontinued after 1 month. Subsequently two short courses of insulin were 
necessary during upper respiratory tract infection. During the first months, the diet 
resulted in an impressive decrease in serum lipid concentration and improvement 
of liver function (Figure 1E), but at the age of 10 months, liver function again 
deteriorated and metformin was added. During an additional work up at age 4 
months, hypertrophic cardiomyopathy was found on ultrasound examination.
At present, he is 15 months old and has normal height and weight for age. His 
physical examination, in addition to the lipodystrophy is remarkable for muscle 
hypertrophy, acanthosis nigricans, large hands and feet and enlarged external 
genitalia (Figure 1). He is mildly retarded.

Identification of a homozygous mutation in the acceptor splice site of exon 5 of BSCL2
In the genome of the proband we found a homozygous nucleotide substitution in 
the acceptor splicesite of exon 5 (IVS4 -2A→C) of BSCL2 (Figure 2B). The clinically 
unaffected grandfather, father, mother and an older brother (I.1; II.1; II.2 and III.2 
respectively) were heterozygous for the same nucleotide substitution and the 
clinically unaffected grandmother and oldest brother (I.2 and III.1 respectively) 
had two wild type alleles (Figure 2A). All other regions analysed were devoid of 
DNA sequence changes. 
Since the mutation is located in a splice site, we next examined whether this 
mutation affects RNA splicing.  RT-PCR analysis resulted in a single PCR product 



Chapter 7

132

E

D

1 weeks  * 4 months 10 months** 14 months Reference values
HbA1c 6.3 5.5 4.0-6.0 %
Alkaline phos phatase 589 335 324 226 0-295 U/L
gamma-GT 175 101 205 156 0-55 U/L
ASAT 117 25 103 69 0-47 U/L
ALAT 363 34 122 101 0-45 U/L
Cholesterol 3.9 5.8 6.4 6.3 3.5-6.5 mmol/L
Triglycerides 7.4 5.3 3.8 4.5 0.34-2.08 mmol/L
HDL-cholesterol 0.5 0.5 0.5 0.4 0.90-2.12 mmol/L
LDL-cholesterol >5 4.2 0.0-3.5 mmol/L
Insuline 214 336 5-25 mIU/L
C-Peptide 9100 4550 400-1200 pmol/L

A B C

Figure 1. Clinical aspects of the proband.
Photographs of the proband showing the absence of subcutaneous fat, muscular hypertrophy (A,B,D), 
enlarged hands and feet (B,D), hirsutism and acanthosis nigricans (D). E, Table of biochemical features 
of the proband as measured in blood samples of the patient at 1 week, 4, 6, 10 and 14 months of age 
respectively. *Patient was started on a special diet at 4 weeks of age. **At 10 months of age patient was 
started on metformin.

with homozygous wild type sample (I.2), while RNA from the proband resulted 
in two smaller bands, suggesting that two aberrant mRNA products are formed. 
RNA from the heterozygous mother (II.2) displayed next to the two aberrant bands 
a band similar to the wild type band, albeit to a lesser intensity. Sequencing of the 
two aberrant mRNA products revealed that the smaller band is the result of an exon 
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5 skipping (ΔV147-S191). The other product is the result of a cryptic acceptor site 
in exon 5 resulting in a partly deletion and frameshift (ΔV147-A173+1) ultimately 
leading to a premature stopcodon in exon 6 (Fs → stop L223+1).

II.1 II.2

III.2III.1

I.2

III.3

I.1

A

C C C G G C A G G T G A T

I.2

C C C G G C A G G T G A T

II.2

C C C G G C C G G T G A T

III.3

Exon 5

B

C

I.2 II.2 III.3

T C G C G T T C G T A C G

Exon 4 Exon 6

4 5 6

4 5

T C G C G T T C G A G C A

Exon 4 Exon 5

 rExon5

Fs

Figure 2. A novel homozygous mutation at the intron-exon boundary of exon 5 of the BSCL2 gene 
affects RNA splicing.
A, Family pedigree with the affected proband indicated as a filled symbol and marked with an arrow. 
Half-filled symbols are clinically unaffected subjects harbouring a heterozygous mutation; unfilled 
symbols are clinically unaffected subjects harbouring the wild type sequence. B, DNA sequencing 
chromotagrams of the intron-exon boundary of exon 5 of the BSCL2 gene illustrating the A→C 
nucleotide substitution at position -2 of IVS4 (IVS4 -2A→C). C, DNA gel analysis and DNA sequencing 
chromatograms of PCR products after PCR amplification of cDNA synthesized from patients RNA 
using primers encompassing exon 5, showing that the mutation affects RNA splicing.
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Expression and cellular localisation of aberrant seipin proteins
To investigate the subcellular localization of the aberrant seipin proteins, U2OS 
cells transfected with expression vectors encoding wild type (FL) and mutant 
(ΔExon5 and Fs) seipin proteins were used for confocal immuno-fluorescence 
microscopy. Like the wild type protein, seipin-ΔExon5 and seipin-Fs both localized 
to the endoplasmic reticulum as it colocalized with the ER marker calreticuline 
(Figure 3A). Furthermore, this colocalisation pattern was absent in the empty vector 
negative control (Figure 3A). In parallel, protein expression levels were determined 
by Western blot analysis and showed similar expression levels for the different 
seipin proteins (Figure 3B). In contrast to wild type and ΔExon5 seipin protein, 
a high molecular weight complex could not be detected for seipin-Fs, which is 
consistent with its lack of transmembrane domain 2 (15).
In conclusion, the mutant seipin proteins (seipin-ΔExon5 and seipin-Fs) are 
normally expressed and localize to the ER like wild type protein.

A

B
seipin-FL

seipin-rExon5

seipin-FS

ve 5nox
r

E

sFLF

25

250

50

seipin

 1     2     3     4

Figure 3. Aberrant seipin proteins are expressed and colocalize with the ER.
A, U2OS cells were transiently transfected with expression vectors encoding wild type (wt) or mutant 
HA-seipin proteins (∆Exon5 and Fs respectively). Cells were immunostained with HA-antibody (seipin) 
and calreticulum-antibody (ER-marker) and proteins were visualized by confocal immunofluorescence 
microscopy. The yellow pattern as observed in the merged images is suggestive for colocalization of the 
seipin proteins (wild type and mutants) with the ER. B, U2OS cells were transiently transfected with ex-
pression vectors encoding empty vector (ev), wild type (wt) or mutant Flag-seipin proteins (∆Exon5 and 
Fs respectively) and protein expression was assessed by Western blot analysis using α-Flag antibody. 
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Abnormal organic acid levels in the urine of the proband
Before the diagnosis of CGL was made (age 3 weeks), urinary organic acids were 
analysed to investigate the possibility of a mitochondrial disorder. Ethylmalonic 
acid was increased and fumaric acid, 2-ketoglutaric acid and citric acid were mildly 
increased. Lactic acid was normal. The analysis of organic acids was repeated at ages 
6 weeks 49 weeks, showing a consistent pattern with most prominent abnormalities 
at age 49 weeks (Table 1).

Table 1. Concentrations of organic acids in urine of the patient. 
Levels of lactic acid, ethylmalonic acid, fumaric acid, citric acid and 2-ketoglutaric levels in urine 
samples of the patient at ages 3, 6 and 49 weeks expressed in mmol/mol creatinine. Age-dependent 
reference values are indicated between brackets (24), *(18).
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Discussion

Here we report a novel homozygous mutation in an acceptor splice site of the 
BSCL2 gene, encoding the integral ER membrane protein seipin, in the genome of 
a patient with congenital generalized lipodystrophy type II (CGL2). We show that 
this mutation affects RNA splicing, resulting in the expression of aberrant seipin 
proteins. Consistent with the preservation of transmembrane domain 1, which has 
been shown to be critical for ER retention (15), the aberrant proteins localized to 
the ER like wild type protein. Very recently, Szymanski et al. showed that seipin 
predominantly localized at the ER-lipid droplet junctions (16). In addition, aberrant 
lipid droplet morphology was observed in human seipin deficient fibroblasts 
and yeast (16;17). These results suggest a role for seipin in the assembly and/or 
maintenance of lipid droplets, a hallmark of adipocytes. Seipin has also been shown 
to play an essential role in adipocyte differentiation, as its expression strongly 
increased during adipogenesis (10). Moreover, RNAi mediated knockdown in 
mesenchymal cells impaired adipocyte differentiation (10). These studies clearly 
demonstrate that seipin is critically important in adipocyte differentiation, 
maintenance and metabolism; hence disruption of normal seipin protein function 
is likely to result in lipodystrophy.
Interestingly, our organic acids screening in urine of the proband showed elevated 
levels of several organic acids, including derivatives of the citric acid cycle such 
as fumaric acid, citric acid and 2-ketoglutaric acid as well as ethylmalonic acid, 
a metabolite found to be elevated in urine of patients with SCAD deficiency 
and mitochondriopathy (18). To our knowledge this is the first report showing 
abnormal levels of urinary organic acids in a patient with CGL2, indicative for 
mitochondrial dysfunction. Interestingly, mitochondrial dysfunction has also 
been reported in obesity and type II diabetes (19). A commonality in obesity and 
lipodystrophy is the lack of sufficient lipid storage capacity in adipose tissue 
resulting in ectopic accumulation of lipids, mainly in liver and muscle. Therefore, 
the aetiology of mitochondrial dysfunction in both disorders might be the nutrient 
overflow in these organs. In line with this an excess of glucose and fatty acids 
caused oxidative stress due to increased reactive oxygen species (ROS) production 
(20) resulting in mitochondrial damage. Moreover, a recent study showed that 
mitochondrial dysfunctions result from increased ROS production in mice fed a 
high fat and sugar diet (21). These results would implicate that diet adaptations 
(i.e low fat and sugar) might ameliorate the metabolic disturbances in patients 
with congenital generalized lipodystrophy. Indeed, the patient presented here 
was started on a low fat diet supplemented with medium chain triglycerides, 
protein, essential fatty acids and vitamins resulting in an impressive decrease 
in serum lipid concentration and improvement of liver function.  In addition, as 
the insulin sensitizing TZD pioglitazone improves mitochondrial function and 
enhance oxidative phosphorylation (22;23) patients with congenital generalized 
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lipodystrophy might benefit from pioglitazone treatment. 
In conclusion, here we show for the first time elevated urinary organic acid levels 
in a patient with congenital generalized lipodystrophy due to a novel mutation in 
BSCL2, suggestive for mitochondrial dysfunction. Future studies are required to 
establish whether metabolic screening is a useful additional tool for diagnosis and 
monitoring of therapy efficacy in lipodystrophy patients.
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Introduction “the fat paradox?”

Due to a sedentary lifestyle and high calorie intake, the prevalence of obesity 
rapidly increases in industrialized countries. This is a major health concern because 
of the herewith associated complications such as hypertension, insulin resistance, 
hypertriglyceridemia and type II diabetes. Interestingly, not only an excess of fat as 
observed in overweight and obese subjects, but also the absence of fat as in subjects 
with lipodystrophy is associated with these complications. So, apparently a normal 
amount and/or distribution of fat are required for the maintenance of whole body 
metabolism.

Lipodystrophies

Lipodystrophy, either inherited or acquired, is characterized by a generalized or 
partial loss of adipose tissue as described in Chapter 1. Patients with lipodystrophy 
represent the ultimate in vivo experiment-of-nature with regard to human adipose 
tissue development and function. Therefore, elucidating the physiological role of 
gene products affected in lipodystrophies as well as investigating the consequences 
of drugs that cause lipodystrophy as a side effect might provide some possible 
mechanistic links or pathways that account for common pathophysiological 
mechanisms. Genes affected in the inherited lipodystrophies include genes encoding 
nuclear envelope structural components (LMNA), a metalloprotease involved 
in lamin A processing (ZMPSTE24), a nuclear receptor (PPARG), an integral ER 
membrane protein (BSCL2), a structural component of lipid droplets and plasma 
membranes (CAV1), a lipid biosynthetic enzyme (AGPAT2) and a downstream 
effector of insulin signalling (AKT2). The location of these proteins in the adipocyte 
is depicted in Figure 1B. 

Generalized lipodystrophy
In Chapter 7 we describe a novel homozygous mutation in BSCL2 in a patient with 
congenital generalized lipodystrophy type 2 (CGL2). The BSCL2 gene encodes an 
integral ER membrane protein named seipin and is mainly expressed in adipose 
tissue. A role for seipin in the formation of lipid droplets, a hallmark of adipocytes, 
was suggested as it was mainly found at ER-lipid droplet junctions. In addition, 
yeast and human seipin deficient fibroblasts showed abnormal lipid droplets 
(1;2). Furthermore, a very recent study suggested an important role for seipin 
in adipogenesis as seipin expression increases during differentiation of human 
and mouse primary adipocytes, while RNAi-mediated knockdown of seipin in 
mesenchymal cells impaired adipogenesis (3). Remarkably, mesenchymal cells 
lacking seipin failed to induce the expression of the adipogenic transcription 
factor SREBP1c during early adipogenesis, whereas expression of other adipogenic 
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Figure 1. Adipogenesis and location of proteins affected in inherited lipodystrophies.
A. Schematic representation of adipocyte differentiation showing the sequential induction of important 
adipogenic transcription factors. B. Model showing the location of different gene products affected in 
inherited lipodystrophy and their (potential) role in (pre)adipocytes. The box in the left corner shows 
the proteins affected in generalized and partial lipodystrophies. 
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transcription factors such as C/EBPβ, C/EBPδ and PPARγ was similar compared to 
control cells (3). In contrast, the expression of these genes as well as other adipocyte-
specific genes was reduced at later stages of adipocyte differentiation. SREBP1c 
directly activates transcription of PPARγ via consensus E-box motifs in the PPARG 
promoter (4) and indirectly by enhanced production of endogenous ligand for 
PPARγ (5). PPARγ acts to sustain expression of PPARγ and C/EBPs and together 
these adipogenic transcription factors orchestrate the expression of adipocyte-
specific genes necessary for adipocyte function and maintenance. Of note, genome 
wide profiling of C/EBP and PPARγ binding sites in 3T3-L1 adipocytes revealed 
binding sites near the SREBP1c, PPARγ and C/EBPα, genes suggesting that these 
transcription factors regulate each others expression. Furthermore, PPARγ and C/
EBP sites were found near the BSCL2 gene, suggesting that PPARγ and/or C/EBP 
regulate the expression of the seipin protein in adipocytes (6). Taken together these 
data indicate that seipin is essential for the development of mature adipocytes, 
suggesting that the absence of adipose tissue observed in CGL2 is the consequence 
of a cell-autonomous defect in adipogenesis. 
Other forms of congenital generalized lipodystrophy are caused by mutations in 
AGPAT2 (CGL1) or CAV1 (CGL3). AGPAT2 encodes 1-acyl-glycerol-3-phosphate-
acyltransferase 2, a key enzyme in the biosynthesis of glycerophosphoslipids and 
triacylglycerols. A recent study demonstrated that AGPAT2 is a resident integral 
ER membrane protein and that its expression as well as its enzymatic activity is 
massively induced during adipogenesis (7). Furthermore, knockdown of AGPAT2 
in preadipocytes prevented the early induction of key transcriptional activators 
of adipogenesis, such as PPARγ and C/EBPβ and delayed expression of multiple 
adipocyte-specific genes. Although a recent study showed the direct regulation of 
AGPAT2 by PPARγ (8), AGPAT2 knockdown experiments in preadipocytes suggest 
that AGPAT2 operates upstream of these transcription factors. It is possible that 
normal AGPAT2 expression is essential for the induction of adipogenesis and that 
the regulation of AGPAT2 in later stages of differentiation by PPARγ is necessary 
for the function and maintenance of adipocytes. The recently generated AGPAT2 
knock-out mouse confirmed the critical role of AGPAT2 in adipogenesis, as adipose 
tissue was completely absent in these mice (9).
Most but not all patients with CGL harbour mutations in BSCL2 or AGPAT2, 
suggesting additional loci for this disease. Very recently a nonsense mutation in 
CAV1 (G38X) in a patient with CGL has been reported. In line with this, loss of 
Caveolin in mice leads to lipodystrophy (10). CAV1 encodes caveolin1, a protein 
typically found in membrane invaginations, known as caveolae, but also in lipid 
droplets. It is highly expressed in adipose tissue and strongly induced during 3T3-
L1 differentiation (11). In response to an excess of FFAs, caveolin1 translocates to 
lipid droplets in MEFs (12), suggesting a role in the storage and/or transport of 
FFAs in lipid droplets. Interestingly, heterozygous frameshift mutations in CAV1 
(1134fsdelA-X137 and -88delC) have recently been reported in patients with 
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partial lipodystrophy (13). In contrast, CAV+/- mouse displayed no phenotype (10) 
and three subjects harbouring the heterozygous G38X mutation were clinically 
unaffected (14). This suggests the existence of mutations in other genes next to 
the heterozyogous frameshift mutation in CAV1. No mutations were detected in 
LMNA, PPARγ, BSCL2 or AGPAT2, suggesting that other gene-gene and/or gene-
environment interactions are responsible for the phenotype. 
Furthermore, as some patients with a CGL phenotype did not harbour mutations 
in CAV1, BSCL2 or AGPAT2, additional loci are likely to exist.

Partial lipodystrophy
As described in Chapter 1, partial lipodystrophy is caused by mutations in different 
genes (inherited lipodystrophy) as well as by certain drugs (acquired lipodystrophy). 
Several mutations in PPARγ have been reported in patients with FPLD3. In Chapter 
3 we examined the functional consequences of the FPLD3-associated PPARγ R425C 
mutation located in the LBD and in Chapter 4 we reported a novel mutation in the 
DBD of PPARγ (R194W). Both PPARγ mutations disrupt normal protein function, 
albeit through different mechanisms. Since PPARγ has been shown to be necessary 
and sufficient for adipogenesis, it is not surprising that loss-of-function mutations 
in PPARγ result in lipodystrophy. 
For other forms of partial lipodystrophy a direct mechanistic link between 
adipocyte differentiation/function and the disease causing mutation is less 
obvious, as these include mutations in LMNA, ZMPSTE24 and AKT2. FPLD2 is 
caused by heterozygous mutations in the LMNA gene, which are clustered in exon 
8 and 11. The most frequently found FPLD2-associated lamin A mutation results in 
a substitution of an arginine at position 482 in a neutral amino acid (R482Q/L/W). 
Consistent with this notion, our screening of the LMNA gene in two patients with 
a FPLD2 phenotype revealed a mutation at this site as well (R482W; unpublished 
observations). The FPLD2-associated lamin A mutations are all located in the C-
terminal tail, which has been shown to interact with the adipogenic transcription 
factor SREBP1c in vitro (15). However, Capanni et al. demonstrated that not 
mature lamin A, but prelamin A interacts with the active form of SREBP1c in vivo 
(16). Furthermore, in fibroblasts derived from FPLD2 patients they observed an 
accumulation of prelamin at the nuclear envelope, which colocalized with SREBP1c. 
As sequestration of SREBP1c at the nuclear rim decreases the pool of active SREBP1c 
within the nucleus, this is likely to affect PPARγ expression. Consistent with this, 
prelamin accumulation due to overexpression of an uncleavable prelamin mutant 
in 3T3-L1 preadipocytes resulted in decreased PPARγ expression. In addition, 
treatment of 3T3-F442 preadipocytes with the protease inhibitor Indinavir, which 
triggers prelamin accumulation, has also been reported to result in SREBP1c 
retention at the nuclear rim and impaired adipogenesis (17). Consistent with this 
notion, this drug, which is used in the treatment of HIV, causes lipodystrophy as a 
side effect in these patients. These results indicate that retention of SREBP1c at the 
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nuclear rim is due to an excess of prelamin, irrespective of LMNA mutations. In line 
with this accumulation of prelamin has only been found in laminopathies associated 
with lipodystrophy, such as Hutchinson-Gilford Progeria Syndrome (HGPS) and 
mandibuloacral Dysplasia type A (MADA), but not in Emery-Dreifuss muscular 
dystrophy in which lipodystrophy is not observed (18). This also suggests that 
inhibition of enzymes involved in prelamin processing is likely to result in impaired 
adipogenesis and probably lipodystrophy. Prelamin is processed to mature lamin 
by a sequence of reactions of which the first two steps, farnesylation and proteolytic 
cleavage, are exerted by the zinc metalloprotease, ZMPSTE24 (19). Consistent with 
this hypothesis, treatment of 3T3-L1 preadipocytes with farnesylation inhibitors 
resulted in accumulation of prelamin and inhibited adipocyte differentiation (16). 
Moreover, prelamin accumulation was also observed in fibroblasts of a patient with 
lipodystrophy-associated Mandibuloacral Dysplasia type B (MADB)(20), which is 
due to mutations in ZMPSTE24 (see Chapter 1) and loss of ZMPSTE24 in mice 
resulted in lipodystrophy as well (21). 
Since TZDs rescue adipocyte differentiation in pre-adipocytes accumulating 
prelamin A, this indicates that the block in adipogenesis is upstream of PPARγ 
activation and can be circumvented by direct activation of PPARγ. Thus, prelamin 
accumulation which results in retention of SREBP1c at the nuclear rim thereby 
decreasing the pool of active SREBP1c is likely to reduce PPARγ activation resulting 
in impaired adipocyte differentiation.
As mentioned in Chapter 1, partial lipodystrophy has also been associated with 
heterozygous missense mutations in the AKT2 gene, encoding a serine/threonine 
kinase involved in insulin signalling (22;23). The first identified mutation (R274H) 
was detected in a 34 year old female with severe insulin resistance and partial 
lipodystrophy (22). Like the patients harbouring this mutation, Akt2 knockout 
mice displayed insulin resistance (24;25) and age-dependent loss of adipose tissue 
(25). Furthermore, overexpression of the catalytic inactive Akt2 mutant in 3T3-L1 
preadipocytes impaired adipogenesis, while overexpression of wild type protein 
enhanced adipocyte differentiation (22). Interestingly, Le Lay et al. demonstrated 
that SREBP1c is an important mediator of the insulin transcriptional effects in 
adipocytes (26). Furthermore, they showed that in adipocytes the adipogenic 
transcription factor C/EBPβ is under the control of insulin-stimulated SREBP1c. 
Defective insulin signalling due to a catalytic inactive Akt2 protein might therefore 
indirectly affect SREBP1c, resulting in reduced expression of the adipogenic 
transcription factors C/EBPβ and PPARγ and subsequently impair adipogenesis. 
Although the catalytic inactive Akt2 suggests a role of Akt2 in adipogenesis, a recent 
study showed that Akt1 and not Akt2 plays a major role in adipogenesis (27). In 
addition, two other AKT2 missense mutations (R208K and R467W) were reported 
in subjects with insulin resistance, of which only one showed partial lipodystrophy 
(23). Surprisingly, the insulin stimulated kinase activity of these mutant proteins 
(R208K and R467W) were similar to wild type. Thus, while AKT2 mutations are 
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unlikely to explain the development of insulin resistance and lipodystrophy, the 
catalytic inactive mutant (R274H) and the Akt2 knockout mice demonstrate the 
critical role of Akt2 in the maintenance of insulin sensitivity and adipogenesis. 
Additional studies are required to investigate whether the insulin resistance and/
or lipodystrophy associated mutations in the AKT2 gene directly affect insulin 
signaling and/or adipogenesis.

A common pathophysiological mechanism resulting in lipodystophy?
In the past decade a large number of novel mutations in genes contributing to 
lipodystrophy have been reported. The generation of mouse models, studies with 
cells obtained from patients, as well as a number of in vitro studies advanced our 
understanding of the physiological roles of most of these gene products. This allows 
us to envisage some possible mechanistic links or common pathways underlying 
lipodystrophy. As PPARγ has been shown to be necessary for adipogenesis to occur, 
a reduced expression is likely to result in decreased adipocyte differentiation and a 
subsequent reduction in fat mass. Remarkably, PPARγ has been reported to regulate 
the expression of AGPAT2 and seipin. As these proteins affect essential functions 
of adipocytes such as TAG synthesis and lipid droplet size, respectively, mutations 
in these proteins might result in degeneration of adipocytes. Alternatively, these 
proteins might be important in adipogenesis as knockdown in adipocytes resulted 
in decreased expression of adipogenic transcription factors, including C/EBPs and 
PPARγ suggesting that these proteins might even operate upstream of PPARγ during 
adipogenesis (Figure 1A). These proteins thus affect both adipocyte differentiation 
and function. A common denominator in the pathophysiology of at least some 
lipodystrophies seem to be the lipogenic transcription factors SREBP, as the mutated 
gene products affect the expression, the localization and/or function of this protein 
(Figure 1B). Surprisingly, SREBP1c-/- mice display a normal phenotype, suggesting 
redundancy between SREBP1a and SREBP1c (28). Although most SREBP1-/- mice 
die in the neonatal period the surviving mice are normal at birth and develop 
normally. This might be explained by a compensatory mechanism for SREBP2, 
as SREBP2 levels were increased in different tissues in these mice compared to 
wild type animals (29). Apparently such a compensation mechanism is absent in 
SREBP2-/- mice as these mice are embryonically lethal. 
In conclusion, adipogenic transcription factors regulate each others expression and 
together orchestrate the process of adipocyte differentiation. It is a delicate process 
requiring the induction of different factors at different timepoints (Figure 1A). This 
process is impaired in lipodystrophy and caused either by mutations in different 
genes or by drugs.  A central player in the pathophysiology of at least some of these 
lipodystrophies seems to be SREBP1c (Figure 1B). To establish the role of SREBP1c 
in adipose tissue development, adipose tissue specific SREBP1c knock-out mice are 
needed.
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The impact of genetic variation in PPARγ on insulin sensitivity

PPARγ plays a major role in the modulation of insulin sensitivity as becomes evident 
from a number of PPARγ mutations associated with insulin resistance. Moreover, 
PPARγ is the molecular target of the insulin sensitizing TZDs. Mutations in PPARγ 
have been shown to affect its function and the recently reported crystal structure 
of the PPARγ/RXRα heterodimer bound to DNA provides novel insights in how 
some mutations influence PPARγ function as described in Chapter 2. 
The most frequently found genetic variant of PPARγ is the P12A polymorphism in 
the AF-1 region of the PPARγ2 protein. A recruit-by-phenotype approach (30) and 
two large meta-analyses (31;32) showed a protective role for the P12A variant in the 
development of diabetes. Numerous association studies between this polymorphism 
BMI (33-35) and insulin resistance have been performed, but were never conclusive 
as gene-environment interactions, such as diet and physical activity appeared to 
play a role (36;37). Very recently the generation of a PPARγ2 P12A knock-in mouse 
model confirmed that the protective role of P12A is highly dependent on gene-
nutrient interactions, as Ala/Ala mice were more insulin sensitive on a regular diet, 
but not on a HFD (38). Altered cofactor recruitment and adiponectin signalling in 
the homozygous P12A mice were suggested to contribute to the improved insulin 
sensitivity. Adiponectin is secreted by adipose tissue and plasma adiponectin levels 
have been shown to positively correlate with insulin sensitivity (39). Interestingly 
elevated plasma adiponectin levels have been reported in humans homozygous for 
the Ala allele (40).
Gene-nutrient interactions also seem to play an important role in the development 
of insulin resistance in subjects with PPARγ mutations associated with FPLD3, as 
heterozygous P495L knock-in mice only showed a FPLD3-like phenotype when 
expressed in the hyperphagic ob/ob background (41). In addition, heterozygous 
L496A knock-in mice developed mild insulin resistance, but only when fed a HFD 
for as long as 8 months (42). Remarkably, whereas FPLD3 patients with PPARγ 
truncation mutations are insulin resistant, a subject harbouring the FSX mutation 
that causes a truncated PPARγ protein displayed a mostly normal metabolic pattern 
(43). As the latter subject displays normal amounts of adipose tissue, the loss of 
adipose tissue in FPLD3 is likely to be the cause of insulin resistance. FPLD3 is 
characterized by loss of adipose tissue from the extremities with preservation of fat 
in the intra-abdominal region. This suggests that the specific loss of adipose tissue at 
these anatomical sites determine insulin sensitivity. Consistently, insulin sensitivity 
in lean human subjects depends on differences in body fat distribution, with lean 
subjects with more peripheral body fat being more insulin sensitive than subjects 
with more centrally located fat. Furthermore, TZD treatment in insulin resistant 
obese subjects increases peripheral fat mass while improving insulin sensitivity. 
This suggests that PPARγ is predominantly active in peripheral fat depots and might 
explain the selective loss of adipose tissue at these sites in patients with FPLD3. The 
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notion that subjects compound heterozygous for PPARγ FSX and a mutation in the 
PPP1R3 that encodes an enzyme playing a keyrole in the regulation of glycogen 
storage in muscle, are insulin resistant, indicates that gene-gene interactions might 
play a role in the development of insulin resistance as well (44). 
Interestingly, the PPARγ mutations described hitherto all result in reduced 
transcriptional activity. Unlike these mutations, the PPARγ P113Q mutation 
displayed an increased transcriptional activity. Mutation of this P113 has been 
shown to impair the inhibitory phosphorylation of the adjacent serine (S112), which 
explains the increased transcriptional activity. As TZD mediated PPARγ activation 
improves insulin sensitivity, this might suggest that hyperactivation of PPARγ due 
to defective S112 phosphorylation would increase insulin sensitivity. Indeed, S112A 
mice on a high fat diet have been shown to be more insulin sensitive compared 
to wild type mice (45). Contrary, subjects harbouring the P113Q mutation that 
also blocks S112 phosphorylation are insulin resistant. These differences might be 
due to a subtle difference in the effect of these mutations on the protein structure. 
Alternatively, additional factors, like gene and/or environmental factors, may 
influence insulin sensitivity in humans. PPARγ P113Q knock-in mouse on different 
diets are needed to solve this. 
Furthermore, although the PPARγ mutations are relatively rare and affect only a 
small number of patients, metabolic studies in these patients together with knock-in 
mouse models on different diets might be useful models to unravel the underlying 
mechanisms contributing to the development of insulin resistance.

The role of PPARγ in lipid metabolism in adipocytes

PPARγ is a master regulator of adipocyte differentiation as it has been shown to 
be necessary and sufficient to induce adipogenesis in vitro and in vivo. PPARγ also 
plays an essential role in mature adipocytes at least in part by maintaining the 
expression of genes that confer the characteristics of mature adipocytes (46) and 
has been shown to be necessary for survival of adipocytes in vivo (47). Very recently 
genome-wide profiling of PPARγ binding sites combined with genome-wide 
profiling of RNA polymerase II occupancy (RNAPII) during 3T3-L1 adipogenesis 
showed a strong enrichment of genes involved in lipid and glucose metabolism 
during differentiation (6;8). In the last decade, the direct regulation of a number 
of genes by PPARγ has been confirmed, such as genes encoding proteins involved 
in lipid uptake (LPL, CD36 and OLR), lipid droplet proteins (perilipin and S3-12), 
enzymes involved in lipolysis (ATGL and HSL) and glyceroneogenesis (PEPCK, 
GyK). 

PPARγ mediates the regulation of antilipolytic genes
A hallmark of adipocytes is the storage of lipids. In the normal physiological 
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state, excess of fuel substrates are partitioned in adipose tissue, where it is stored 
as triglycerides. In times of energy demand, these triglycerides are hydrolized to 
FFA and glycerol, and the FFAs released in the bloodstream can subsequently be 
used by other organs as fuel substrates. The regulation of lipolysis provides a main 
switch between lipid storage and lipid mobilization in times of energy demand 
and is tightly regulated by hormones, cytokines and other metabolites. PPARγ has 
been shown to regulate the expression of key enzymes in lipolysis, such as ATGL 
and HSL. Next to the regulation of lipolytic genes, PPARγ regulates the expression 
of antilipolytic genes in adipocytes as demonstrated by the direct regulation of the 
antilipolytic G-protein-coupled receptor 81 (GPR81) in Chapter 5. Furthermore the 
rapid and simultaneous increase of GPR81 and GPR109A and GPR109B, which are 
colocalized on human chromosome 12 in human mature adipocytes, suggests direct 
regulation of all three genes by PPARγ. Like the activation of the insulin receptor 
by insulin, activation of these receptors results in a reduction of intracellular cAMP 
levels and eventually inhibits lipolysis (Figure 3A). Interestingly, very recently it has 
been demonstrated that activation of another G-protein-coupled receptor, GPR43, 
reduced lipolysis and suppressed plasma FFA levels in vitro and in vivo (48). This 
receptor is highly expressed in subcutaneous, mesenteric and epididymal fat and 
its expression significantly increases during differentiation as well as after TZD 
treatment (49). For these reasons, we hypothesized that the expression of GPR43 is 
regulated by PPARγ. Preliminary data supports this hypothesis as ChIP-seq analysis 
in 3T3-L1 cells revealed a significant increase in PPARγ and RXR binding in the 
promoter of Gpr43 in adipocytes (day 6), which was negligible in pre-adipocytes 
(day 0) as shown in Figure 2A (8). Furthermore genome wide profiling of polymerase 
II occupancy (RNAPII), which provide a direct readout of transcriptional activation 
by transcription factors showed that RNAPII occupancy of Gpr43 increased 
during differentiation (Figure 2B), which is consistent with the notion that Gpr43 
expression increased during differentiation (49). These data indicate that induction 
of Gpr43 expression is mediated by PPARγ. Additional experiments are required 
to strengthen our hypothesis. Since actetate, a GPR43 ligand, has been shown to 
reduce plasma FFA levels in humans (50;51) and GPR109a is the receptor for the 
antidyslipidemic drug nicotinic acid (52) it is tempting to speculate that part of the 
TZD effects are via the PPARγ-mediated induction of these GPCRs. To establish 
the relative contribution of these G-protein-coupled receptors in the lipid lowering 
effects of TZDs, the effects on FFA levels after TZD treatment in GPCR knock-out 
mice needs to be investigated.

Do TZDs regulate a specific subset of PPARγ target genes?
Administration of the insulin sensitizing TZDs to obese and/or insulin resistant 
subjects has been shown to reduce plasma FFA levels and thereby ameliorate 
insulin sensitivity (53;54). Since TZDs cause an increase in subcutaneous fat, at 
least part of these effects may be explained by the stimulatory effect of TZDs on 
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adipocyte differentiation, thereby increasing lipid storage capacity in adipose 
tissue. Interestingly, Li et al. investigated whether adipocyte differentiation induced 
by a constitutive active PPARγ or TZD resulted in different gene expression profiles 
(55). Although the extent of adipocyte differentiation was similar and rosiglitazone 
up-regulated many of the same genes as VP16-PPARγ induced adipogenesis, some 
genes were differently regulated. This suggests that TZDs might induce a subtle 
adipocyte phenotype difference by differential gene regulation. In line with this, 
rosiglitazone treatment of 3T3-F442 adipocytes rapidly and robustly induced PEPCK 
expression, whereas other well-known PPARγ target genes such as LPL, HSL and 
FAS were mildly induced (56). Of note, in our micro-analysis in human adipocytes 
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treated with rosiglitazone for 6 hours, PEPCK1 (PCK1) was also among the genes 
with the highest fold induction (Chapter 6, Table 1). In addition, the PPARγ target 
genes GyK and OLR1 (oxidized LDL receptor 1), which are expressed at low levels 
in adipocytes, have been shown to be dramatically upregulated by TZDs (57;58). In 
contrast the expression level of the classical PPARγ target gene FABP4 (also known 
as Ap2) is already high in adipocytes and only mildly induced by TZDs. Although 
endogenous PPARγ/RXR binds ligand-independently in the promoter of these 
genes, cofactors are differentially recruited at these sites: in the absence of ligand 
PPARγ recruits coactivators in the promoter of FABP4, while recruiting corepressors 
in the promoter of GyK and OLR1. TZDs facilitate the exchange of coactivators 
for corepressors in the GyK and OLR1 promoter, resulting in transcription of these 
genes. Additional studies are required to investigate whether TZDs modulate 
PEPCK expression and potential other TZD-specific induced PPARγ genes by a 
similar mechanism. 
Induction of PEPCK, GyK and OLR1 by TZDs might cooperatively augment the 
futile cycling of FFAs in adipocytes ultimately decreasing plasma FFAs and thereby 
contributing to the insulin sensitizing properties of TZDs (Figure 3B). PEPCK 
and GyK are both involved in the production of glycerol-3-phosphate (G3P), a 
substrate for FFA re-esterification into TAG. In addition, induction of OLR1 has 
been demonstrated to enhance uptake of FFAs in adipocytes (58). The relevance of 
Gyk in humans is questionable as its expression is very low in human adipocytes, 
even in the presence of TZDs (59). In addition, glyceroneogenesis, the synthesis 
of G3P in which PEPCK is the key enzyme, has been shown to account for most 
of the FFA lowering effect of TZDs in cultured adipocytes (60). In keeping with 
the increased adiposity in humans after TZD treatment, overexpression of PEPCK 
in adipose tissue of mice resulted in obesity. Interestingly, unlike other animal 
models of obesity, these obese transgenic mice never develop insulin resistance 
(61). Although these data strongly support an important role for TZD-mediated 

Figure 3. Model for futile cycling of FFAs induced by TZDs in adipocytes.
A, Activation of the insulin receptor and/or antilipolytic GPCRs inhibit lipolysis. Activation of Gi-
coupled GPR81, GPR109A, GPR109B and GPR43 results in the inhibition of adenylyl cyclases. Like 
activation of the insulin receptor this will consequently result in a decrease in intracellular cAMP levels 
and Protein kinase A will be less active. PKA will no longer phosphorylate hormone sensitive lipase 
(HSL) and perilipin, which are involved in hydrolysis of TAG into FFA and glycerol resulting in a 
reduction FFA and glycerol release in the bloodstream. B, Administration of TZDs to adipocytes results 
in a rapid and robust increase of PEPCK, OLR and GyK. OLR enhances the uptake of FFAs, which can 
together with the FFAs liberated by basal lipolysis be used for the esterification into TAG. PEPCK is 
a key enzyme in glyceroneogenesis, which is the synthesis of glycerol-3-phophate (G3P) from non-
carbohydrate precursors. GyK phosphorylates glycerol to G3P. Although the contribution of GyK is 
probably minor, together with PEPCK it produces G3P which serves as backbone for the re-esterification 
of FFAs in TAG. Enhanced FFA uptake together with recycling of FFA deliberated by lipolysis results 
in a net reduction of plasma FFA levels. Since antilipolytic GPCRs are also induced by TZD mediated 
PPARγ activation, these recptors might play a role in the lipid-lowering effects of TZDs as well.

\
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induction of PEPCK in the insulin sensitizing effects of these drugs, other genes 
might be involved as well. Since TZD treatment of adipocytes robustly induced the 
protein expression of GPR81 and PPARγ seems to regulate the expression of other 
antilipolytic GPCRs, these genes might also play a role in the lipid-lowering effects 
of TZDs. As mentioned earlier studies on GPCR knock-out mouse models treated 
with TZDs are needed to solve this. Furthermore, genome-wide cofactor profiling 
combined with micro-array studies might help to establish if TZDs modulate a 
specific subset of adipocyte PPARγ target genes by differential cofactor binding.

Anti-inflammatory response of TZDs

Enlarged adipocytes have been reported to secrete large amounts of pro-inflammatory 
cytokines, such as IL6 and TNFα. Consistent with this levels of IL6 and TNFα 
in culture medium of mature human adipocytes (SGBS) were strongly elevated 
compared to undifferentiated cells (preliminary data). The action of cytokines 
on adipocytes has two dramatic effects: an increase in lipolysis and a decreased 
triglyceride synthesis resulting in elevated levels of FFAs. Since elevated levels of 
FFA are associated with insulin resistance, the proinflammatory state of enlarged 
adipocytes might contribute to insulin resistance. In line with this, TNFα and 
TNFα receptor knockout mice show improved insulin sensitivity (62). The insulin 
sensitizing TZDs have been reported to have potent anti-inflammatory activity and 
suppress NK-κB activity (63). Treatment of human subjects with insulin-sensitizing 
TZDs has been shown to reduce TNFα expression (54;64) and LPS-stimulated IL6 
secretion was reduced in mature 3T3-L1 adipocytes after treatment with the TZD 
pioglitazone (65). Conspicuously, KEGG pathway analysis of the downregulated 
genes in our micro-array analysis in hMADs treated with the TZD rosiglitazone 
for 6 hours revealed a strong enrichment for genes involved in cytokine-cytokine 
receptor interaction (Table 1). This supports the anti-inflammatory action of TZDs in 
adipocytes. One of the downregulated genes is CCL2, which encodes chemokine (C-

Table 1. KEGG pathway analysis down-regulated genes in micro-array analysis.
Downregulated genes in transcriptome analysis of differentiated hMADs treated with rosiglitazone for 
6 hours were subjected to KEGG pathway analysis and revealed a strong enrichment of genes involved 
in cytokine-cytokine receptor interactions.
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C motif) ligand-2 (also named MCP-1 (monocyte chemoattractant protein)). MCP1 
functions as a chemo-attractant that enhances macrophage infiltration into adipose 
tissue in obese human (66) and mouse (67) and is, like IL6 and TNFα, secreted by 
hypertrophied adipocytes. CCR2 is an important receptor for MCP1 and CCR2-/- 
mouse are partly protected from high fat diet induced insulin resistance and exhibit 
reductions in adipose tissue macrophage recruitment and inflammatory gene 
expression (68). The notion that the effect is not complete suggests the existence of 
additional chemoattractant ligand-receptor pairs. A very recent study showed that 
MCP1 and MCP3 (CCL7) were significantly upregulated in primary adipocytes 
isolated from WAT of both ob/ob and HFD induced obese mice (69). Furthermore, 
FFA induced upregulation of MCP1 and MCP3 was reduced by a NF-κB inhibitor 
indicating that the regulation of these chemokines is mediated by NF-κB. Treatment 
with the TZD rosiglitazone reduced MCP1 and MCP3 expression in both 3T3-L1 
adipocytes and WAT of obese mice, supporting an inhibitory role for PPARγ in 
NF-κB mediated cytokine production. Thus, hypertrophied adipocytes secrete pro-
inflammatory cytokines, such as TNFα, IL6, MCP1 and MCP3, of which at least 
TNFα activates NF-κB, thereby reinforcing the expression of the pro-inflammatory 
cytokines. Moreover, TNFα attenuates PPARγ mRNA and protein levels (70;71) 
resulting in reduced lipid uptake and enhanced lipolysis, thereby raising plasma 
FFA levels and contributing to insulin resistance (Figure 4A). TZDs suppress NF-
κB mediated cytokine secretion and mediate the induction of PPARγ target genes 
resulting in FFA sequestration in adipocytes thereby reducing plasma FFA levels 
and improving insulin sensitivity (Figure 4B). 
In conclusion, our micro-array analysis in hMADs treated with rosiglitazone for 
6 hours confirmed the TZD-mediated downregulation of the pro-inflammatory 
cytokines MCP1 (CCL2) and MCP3 (CCL7), supporting the anti-inflammatory 
effect of TZDs in adipocytes. Furthermore this study might help to identify new 
factors potentially contributing to the inflammatory state of enlarged adipocytes.

Final remarks

Both obesity and lipodystrophy are associated with major complications such 
as insulin resistance and cardiovascular disease, illustrating the importance of 
adipose tissue in normal lipid and glucose homeostasis. An important regulator 
in adipocyte differentiation, maintenance and function is PPARγ, as has become 
evident from natural occurring mutations in PPARγ and the identification of 
PPARγ as the molecular target of the insulin sensitizing TZDs. In the past decade, 
a large number of studies have advanced our understanding on the role of PPARγ 
in adipocyte biology. As the prevalence of obesity rapidly increases and a major 
complication is insulin resistance, a lot of research focuses on the development 
of drugs ameliorating insulin sensitivity. Although TZDs were promising insulin 
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A, In enlarged adipocytes 
NF-κB activation results 
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inflammatory cytokines, 
of which at least TNFα 
has been shown to inhibit 
PPARγ and activate NF-
κB thereby reinforcing 
the production of pro-
inflammatory cytokines. 
Inhibition of PPARγ 
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inhibition of FFA uptake 
and enhanced lipolysis 
ultimately elevating 
plasma FFA levels. B, In 
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PPARγ is activated and 
induces the expression 
of genes involved in FFA 
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tissue resulting in a net 
reduction of plasma FFA 
levels. Furthermore, 
PPARγ inhibits NF-
κB activation resulting 
in a reduction of pro-
inflammatory cytokines 
released.
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sensitizing drugs, some of the TZDs are already discarded because of undesired 
side-effects (72). Nowadays, research focuses on specific PPARγ modulators, so 
called SPARMs which in theory would only exert the beneficial effects (73). For this 
purpose a better understanding of ligand dependent PPARγ modulation on specific 
PPARγ target genes is needed. 
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The ligand-inducible nuclear receptor Peroxisome Proliferator Activated Receptor 
γ (PPARγ) plays an important role in the differentiation, maintenance and function 
of adipocytes. In addition it is the molecular target of the insulin-sensitizing 
thiazolidinedione (TZD) drugs. However, how the activation of PPARγ by TZDs 
leads to insulin-sensitization remains poorly understood. For this reason we 
studied the effects of rare natural occurring PPARγ mutations in patients with 
familial partial lipodystrophy (FPLD3). In addition, we discovered novel genes 
that are regulated by TZDs and probably contribute to the insulin-sensitizng effects 
of TZDs.
In Chapter 1, we describe lipid metabolism in adipocytes and the role of PPARγ 
in this process. Furthermore, we provide an overview of the different forms of 
lipodystrophy and genetic variation in PPARγ.
A number of studies focussed on the effects of natural occurring mutations on PPARγ 
function. In Chapter 2 we provide an overview of the results of these studies and 
combine this with novel insights obtained by the elucidation of the 3D-structure of 
the full length PPARγ/RXRα heterodimer bound to DNA.
The functional consequences of two of the FPLD3-associated PPARγ mutations 
are described in Chapter 3 and 4. The mutation (R425C) described in Chapter 3 is 
located in the ligand binding domain of PPARγ and affects its function at multiple 
levels, such as ligand and DNA binding resulting in reduced transcriptional activity. 
Crystallographic modelling of the 3D-structure of the PPARγ LBD predicted that 
these defects are the consequence of disruption of a conserved salt bridge and the 
subsequent formation of an alternative salt bridge. In Chapter 4 we report a novel 
mutation (R194W) in the DNA binding domain of PPARγ in a patient with FPLD3. 
This arginine (R194) is located in the DNA binding domain and contacts the 
phosphate backbone of DNA. Therefore mutation of this arginine disrupts DNA 
binding resulting in a transcriptionally inactive PPARγ protein.
In order to get more insight in the mechanisms underlying the TZD effects, we 
performed a transcriptome analysis in human adipocytes treated with the TZD 
rosiglitazone for 6 hours. Using this method we identified two novel genes that are 
regulated by TZD-mediated PPARγ activation. In Chapter 5 we show that PPARγ 
regulates the expression of the antilipolytic GPR81 gene. This gene encodes a G-
protein-coupled receptor that is exclusively expressed in adipocytes. Activation of 
this receptor results in the inhibition of adipocyte lipolysis. One of the beneficial 
effects of TZDs is a lowering of plasma free fatty acids thereby improving insulin 
sensitivity. We propose therefore that PPARγ-mediated regulation of GPR81 
contributes to this effect. Another gene regulated by rosiglitazone-mediated PPARγ 
activation is RNF125, described in Chapter 6. RNF125 is an E3-ubiqituin ligase. 
The substrate for RNF125 in adipocytes is currently unknown and therefore the 
relevance of the regulation of this gene in adipocytes by TZDs needs to be further 
explored.
We identified a novel mutation in the BSCL2 gene in a patient with congenital 
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generalized lipodystrophy type 2 (CGL2), described in Chapter 7. This mutation 
is located in the splice site of exon 5 and results in the formation of aberrant 
proteins. BSCL2 encodes seipin, an integral ER protein that has been shown to play 
an essential role in adipogenesis and the formation of lipid droplets, a hallmark 
of adipocytes. In the urine of this patient we found abnormal levels of organic 
acids, indicating that mitochondrial dysfunction may form an intrinsic part of this 
congenital defect. 
In Chapter 8 we discuss and integrate the results described in the previous chapters 
in the current literature.
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In de westerse samenleving neemt het percentage van mensen met overgewicht 
(25<BMI<30) en obesitas (zwaarlijvigheid; BMI>30) steeds verder toe, zelfs onder 
kinderen. Had in de jaren ’70 nog 15% van de kinderen in de Verenigde Staten 
overgewicht, in 2003 was al 36% te zwaar en dit zal alleen nog maar verder toenemen. 
Hoewel de Verenigde Staten nog steeds koploper zijn, in de Europese landen (m.n. 
Engeland) en Japan is het percentage in de afgelopen 30 jaar ook verdubbeld. Het 
is interessant om te zien dat deze toename gelijk opgaat met de toename van de 
portiegroottes van bijvoorbeeld een hamburger en een beker cola bij fastfoodketens 
in de jaren ’70 en nu. Een overmatig, voornamelijk suiker- en vetrijk, dieet is dan 
ook een van de oorzaken van het ontstaan van overgewicht. Een andere oorzaak is 
te vinden in een tekort aan lichaamsbeweging doordat steeds meer kinderen met 
de auto overal naartoe worden gebracht en in hun vrije tijd voornamelijk voor de 
tv en/of de computer zitten. 

De vet paradox

Overgewicht en obesitas vormen een groot gezondheidsrisico, omdat het 
gepaard gaat met complicaties zoals een verhoogde bloeddruk, dyslipidemie (te 
lage concentraties ”goed” cholesterol (HDL) en te hoge concentraties “slecht” 
cholesterol (LDL)) in het bloed) wat kan leiden tot hart- en vaatziekten. Ook kan 
het verhoogde bloedsuikerspiegels en insuline-ongevoeligheid veroorzaken, wat 
kan leiden tot type II diabetes (‘ouderdoms suikerziekte”). Vroeger kwam zoals de 
bijnaam al doet vermoeden, type II diabetes voornamelijk voor bij oudere mensen. 
Tegenwoordig hebben al veel jonge mensen en zelfs kinderen type II diabetes en 
een van de grootste oorzaken hiervoor is overgewicht. Ongeveer 80% van mensen 
met type II diabetes hebben dan ook overgewicht/obesitas. 
Echter, niet alleen overgewicht/obesitas kan leiden tot type II diabetes, ook een 
tekort aan vetweefsel, zoals het geval is in lipodystrofie, gaat gepaard met type II 
diabetes en andere complicaties die geassocieerd zijn met obesitas. Lipodystrofie is 
een stoornis in de vethuishouding in het lichaam en wordt gekarakteriseerd door 
een totale afwezigheid van vetweefsel (gegeneraliseerde lipodystrofie) of door de 
plaatselijke afwezigheid en/of toename van vetweefsel (partiële lipodystrofie)). 
Het kan aangeboren (genetisch) zijn en veroorzaakt door foutjes (mutaties) in 
bepaalde genen of door het gebruik van sommige medicijnen (verworven), zoals 
het geval is bij de behandeling van patiënten met HIV. 
Dit geeft aan dat een normale hoeveelheid en/of een normale verdeling van het 
vetweefsel in het lichaam van essentieel belang is voor een gezonde stofwisseling 
in het lichaam.
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Vetstofwisseling in vetcellen

Vetcellen (adipocyten) zijn unieke cellen in het lichaam, omdat ze de mogelijkheid 
hebben om een overschot aan brandstoffen (suikers (glucose) en vetten (FFA)) in 
het bloed, zoals het geval is na een maaltijd, op te slaan als triacylglycerol (TAG) in 
vetdruppels (zie Figuur 1). De opgeslagen triacylglycerolen kunnen op hun beurt 
weer afgebroken worden en afgegeven aan de bloedbaan om vervolgens door de 
lever omgezet te worden in brandstoffen die gebruikt kunnen worden door andere 
organen als daar om gevraagd wordt, bijvoorbeeld tijdens duursporten of vasten. 
De afbraak van deze triacylglycerolen (lipolyse) wordt onder andere geregeld door 
adrenaline en insuline. Adrenaline wordt gemaakt in de bijnier en is het meest 
bekende molecuul dat de lipolyse in vetcellen stimuleert. Insuline echter remt de 
lipolyse in vetcellen. Dit hormoon wordt gemaakt in de alvleesklier als reactie 
op verhoogde suikerspiegels na voedselinname en zorgt ervoor dat deze suikers 
opgenomen worden in insuline-gevoelige organen zoals spieren, vetweefsel en 
lever, zodat de suikerspiegels in het bloed constant blijven. Dit is erg belangrijk, 

TAG
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Figure 1. Schematische weergave van de vetstofwisseling in vetcellen.
Suikers (glucose) en vetten (FFA) worden uit de het bloed opgenomen in de vetcel. Hier worden ze 
opgeslagen als triacylglycerol (TAG) in vetdruppels. Deze TAGs kunnen op hun beurt weer afgebroken 
worden (lipolyse) en afgegeven aan de bloedbaan om vervolgens in de lever omgezet te worden in 
brandstoffen bruikbaar voor andere organen als dat nodig is, bijvoorbeeld tijdens vasten of sporten. 
Lipolyse wordt onder andere geregeld door hormonen als adrenaline, wat lipolyse stimuleert en insu-
line wat lipolyse juist remt. PPARγ bevindt zich in de celkern en bindt samen met RXRα aan specifieke 
plekken in het DNA. Als bepaalde moleculen aan PPARγ binden, dan wordt het geactiveerd dat leidt tot 
het aanschakelen van de specifieke genen in het DNA.
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omdat te hoge bloedsuikerspiegels schadelijk zijn voor het lichaam. De functie 
van een groot aantal van de factoren (eiwitten) die betrokken zijn bij de opslag 
van suikers en vetten in vetcellen en de afbraak hiervan wordt gereguleerd door 
PPARγ.

PPARγ
PPARγ is een eiwit dat zich in de celkern (nucleus) van voornamelijk vetcellen bevindt 
(Figuur 1). Het kan hier op specifieke plekken in het DNA binden en functioneert 
als het ware als een “schakelaar”. Als bepaalde moleculen (liganden) aan PPARγ 
binden dan wordt het geactiveerd wat leidt tot het aanschakelen van specifieke 
genen in het DNA. Een gen codeert voor een eiwit en bevat ook de informatie die 
de cel nodig heeft om te weten hoe het dit eiwit moet maken. Door het aanschakelen 
van specifieke genen reguleert PPARγ de functie van een aantal eiwitten welke 
vetcellen tot vetcellen maken. Bovendien is PPARγ het aangrijpingpunt in de vetcel 
voor geneesmiddelen van de zogenaamde Thiazoledinedione klasse (TZDs), welke 
worden voorgeschreven aan patiënten met insuline-ongevoeligheid. Deze TZDs 
functioneren als synthetische liganden van PPARγ en dragen bij aan het verbeteren 
van de insuline-gevoeligheid (“insulin-sensitizing”) in het lichaam.
Hoe PPARγ precies functioneert en hoe de gunstige effecten van TZDs door middel 
van activatie van PPARγ tot stand komen was nog niet duidelijk. Om deze reden 
hebben we ten eerste de effecten van zeldzame foutjes (mutaties) in het DNA dat 
codeert voor PPARγ bestudeerd. Vervolgens hebben we een aantal genen ontdekt 
die onder controle bleken te staan van TZDs, en die mogelijk bijdragen aan de 
gunstige effecten van TZDs in patiënten.
In hoofdstuk 1 wordt de vetstofwisseling in adipocyten, evenals de rol van PPARγ 
hierin besproken. Verder wordt er een overzicht gegeven van de verschillende 
vormen van genetische lipodystrofie en de genetische variatie in PPARγ.
Verscheidene studies zijn er gedaan naar de effecten van deze mutaties op het 
functioneren van PPARγ. In hoofdstuk 2 wordt een overzicht gegeven van de 
resultaten van deze studies en gecombineerd met de nieuwe inzichten verkregen 
uit de recente 3D-structuur van PPARγ en zijn partner RXRα op DNA.
De functionele consequenties van twee van de FPLD3-geassocieerde PPARγ 
mutaties worden beschreven in de hoofdstukken 3 en 4. De in hoofdstuk 3 
beschreven mutatie (R425C) ligt in het ligand-bindingsdomein van PPARγ en tast 
verschillende functies, zoals ligand- en DNA- binding aan, waardoor bepaalde 
genen niet meer goed geactiveerd kunnen worden. Structuuranalyse liet zien dat 
deze defecten het gevolg zijn van het verbreken van een zoutbrug, die essentieel 
is voor het behoud van de structuur van het eiwit. In hoofdstuk 4 hebben we een 
nieuwe mutatie (R194W) in PPARγ in een patiënt met FPLD3 gerapporteerd. Deze 
arginine (R194) bevind zich in het DNA-bindingsdomein en draagt bij aan  de 
interactie van PPARγ met DNA. Mutatie van deze arginine zorgt er dan ook voor 
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dat PPARγ niet meer aan DNA kan binden en vanzelfsprekend niet meer de genen 
die essentieel zijn voor adipocyten kan activeren. 
Om meer inzicht te verkrijgen in de werkingsmechanismen van TZDs, hebben 
we een micro-array in humane adipocyten behandeld met de TZD rosiglitazone 
uitgevoerd. Dit heeft ertoe geleid dat we twee nieuwe genen hebben gevonden die 
onder invloed van rosiglitazone door PPARγ gereguleerd worden. In hoofdstuk 5 
hebben we laten zien dat PPARγ het anti-lipolytische GPR81 gen reguleert. Dit gen 
codeert voor de celmembraan receptor GPR81 die zich uitsluitend in adipocyten 
bevindt. Activatie van deze receptor zet een cascade van reacties in gang, dat 
uiteindelijk resulteert in een remming van de afbraak van opgeslagen vetten in 
vrije vetzuren en glycerol (lipolyse) en de uitscheiding hiervan in de bloedbaan. 
Een van de gunstige effecten van TZDs in patiënten is dat ze de concentratie vrije 
vetzuren in het bloed verlagen en daarmee de insuline-gevoeligheid verbeteren. 
Mogelijk draagt de PPARγ-gemedieerde regulatie van GPR81 hieraan bij. Een 
ander gen dat onder invloed van rosiglitazone door PPARγ gereguleerd wordt is 
RNF125 en wordt beschreven in hoofdstuk 6. RNF125 is een E3-ubiquitine ligase. 
E3-ubiquitine ligases zetten ubiqituine-groepen aan specifieke eiwitten waarna 
ze worden afgebroken of naar een andere plek in de cel worden gestuurd. Nader 
onderzoek is nodig om te bepalen aan welke eiwitten RNF125 ubiqituine-groepen 
zet en waarom dit gen door PPARγ gereguleerd wordt in adipocyten. 
In een patiënt met complete lipodystrophy (congenitale gegeneraliseerde 
lipodystrophy type II (CGL2)) hebben we een nieuwe mutatie gevonden in het BSCL2 
gen welke wordt beschreven in hoofdstuk 7. Deze mutatie bevindt zich in de splice-
site van exon 5 en resulteert in de vorming van afwijkende eiwitten. BSCL2 codeert 
voor seipin, een integraal ER eiwit, welke een rol speelt in het differentiatieproces 
van adipocyten en de vorming van vetdruppels, een karakteristieke eigenschap 
van adipocyten. In de urine van deze patiënt hebben we afwijkende concentraties 
organische zuren gemeten, wat een indicatie is voor mitochondriële dysfuctie in 
deze patiënt. 
In hoofdstuk 8 hebben we bevindingen van onze studies, beschreven in de 
voorgaande hoofdstukken, bediscussieerd en geïntegreerd in de huidige 
literatuur. 

Conclusies

Zowel obesitas als lipodystrofie gaat gepaard met complicaties zoals insuline-
ongevoeligheid, type II diabetes en verhoogde bloeddruk, wat aangeeft dat 
vetweefsel een essentiële rol speelt in het handhaven van een gezonde stofwisseling 
in het lichaam. Een belangrijke regulator in vetceldifferentiatie en -functie is PPARγ, 
zoals is gebleken uit natuurlijke mutaties in PPARγ en de identificatie van PPARγ 
als het moleculaire target van de insuline-sensitizerende TZDs. In de afgelopen 
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10 jaar hebben vele studies ertoe bijgedragen dat onze kennis betreffende de rol 
van PPARγ in adipocyt-biologie sterk is toegenomen. Omdat het aantal mensen 
met overgewicht en obesitas nog steeds flink toeneemt en dit gepaard gaat met 
insuline-ongevoeligheid, is veel onderzoek gericht op het ontwikkelen van nieuwe 
medicijnen die de insuline-gevoeligheid verbeteren. De TZDs waren veelbelovende 
insuline-sensitizers, maar sommige zijn al weer uit de handel genomen vanwege 
ongewenste bijwerkingen. Daarom is het huidige onderzoek gericht op de 
ontwikkeling van zogenaamde SPARMs (specifieke PPARγ modulators), welke 
mogelijk alleen leiden tot de gunstige effecten. Om dit te kunnen realiseren is het 
belangrijk dat we goed begrijpen hoe specifieke liganden de functie van PPARγ 
beïnvloeden. 
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