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Summary 

Summary 
Excess bodyweight are one of the major global health problems in the world 

today. In recent years, genetics are demonstrated to play an important role in 

the development of excess bodyweight, which has led to a massive increase in 

obesity research. However, the identification and understanding of a large 

number of factors involved in the development of excess bodyweight are still to 

be elucidated.  

 

Fat is stored in intracellular lipid droplets (LDs), coated with LD associated 

proteins. The PAT [Perilipin, Adipose differentiation-related protein (ADFP), 

and Tail interacting protein of 47 kDa (TIP47)] protein family consists of five 

evolutionary conserved proteins in mammals, which bind to and coat LDs. The 

PAT proteins are likely to share the same biological functions; regulation of 

lipolysis, LD movement, LD fusion, and LD stability.  

 

Earlier work in the research group has demonstrated that the majority of the 

PAT genes are regulated by members of the peroxisomal proliferator-activated 

receptor (PPAR) family. PPARs are nuclear receptors (NRs) crucial for whole 

body lipid homeostasis, and all PPAR isoforms heterodimerize with retinoid X 

receptors (RXRs) upon DNA binding. PPARα is important in fatty acid (FA) 

oxidation in liver, muscle and heart tissue, as well as mediating the fasting 

response. PPARβ/δ has important functions in FA oxidation, and energy 

uncoupling in muscle and adipose tissue, while PPARγ is a master regulator of 

fat storage. Perilipin and S3-12 are regulated by PPARγ in adipocytes. ADFP 

and lipid storage droplet protein 5 (LSDP5) are induced by PPARα in several 

tissues, and ADFP is induced by PPARβ/δ. 

 

In this study, two mouse muscle cell lines were established, to elucidate 

transcriptional regulation of PPARα on S3-12 mRNA expression in muscle. By 

over-expression or activation of PPARα, evidence is provided, to establish S3-
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12 as a novel target gene for the PPARα/RXR heterodimer in mouse muscle 

cells. In addition, we demonstrate PPARα to induce LSDP5 and ADFP mRNA 

in muscle cells. FAs (probably acting as physiological PPAR ligands), were 

shown to induce S3-12, LSDP5 and ADFP mRNA stronger than a synthetic 

PPARα activator, indicating another PPAR to be more relevant in muscle cells. 

Hence, we analyzed the potency of other PPARs in muscle cells, and found 

that PPARβ/δ induce PAT genes much stronger than PPARα and PPARγ. 

Thus, the presented data indicate S3-12 to be a novel PPARα target gene, but 

PPARβ/δ to be a more important PPAR in PAT gene regulation in mouse 

muscle cells. However, future in vivo and vitro studies involving PPARs and 

PAT genes are required, before any conclusions can be made.  
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Introduction 

1. Introduction 
The concept of fat, a single word that melds nutrition, diet, body image, 

obesity, disease, physiology and energy metabolism is simple to grasp, but 

hard to conquer (1). While enough food is crucial, excess results in weight 

gain, and is considered a health risk as defined by the World Health 

Organization (2). Previously considered as a problem only in high income 

countries, the prevalence of overweight and obesity now rise dramatically in 

low- and middle-income countries, particularly in urban areas (2). Overweight 

and obesity are major contributors to the metabolic syndrome (previously 

known as Syndrome X), one of our society’s most serious threats to public 

health. The metabolic syndrome is associated with increased risk of 

development of a number of chronic diseases including diabetes, 

cardiovascular disease and cancer.  

 

Several metabolic pathways are involved in human physiological and 

nutritional status. Early human twin studies, and the discovery of naturally 

obese mice with mutations in the ob or db loci have demonstrated a role of 

genetics in the regulation of food intake, and thus body weight (3-5). Although 

this knowledge has led to a massive increase in obesity research, the 

identification and understanding of a large number of factors involved in the 

connection between health and disease are still to be elucidated.  

 

Nutritional genomics, or nutrigenomics, is the study of how foods affect the 

expression of genetic information in an individual. And how an individuals 

genetic pool affects the metabolism and response to nutrients and other 

bioactive components in food (6). As such, nutrigenomics can provide a 

framework for development of novel foods and drugs that promote genotype 

dependent beneficiary effects, and may decrease development of e.g. the 

metabolic syndrome and associated diseases. To translate knowledge from 
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Introduction  

the human genome, and tailor it into therapeutic leads, intimate understanding 

of fundamental regulatory mechanisms is required.  

1.1 The basic transcriptional machinery 

This section is refereed from (7) unless otherwise stated. Life (as we know it) 

depends on compact and stable storage of genetic information. In eukaryotes 

and prokaryotes this genetic information is stored as deoxyribonucleic acid 

(DNA) molecules. All animals, plants and fungi are eukaryots, which differ from 

prokaryots (mainly bacteria) in having a distinct nucleus containing the 

genome. The three-dimensional structure of DNA was published by two 

groups in 1953 (8;9). James D. Watson and Francis Crick (which received 

most of the recognition) never admitted seeing the X-ray pictures of DNA 

taken by Rosalind Franklin “The Dark lady of DNA”, which allegedly lead to 

their idea of the helix structure.  

 

A molecule of DNA is composed of two complementary polynucleotide strands 

held together by hydrogen bonds, between Adenine-Thymine and Guanine-

Cytosine base pairs (bp). These two strands are twisted into a three-

dimensional double helix, and bound in an anti-parallel fashion. A 

polynucleotide has a sugar with a free 5’-phosphate in one end, and a sugar 

with a free 3’-OH in the other end. When DNA is read, positive direction is 

defined as read in 5’ → 3’ direction.  

 

Francis Crick also proposed what has been known as the central dogma of 

molecular biology, which proclaim genetic information in all biological systems 

to follow the pattern of DNA → RNA → Protein. The central dogma involves 

DNA replication, gene transcription and messenger RNA (mRNA) translation. 

Today we know that DNA can be made from RNA by reverse transcription, 

and RNA → RNA by some virus, but the main genetic flow still follow the 

central dogma.  
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Introduction 

A gene is classically viewed as a DNA sequence coding for a protein. 

However, DNA sequences coding other types of RNA are genes as well. Thus, 

the old view of a gene has to be expanded. A more idiomatic definition of a 

gene could be: “A hereditary unit consisting of a sequence of DNA that 

occupies a specific location on a chromosome, and determines a particular 

characteristic in an organism (10)”. Most eukaryotic genes have coding 

sequences (exons) interrupted by non-coding sequences (introns). 

 

Gene transcription, the synthesis of RNA with DNA as template runs in the 5’ 

→ 3’ direction. Gene transcription is catalyzed by RNA polymerase I, II or III 

within the cell nucleus of eukaryotes. These polymerases exhibit similar 

structure and function, but transcribe different types of genes. RNA 

polymerase I and III transcribe mainly genes encoding ribosomal and transfer 

RNA respectively, in addition to various small RNAs. RNA polymerase II 

transcribes genes encoding mRNAs encoding proteins. Gene transcription is 

divided into three phases: initiation, elongation and termination.  

 

Transcription initiation is a complex process in eukaryotes, because the RNA 

polymerases do not recognize their promoter binding sequences directly, as in 

prokaryotes. A gene promoter is a regulatory region of DNA located upstream 

of the target gene. The promoter contains the core promoter (binds the 

transcription initiation complex), and a more distal DNA sequence of several 

hundred bp. Transcription factors (TFs) mediate RNA polymerase binding to 

DNA, and depending on their nature either stimulate or repress gene 

expression. TFs detect sequence specific sites on the gene promoter, often 

called response elements (REs, also known as hormone response-, cis-, 

enhancer-, or silencer elements). Activators and repressors are other 

regulatory proteins that modulate promoter activity. An activator binds to an 

enhancer element increasing promoter activity, while a repressor binds to 

silencer elements suppressing promoter activity. The enhancer and silencer 

elements may be located several thousand bp distal to the transcription start 
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Introduction  

site (TSS, figure 1.1.1). The core promoter includes DNA elements that can 

extend about 35 bp upstream (-35) and, or downstream of the TSS (11). Most 

core promoters contain a TATA box (~ -31 to -26 bp), serving as a binding site 

for TATA-binding protein (TBP, a subunit of TFIID), and an initiator element, 

located upstream of the TSS. Both elements work in synergy, and enhance 

transcription when separated by 25-30 bp. Deletion of either reduces 

transcriptional activity (11). The sequence 5’-TATATAAG-3’ has been 

identified as the optimal recognition site for TBP. Nevertheless, a wide variety 

of other A/T rich sequences can also function as TATA boxes, and may 

interact with TBP (12). The core promoter binds a number of general TFs, 

TFIIA, -B, -D, -F and –H, often called TBP-associated factors (TAFs). 

 
Figure 1.1.1: A model of a gene promoter with its different transcriptional regulatory 
domains. See text for details. DPE; downstream promoter element. Modified from (13). 

 

RNA polymerase II initiates transcription of the gene when all factors are 

bound. The complex regulation of gene transcription depicts the importance of 

it, and permits a very detailed control of gene expression.  

 

Elongation is the process of translating the DNA code into a pre-mRNA 

transcript. RNA polymerase II moves along the DNA-template strand, and 

creates an exact RNA copy with two exceptions; thymines are replaced with 

uracils (a thymine short of one methyl group), and deoxyribose is replaced with 

ribose (one extra oxygen atom). A capping enzyme complex is bound to RNA 

polymerase II, which caps the 5’-end of the new transcript.  
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Termination is initiated when RNA polymerase II advances over an 

adenylation signal sequence (AAUAAA). The transcript is cleaved ~35 

nucleotides downstream of the AAUAAA sequence, and polyadenylation (the 

covalent linkage of a poly-(A)-tail) occur. A polyadenylate polymerase writes 

an A-tail of ~200 nucleotides, and a pre-mRNA transcript is made. 

Polyadenylation and the 5’-cap increases mRNA stability, and is important for 

mRNA export from nucleus to cytosol. Gene transcription is completed when 

introns are spliced out of the pre-mRNA transcript, with matured mRNA as the 

product. Alternative splicing of pre-mRNA enables one gene to possibly result 

in several different mRNA. Genome-wide analyses indicate at least  

74% of all human genes to be alternatively spliced (14).  

1.2 Nuclear receptors 

NRs (also known as nuclear hormone receptors) are a group of ligand 

activated intracellular TFs, that regulate expression of target genes affecting 

processes as diverse as reproduction, development and general metabolism 

(15). The NRs are part of a NR superfamily describing an evolutionary 

conserved group of TFs, which share common structural features [figure 1.2.1 

A, (16)]. With few exceptions, the NRs have; An N-terminal region with a 

ligand-independent transcriptional activation function-1; a core DNA-binding 

domain with two highly conserved zinc finger motifs that target the NR to REs; 

a hinge region that permits protein flexibility to allow simultaneous receptor 

dimerization and DNA binding; and a large C-terminal region that 

encompasses the ligand-binding domain, a dimerization interface, and a ligand 

dependent activation domain (17).  

 

In humans, 49 different members of the NR superfamily are identified, with 

FXRβ being a non-functional pseudogene (18). In rodents, FXRβ is a 

functional NR (19). The NRs can be divided into endocrine receptors, adopted 

orphan receptors, and orphan receptors, depending on their function and type 

of ligand (figure 1.2.1 B).  
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Figure 1.2.1: The nuclear receptor (NR) superfamily. A: Schematic structure of NRs. B: 
Classification of NRs according to physiological properties, source, and type of ligand. 
See text for details. Modified from (17). 

 

The classic endocrine receptors bind ligands with high affinity, and mediate 

actions of e.g. steroid hormones and fat soluble vitamins A and D (20). This 

subgroup is divided into the steroid NRs (figure 1.2.1 B, blue box), and 

receptors for thyroid (TR), retinoic acid (RAR), vitamin D (VDR) and ecdysone 

(EcR, figure 1.2.1 B, purple box). They bind to DNA as dimers; the steroid 

receptors mainly as homodimers, while the rest heterodimerize with RXR. The 

steroid hormone receptors include estrogen (ER), progesterone (PR), 

androgen (AR), glucocorticoid (GR) and mineralocorticoid (MR) receptors. 

Their ligands are synthesized exclusively from endogenous endocrine sources 

regulated by a negative-feedback control of the hypothalamic-pituitary axis 

[reviewed in (17)].  

 

Orphan receptors are NRs without identified ligands (figure 1.2.1 B, black box). 

Adopted orphan receptors (figure 1.2.1 B, red box) are NRs whose ligands, 
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target genes and physiological functions were initially unknown (21). In 

general, the adopted orphan receptors heterodimerize with RXR, and bind 

nutrients such as dietary lipids at physiological concentrations. The adopted 

orphan receptors are important for maintaining lipid homeostasis, through 

transcriptional control of genes involved in lipid metabolism, storage, transport 

and elimination. Members of this group include receptors for FAs; PPARs, 

oxysterols; liver X receptors ( LXR), bile acids; farnesoid X receptor (FXR), 

and xenobiotics; [steroid xenobiotic receptor/pregnane X receptor (SXR/PXR) 

and constitutive androstane receptor (CAR), (17)].  

 

NRs binds to REs consisting of one or two consensus core half site sequences 

in the promoter, or enhancer region of their target genes. The orientation of the 

two consensus half sites defines the specificity for a certain NR. Steroid 

receptors recognize a 5’-TGTTCT-3’, other NRs recognize a 5’-AGGTCA-3’ 

motif (21). Each NR binds specific REs, either as a monomer, a homodimer or 

as a heterodimer with another NR. Dimeric NRs bind to REs consisting of 

DRs, inverted- (IRs) or everted repeats (ERs) of the six nucleotide half site 

sequences (figure 1.2.2).  

 

 
Figure 1.2.2: NRs bind DRs, IRs, or ERs. The N resembles the 1-5 random nucleotides 
that space the two half site sequences.  
 

It is important to note that a number of other proteins, i.e. different coactivators 

and corepressors bind to NRs, and are required for transcriptional regulation of 

NRs. In general, corepressors [e.g. silencing mediator for RARs and TRs 

(SMRT) and nuclear receptor corepressor (N-CoR)] bind to ligand free NRs. 

When ligands bind, corepressors dissociate from NRs, and are exchanged 

with coactivators [e.g. PPARγ coactivator-1α (PGC-1α) and estrogen related 

receptor-α (ERRα)] as schemed in figure 1.2.3 (22). 
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1.2.1 Retinoid X Receptors 

Cloning of the RXR family resulted in a fundamental change in the 

understanding of NR biology. The RXRs can form stable transcriptionally 

active homodimers on DR-1 elements (23;24), but the discovery that several 

NRs bound REs in a heterodimeric complex with RXRs (25), changed the 

classical view of cloned orphan receptors [reviewed in (22)]. The RXR family 

consists of three members; RXRβ was cloned first (26), with RXRα (27) and 

RXRγ (28) cloned subsequently. Ablation of RXRα in mice is embryonic lethal 

(29;30), whereas RXRβ knockout mice have abnormal spermatogenesis (31), 

and RXRγ null mice appear normal (32). The retinoid hormone 9-cis retinoic 

acid is a high-affinity RXR ligand (33). Polyunsaturated FAs (PUFAs) are 

proposed as natural RXR ligands (34).  

1.2.2 Peroxisome Proliferator-Activated Receptors 

PPARα, the first identified PPAR, was termed peroxisome proliferator-

activated receptor because of its ability to bind chemicals known to induce 

peroxisome proliferation (35). Peroxisomes and mitochondria are the sites of 

FA oxidation in eukaryotic cells. Peroxisome proliferation, and the subsequent 

possibility to develop hepatomegaly and carcinogenesis in rodents, are 

PPARα effects fortunately not observed in humans (35). Two additional 

PPARs known as PPARβ/δ and PPARγ were identified shortly thereafter 

(36;37). PPARs heterodimerize with RXR, and bind to PPAR response 

elements (PPREs, figure 1.2.3). The PPREs contain a DR-1 element. 

However, some in vitro reports suggest alternative binding of PPARs to DR-2 

(38;39), or IR-2 elements (40). PPARs can be activated by derivatives of FAs, 

prostaglandins or leukotrienes (41).  

 

The PPAR isoforms have distinct tissue distribution and each PPAR carry out 

unique functions in the regulation of energy metabolism (figure 1.2.4). PPARα 

is expressed predominantly in liver, and to a lesser extent in kidney, heart, 

skeletal muscle and brown adipose tissue (BAT). PPARβ/δ is ubiquitously 
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expressed, but at low levels in liver. PPARγ is predominantly expressed in 

white adipose tissue (WAT), but also in heart, skeletal muscle, colon, intestine, 

kidney, pancreas, spleen and BAT (42;43).  

 
Figure 1.2.3: PPAR activation. Transactivation involves heterodimerization of liganded 
PPARs and RXRs, which alters gene transcription by binding to specific PPREs in the 
promoter region of target genes. Modified from (44). 

 

PPARα 

PPARα has a crucial role in controlling FAs in liver and muscle (45). PPARα 

mRNA is induced by FAs released during fasting (46). During fasting, the body 

undergoes large hormonal changes. It changes from being in an anabolic state 

postprandially, to a catabolic state when deprived of food. While catabolic, the 

lipolytic response initiates degradation of stored triglycerides (TGs). Then free 

FAs are transported to FA-oxidizing tissue undergoing oxidization to yield 

energy. Activation of PPARα by fasting promotes hepatic FA oxidation, to 

generate ketone bodies which work as an energy source for peripheral tissues. 

Fasting PPARα null mice are unable to meet energy demands, and suffer from 

hypoglycaemia, hyperlipidemia, hypoketonemia and fatty liver, which indicate 
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a pivotal role by PPARα during fasting (46). In various mice models, PPARα 

agonists lower plasma TGs, reduce adiposity and improve hepatic and muscle 

steatosis, which together improve insulin sensitivity (47-49). PPARα-selective 

agonists such as fibrates, are widely used in the US to treat 

hypertriglyceridemia in patients, often in conjunction with PPARγ agonists.  

  
PPARβ/δ 

Although less studied than the other PPARs, PPARβ/δ is shown to enhance 

FA catabolism and energy uncoupling in WAT, BAT and skeletal muscle, as 

well as suppressing macrophage-derived inflammation [reviewed in (50)]. 

PPARβ/δ is also believed to influence glucose metabolism and insulin 

sensitivity (51). Long-term treatment with a synthetic PPARβ/δ ligand make 

mice resistant to high-fat diet induced or genetically predisposed (leptin 

deficient) obesity (52). In parallel, PPARβ/δ deficient mice challenged with a 

high-fat diet show reduced energy uncoupling, and are prone to obesity (52). 

The thermogenic functions of PPARβ/δ and PGC-1α are similar (53;54). 

PPARβ/δ strongly associates with PGC-1α in cultured cells and tissue (52), 

which suggests many of the metabolic effects of PGC-1α is mediated through 

PPARβ/δ. The combined functions of PPARβ/δ make it a therapeutic target for 

the metabolic syndrome and its associated diseases. 

 

PPARγ 

PPARγ is a master regulator in the formation of adipocytes, and their ability to 

function normally in adults (55). PPARγ is induced during adipocyte 

differentiation, and forced expression of PPARγ in non-adipogenic fibroblast 

cells effectively converts them into mature adipocytes (56). PPARγ knockout 

mice fail to develop adipose tissue (57-59). Humans with dominant-negative 

mutations in a single PPARG allele have partial lipodystrophy, and develop 

insulin resistance (60-62). Despite very low levels of PPARγ in muscle, it is 

important for maintenance of normal adiposity and whole-body insulin 
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sensitivity (63;64). Thiazolidinediones are potent PPARγ agonists, and are 

widely used as anti-diabetic drugs. 

 
Figure 1.2.4: Metabolic integration by PPARs. The PPARs regulate lipid and glucose 
homeostasis through their coordinated activities in liver, muscle and adipose tissue. 
Adopted from (1). 
 

1.3 Lipid droplets 

Nearly all organisms, animals (65), plants (65;66), yeast (67), insects (68) and 

bacteria (65) have the ability to package neutral lipids in intracellular 

cytoplasmic LDs [also known as lipid storage droplets (LSDs), lipid bodies, oil 

bodies and adiposomes (65;69)]. Almost all animal cells are able to package 

and store neutral lipids such as TGs and cholesteryl esters (CE) in LDs (70). 

Some cells are able to store small amounts of cholesterol, free FAs, 

phospholipids (PLs) and retinol esters in LDs, in addition to the more abundant 

TGs and CEs (70). In most cells, lipids are stored in relatively small LDs (<1 

µM diameter) both as an energy source, and a source of cholesterol for 

membrane biogenesis and repair (71;72). In contrast, TG-rich LDs in 

adipocytes can exceed 50 µM diameter (72), which hold our major energy 

depot in the form of esterified FAs. After lipolysis, these FAs are mobilized to 

skeletal muscle and other metabolic tissues for degradation through β-
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oxidation, to support ATP production (71). In addition, the lipolysis of adipocyte 

TGs releases glycerol that is metabolized by either gluconeogenesis or 

glycolysis after transport to the liver (71). 

 

LDs are enclosed by a limiting hydrophobic PL monolayer into which proteins 

are embedded (figure 1.3.1, lower right corner). Although LDs contain only 1-

2% PLs by weight, the PLs stabilize the LD, and serve as an interface with 

other cellular compartments (70). These PLs are important as binding sites for 

LD associated proteins. More than 160 PL species are detected in isolated 

LDs, with phosphatidylcholine and phosphatidylethanolamine as the most 

abundant (70). 

1.3.1 Lipid droplet formation  

The prevailing hypothesis of LD biogenesis proposes neutral lipids to 

accumulate in a lens-like pool between the lumental and the cytoplasmic 

leaflets of the ER membrane, from where they are budded off. The neutral 

lipids are enclosed by a protein-bearing PL monolayer, originating from the 

cytoplasmic leaflet of the ER membrane [figure 1.3.1, (71)]. This is indicated 

by experiments using freeze-fracture electron microscopy (73-75). 

Esterification of cholesterol by enzymes residing in the ER (acyl-CoA 

cholesterol acyltransferase 1 & 2) limits cholesterol solubility in the cell 

membrane, and promotes accumulation of CEs in LDs (76;77). This is 

important to avoid toxic accumulation of free cholesterol in various cell 

membrane fractions. 

1.3.2 Lipid droplet degradation 

For the past 30 years, it has been widely accepted that hormone-sensitive 

lipase (HSL) was the principal lipase for degradation of LDs in adipocytes. 

However, in 2004 a novel TG lipase was characterized by three independent 

laboratories (78-81). Commonly referred to as adipose TG lipase (ATGL), this 

lipase is predominantly expressed in adipose tissue, with lower amounts found 

in the testis, cardiac muscle and skeletal muscle (78;80). Considering ATGL 
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expression not unique to adipose tissue, a more general name like TG lipase 

could be more appropriate. 

 
Figure 1.3.1: A hypothesized model of LD formation. See text for details. Different PAT 
proteins bind to the LD membrane. Modified from (69). 
 

ATGL exhibits high substrate specificity for the hydrolysis of TG (78;79), 

whereas HSL is the rate-limiting enzyme of DG and CE catabolism (82-84). 

Thus, ATGL and HSL possess different substrate specificities, and the 

hydrolysis of monoglycerides (MGs) are preferably performed by 

monoglyceride lipase [MGL, figure 1.3.2, (83)]. 

 
Figure 1.3.2: A simplified model for TG and CE degradation in LDs. See text for details. 
Figure by Knut Tomas Dalen.  
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1.4 Lipid Droplet Associated Proteins 

Several independent studies have identified a large number of proteins as 

components of LDs (85-88), suggesting that LDs should be viewed as a 

dynamic and active compartment, not just a globule of fat. The total number of 

detected proteins is 125 (as of June 3rd, 2008). However, a large number of 

these proteins are abundant in the ER, and may be contaminants from ER in 

the analyzed LD fraction. Far from all proteins are experimentally verified to 

associate on the LD surface.  

1.4.1 The PAT proteins  

The PAT protein family consist of the most studied and abundant proteins on 

the surface of LDs. Perilipin (73;89-91) and mouse ADFP [also known as 

ADRP, adipophilin in humans, (92)] were the first PAT proteins experimentally 

demonstrated to associate with the LD surface. The remaining members of the 

PAT protein family were subsequently confirmed to associate with the LD 

surface; TIP47 (93), S3-12 (94) and LSDP5 [(95), also called, OXPAT/PAT-1 

(96;97) or Myocardial Lipid Droplet Protein, MLDP (98)]. A new and more 

consistent nomenclature for the PAT proteins is in progress, with probable 

notations being PLIN1-5 according to perilipin, ADFP, TIP47, S3-12 and 

LSDP5 respectively (99). The current notations are used in this thesis. 

 

Sequence homology between the PAT proteins 

Perilipin, ADFP, TIP47 and LSDP5 share high sequence identity within an N-

terminal motif termed PAT1 (figure 1.4.1, green). Furthermore, all PAT 

proteins share amphipathic 11-mer helical repeats (figure 1.4.1, yellow). These 

repeats are found in other lipid binding proteins, such as synucleins, 

apolipoproteins, phosphate cytidyltransferases and dehydrins (100). The 

crystal structure of the C-terminal part of TIP47 folds into four helix bundles 

(101), a feature possibly shared with ADFP and LSDP5 (figure 1.4.1, blue). 

The C-termini of all proteins except perilipin A, contain a highly conserved 

sequence that folds into a hydrophobic cleft [figure 1.4.1, red, (72;101;102)]. 
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The PAT proteins are found in such diverse species as dictyostelium 

discoideum [amoeba, (103)] and drosophila melanogaster  [fruit fly, (103;104)] 

as LSD1, and LSD1 and 2 respectively. The high level of sequence homology 

and conservation between species, indicate the PAT proteins to derive from a 

common ancestor (96;103), as well as being important for LD-biology in many 

species. 

 
Figure 1.4.1: Schematic diagram of the structural features of PAT proteins. Mouse 
sequences are depicted. See text for details. Modified from (71). 

 

PAT protein binding to LDs 

The 11-mer repeats shared by all PAT proteins are predicted to form 

amphipathic helices with three helical turns per repeat (100). A similar 

sequence of seven 11-mer repeats found in α-synuclein, folds into amphipathic 

helices that mediate α-synuclein association with lipid vesicles and detergent 

micelles (100;105). Deletions in the 11-mer repeats reduced targeting of 

LSDP5 (98), but not TIP47 (106) or perilipin (107) to LDs. Similar experiments 

in ADFP provide ambiguous results (108-110). Based on analysis of other PAT 

proteins, the extensive number of 11-mer repeats in S3-12 is likely to dictate 

binding to LDs. The four helix bundles of TIP47 are structurally similar to an 

amphipathic, lipid binding 4-helix bundle in the N-terminal of apolipoprotein E 

(apoE), an exchangeable apolipoprotein. This lipid binding domain allows 
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apoE to coat the lipoprotein surface in TG-rich lipoproteins, and to be released 

when TG is hydrolyzed (111). The similarity with apoE may indicate the 4-helix 

bundle sequences to be important in TIP47, as well as ADFP, S3-12 and 

LSDP5 binding to LDs (112). 

 

PAT protein function 

Table 1.4.1 lists the experimentally hypothesized functions of the PAT 

proteins, and their tissue distribution. It must be stressed that a large number 

of functional studies on the PAT proteins are biased by inadequate 

experimental design (Knut Tomas Dalen). The PAT proteins are likely to share 

all (or most), of the following biological functions: I) Regulation of lipolysis II) 

Movement of LDs along tubuli (113) III) LD fusion (114) and IV) Stabilization of 

the LD surface. 
Table 1.4.1: PAT protein expression and experimentally hypothesized functions.  

Protein Expression Hypothesized function 

Adipophilin/ADFP Ubiquitously, with tissue specific 
enrichment 

LD synthesis, -coating, -fusion 
FA transport, lipolytic barrier 

LSDP5 Heart, muscle, liver Lipolytic barrier 
Perilipin Adipose, steroidogenic LD coating, lipolytic regulator 
S3-12 WAT, skeletal muscle, heart, brain LD coating, FA transport / TG 

synthesis 
TIP47 Ubiquitously, enriched in placenta 

and muscle 
LD coating, weak lipolytic barrier 

1.4.2 Perilipin 

Perilipin expression is highest in adipose tissue (90;91;115;116), with lower 

levels in steroidogenic cells of the adrenal cortex, testes and ovaries (117). 

Mice exhibit three isoforms of perilipin that arise from translation of 

alternatively spliced mRNA, perilipin A, B and C respectively (91;96). A fourth 

transcript, perilipin D is described (96). It is suggested that perilipin D is 

translated into a protein, but this is not experimentally demonstrated. The 

perilipin isoforms have a tissue-specific distribution, with perilipin A and B 

expressed in both adipose and steroidogenic cells, and perilipin C (and D) 

present in only steroidogenic cells (96). Perilipin A is the most abundant and 

studied isoform in adipocytes (90;91).  
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A unique feature of perilipin compared to the other PAT proteins, is the 

multiple consensus sequences for phosphorylation of serine residues by 

cAMP-dependent protein kinase (protein kinase A, PKA, figure 1.4.1, black). 

Human (118), chimpanzee and canine perilipin A include five potential 

phosphorylation sites, whereas rat and mouse has six (91;96). Non-

phosphorylated perilipin is suggested to restrict access of cytosolic lipases to 

stored TGs in LDs [figure 1.4.2, (119)].  

 
Figure 1.4.2: A schematic drawing of perilipins effect on lipolysis. PKA activates 
lipolysis by phosphorylating HSL and perilipin. Insulin inhibits lipolysis by 
dephosphorylating HSL and perilipin (120). See text for details. Figure by Knut Tomas 
Dalen. 

 

Stimulation of catecholamines activates the lipolytic response in adipocytes 

through the increased activity of PKA. PKA phosphorylates both HSL and 

perilipin. Phosphorylated perilipin facilitates HSL translocation to LDs, thereby 
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promoting lipolysis (121-123). Phosphorylated perilipin A also regulates ATGL-

dependent lipolysis (124) in a process catalyzed by α/β hydrolase fold domain 

5 [ABHD5, also known as CGI-58 (125)]. ABHD5 is localized to LDs through a 

direct interaction with perilipin A (88;125;126), and is a co-activator of ATGL 

(127). ABHD5 is highly expressed in adipose tissue and testes (tissues that 

express perilipin), and at lower levels in liver, skin, kidney and heart (125). 

Studies of perilipin null mice support perilipin as a major regulator of lipolysis. 

Perilipin null mice are lean with increased basal metabolic rate and lipolysis 

(115;116). The regulatory effect of perilipin is supported by the identification of 

perilipin as a direct PPARγ target gene, as the expression of perilipin is tightly 

correlated with the activation of PPARγ in adipocytes (102).  

1.4.3 Adipose Differentiation-Related Protein 

ADFP was first identified in a search for genes with increased expression 

during adipocyte differentiation, and thus termed adipose differentiation-related 

protein (128). ADFP is associated with ER membranes (74) and it coats 

nascent LDs (129). Subsequently with the discovery, it was demonstrated that 

ADFP is ubiquitously expressed, and associated with intracellular LDs in all 

types of cells examined (92).  

 

ADFP is suggested to hold a role in facilitating FA uptake and LD synthesis 

(130-133), as well as reducing TG turnover (134). ADFP appears to be 

displaced by perilipin during adipocyte differentiation (128). When perilipin is 

absent, ADFP replaces perilipin on the LD surface, but it cannot replace 

perilipins inhibitory effect on basal and catecholamine-induced lipolysis (116). 

This indicates ADFP to be a weak barrier against lipolysis compared to 

perilipin. ADFP null mice appear normal, exhibiting normal weight and fat 

mass (135). The ADFP null mice showed a reduction in hepatic TG content, 

and protection from diet-induced fatty liver when fed a high fat diet (135). 

Nevertheless, the ADFP knockout is recently suggested not genuine, which 

might explain the small changes exhibited (136). ADFP expression is induced 
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by PPARα activators in liver, and by fasting [even in PPARα null mice (137)]. 

In addition, PUFAs induce ADFP expression (137-139).  

1.4.4 Tail interacting protein of 47 kDa 

TIP-47 was first believed to be a cargo protein involved in the trafficking of 

mannose 6-phosphate receptor, thus TIP-47’s acronym mannose 6-phosphate 

receptor binding protein 1 [m6prbp1, (140)]. TIP47 coats nascent LDs, and is 

ubiquitously expressed with tissue specific enrichment in muscle and placenta 

(93;102;129). TIP47 exists both bound to LDs and in soluble form, a 

characteristic not shared by perilipin and ADFP, which are rapidly degraded 

when not bound to LDs (103). TIP47 replaces and functionally compensates 

ADFP in an ADFP null cell line (141). In ADFP null cells treated with TIP47 

siRNA, the ability to form LDs and lipolysis were decreased (141). 

1.4.5 S3-12 

S3-12 were initially identified as plasma membrane proteins, with at least 29 

tandem repeats of a 33 amino acid sequence with high similarity to ADFP 

(142). S3-12 is predominantly expressed in WAT, with lower levels of 

expression in skeletal muscle, heart and brain (94). S3-12 coat nascent LDs, 

and are proposed to be located both bound to LDs and in the cytosol (94). The 

S3-12 promoter is mapped, known to contain three PPREs [figure 1.4.3, 

(102)]. This indicate S3-12 to be tightly regulated by PPARs, and S3-12 

expression in adipocytes is likely highly dependent on PPARγ (102). 

 
Figure 1.4.3: Sequence identity in the human and mouse S3-12 promoter regions. TS, 
transcription start. Modified from supplemental figure 1 in (102). 
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1.4.6 Lipid Storage Droplet Protein 5 

LSDP5 was first identified by a sequence homology search, and termed PAT-1 

based on sequence similarity to the N-terminal PAT-1 domain common to the 

PAT proteins (96). The gene was later characterized by our group (95), as well 

as two other research groups (97;98). LSDP5 is expressed in cells that 

actively oxidize FAs; heart, muscle and liver, and to some degree in WAT (97). 

Fasting induces mRNA expression of LSDP5 in liver and to a lesser extent in  

heart (95). Protein levels of LSDP5 in fasting mice was highly increased in 

liver, and weakly induced in heart after 24 hours (h) of fasting (95). 

 

Little is known about the function of LSDP5, but the protein exhibit a similar 

role as perilipin, ADFP and TIP47 in its protection of stored lipids from 

degradation (95;141;143;144). In the presence of FAs, LSDP5 binds to the LD 

surface, a feature shared with the other PAT genes (95;97;98). Synthetic 

PPARα ligands induce LSDP5 expression in liver (strongest) and heart (less) 

(95). Like in ADFP, fasting induces LSDP5 expression independently of a 

functional PPARα gene in liver (95). Different from ADFP is the decrease in 

basal LSDP5 expression exhibited by the PPARα null mice (137). This indicate 

a functional PPARα gene to be important for basal expression of the LSDP5 

gene in liver and heart, in marked contrast to PPARα’s insignificant role for 

basal expression of ADFP.



Aims 

2. Aims 
Our group has previously demonstrated PPARs to be important in PAT gene 

regulation, and established that LSDP5 is a novel member of the PAT protein 

family. PPARγ has been shown to induce S3-12 in adipocytes, but PPAR 

regulation of S3-12 in skeletal muscle (where it is highly expressed), has not 

been investigated. Several preliminary studies in the group indicate that 

PPARα induces S3-12 mRNA expression, e.g. adipose mRNA levels of S3-12 

are reduced in PPARα null mice, and increased after feeding mice a PPAR-α 

activator (Dalen, K.T., personal communication). Thus, the main focus of this 

thesis was to elucidate the transcriptional regulation of S3-12 exhibited by 

PPARα in muscle cells.  

 

My aims were to:  

 

1. Elucidate PPARα regulation on S3-12 mRNA expression by:  

o Transcription assays in COS-1 cells. Expression plasmids containing 

PPARα and RXRα will be co-transfected with S3-12 reporter 

constructs. Cells will be stimulated with appropriate ligands, and S3-

12 reporter activity will be analyzed by luciferase measurements. 

o Establishing a mouse muscle cell line, and support the S3-12 

reporter data by repeating the experiment in these cells. 

o Stimulating muscle cells with PPARα ligand and transfect them with 

PPARα expression vectors. Analyze gene expression levels by 

quantitative real-time polymerase chain reaction (qRT-PCR). The 

other PAT genes expressed in skeletal muscle will be analyzed as 

well, to improve our knowledge in muscle cells.  

 

2. Elucidate S3-12 and other PAT gene regulation by physiological PPAR 

ligands (FAs) in muscle cells, by stimulating differentiated muscle cells with 

selected FAs, and analyze gene expression response by qRT-PCR. 

21 
 



Aims 

22 
 

 

3. Determine PPAR regulation on S3-12 and the other PAT genes, by 

stimulating differentiated muscle cells with PPARα, β/δ, and γ ligands, and 

quantify the response by qRT-PCR. 

 



Materials 

3. Materials 

3.1 Equipment and chemicals   Manufacturer 

2X Nucleic Acid Purification Lysis Solution  ABI 

ABI Prism® 96-Well Optical Reaction Plate  ABI 

ABI Prism® Optical Adhesive Cover   ABI 

Agarose (Calcium Carbonate)    Merck 

Aluminium Foil      Caterwrap™ 

Ampicillin       Sigma® 

LB-dishes       Heger AS 

Centrifugation tubes (200 ml)    NUNC™ 

Coulter Clenz cleaning agent    Beckman Coulter™ 

Culture plates, 12-, and 96-well   Falcon® 

Culture flasks, 25, 75, and 150 cm2   BD Falcon™ 

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma® 

EDTA        Sigma® 

Erlenmeyer flasks      Schott-Duran 

Eppendorf Tubes      Axygen Scientific 

Ethanol       Arcus 

Falcon tubes      Falcon 

Fetal Calf Serum      Gibco 

Sterile filtrate filter and bottle    Corning Inc. 

HEPES       Sigma® 

Horse Serum      Gibco 

Isopropanol       Arcus 

Isoton II        Beckman Coulter™ 

L-Glutamine       Sigma® 

Latex Gloves, SensiClean®    Ansell 

Lipofectamine™ 2000     Invitrogen 

MicroAmp™ 8-Cap Strip     ABI 

MultiSite Gateway cloning library   Invitrogen™ 
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Nucleic Acid Purification Elution Solution  ABI 

OptiMEM® I       Gibco 

P/S        Sigma® 

PBS, tablet (ordinary)     Gibco 

PBS, Magnesium and Calcium free   Sigma® 

PCR-water       Fluka 

pGL3-basic expression vector    Promega 

Pipette tray       Thermo Fischer Scientific 

pRL        Promega 

Pipettes       Eppendorf 

Pipette-tips, TipOne     STARLAB 

pSG5 expression vector     Stratagene 

RNA Purification Wash Solution 1   ABI 

RNA Purification Wash Solution 2   ABI 

Sodium Bicarbonate (NaHCO3)   Sigma® 

Sodium Pyruvate      Sigma® 

Tris        Sigma® 

Trypsin       Sigma® 

White 96-well microplates    PerkinElmer™ 

3.2 Instruments      Manufacturer 

6100 Nucleic Acid PrepStation    ABI 

7900HT Fast Real-Time PCR System  ABI 

Centrifuge, Biofuge Fresco    Heraeus Instruments 

Centrifuge, RC5B      Sorvall® 

Coulter Counter® Z1™     Beckman Coulter 

Freezer, -20oC      Electrolux 

Freezer, -80oC      Forma Scientific 

GeneAmp® PCR System 9700    ABI 

Ice-machine, AF80     Scotsman® 

Water-jacketed incubator    Forma Scientific 
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Micro-wave oven, Talent     Whirlpool 

MilliQ-synthesis      Millipore 

NanoDrop® ND-1000 Spectrophotometer  Saveen Werner AB 

Nikon DXM 1200 digital camera   Nikon 

Nikon Eclipse TS100 microscope   Nikon 

Orbital Incubator      Gallenkamp 

Pipeteboy Comfort     Integra Biosciences 

PhotoZoom™ Inverted Microscope   Cambridge Instruments 

Refrigerator       Electrolux 

Rocking platform, KS125basic    Kika Labortechnik 

Sonifier S-450D      Branson 

Synergy 2       BioTek 

Titertek Multiskan PLUS MKII    Titertek 

Ultra-Turrax       IKA 

Waterbath M12      LAUDA 

3.3 Kits       Manufacturer 

BC Assay: protein quantitation kit (#UP40840A) Interchim 

Dual Luciferase Reporer Assay ™   Promega 

High Capacity cDNA Transcription Kit  ABI 

MicroAmp™ Optical Adhesive Film Kit  ABI 

TaqMan® Universal PCR Master Mix (2X)  ABI  

JETSTAR 2.0 Plasmid Maxiprep kit / 20  Genomed 

3.4 Software and internet resources  Manufacturer 

Adobe Illustrator CS2     Adobe Inc. 

Adobe Photoshop CS2     Adobe Inc.  

ACT-1       Nikon 

Gen5        BioTek 

Microsoft Office 2003/2007    Microsoft® Incorporated 

Microsoft XP      Microsoft® Incorporated 

Paint        Microsoft® Incorporated 
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PubMed       National Library of Medicine 

Reference Manager 11     ISI ResearchSoft 

RQ Manager      ABI 

SDS Software 2.3      ABI 

SPSS 16       SPSS Incorporated 

3.5 Cell-lines      Manufacturer 

COS-1, Cercopithecus aethiops   ATCC #CRL-1650  

C2C12, mus musculus, mouse myoblast  ATCC #CRL-1772 

Sol8, mus musculus, mouse myoblast  ATCC #CRL-2174 

DH5α™ E.Coli competent cells   Invitrogen #18258-012 



Methods 

4. Methods 

4.1 Transformation 

Transformation is the introduction of foreign DNA into bacteria. In addition to 

its genomic DNA, bacteria can have one or several copies of a small circular 

DNA called plasmid DNA. In vivo, plasmid DNA is used to transfer DNA 

between bacteria, to ease adaptations toward different environments. We use 

this bacterial trait to introduce our desired DNA into a bacterial host. Inserted 

plasmid DNA replicates with the rest of the bacterial DNA. The inserted 

plasmid has an antibiotic resistance site to ensure selection of bacteria 

containing the DNA of interest (e.g. figure 4.4.1). 

 

Heath shock transformation of the DH5α E.coli-strand 

The DNA vector was diluted to a final concentration of 1-10 ng/µl. 30-50 µl of 

competent DH5α E.coli bacteria were thawed on wet-ice. After thawing, 2-50 

ng of DNA was added to the bacteria, which were incubated 30 minutes (min) 

on ice without being disturbed. After incubation, the bacteria were put on a 

42oC water bath for a 45 second (sec) heat shock, before quickly being put 

back on the ice for two min. The heat shock “opens” the bacterial membrane, 

so added plasmids can enter more freely. SOB medium (145) was added to a 

final volume of 500 µl, before samples were shaken for 60 min at 37oC. After 

shaking, the bacteria was spun down, and excess media removed until 

approximately 50 µl remained in each tube. The pellet (bacteria) was re-

suspended until homogenized, before plated on lysogeny broth (LB)-plates 

containing appropriate antibiotics (ampicillin). The LB-plates were incubated at 

37oC over night, and a single colony was selected for plasmid isolation. LB-

medium is a nutritionally rich medium primarily used for the growth of bacteria 

(145). LB-plates were prepared by adding 15 g agarose to 1 L LB-medium, 

boiling the solution for ~20 min in a microwave oven at low power, before 

cooling the LB-Agar solution to 50oC. Appropriate antibiotics were added, and 
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the solution was poured onto LB-plates (20-25 ml per plate) which polymerized 

over night at 37oC, or at room temperature over the weekend.  

4.2 Plasmid isolation 

After transformation of DNA into bacteria, the DNA needed to be amplified. A 

maxi prep was conducted using JETSTAR 2.0 Plasmid Maxiprep kit (Appendix 

A, protocol #1), with an expected yield of up to 500 µg plasmid DNA. 

 

Harvesting 

Harvesting of bacteria containing desired plasmids was performed by 

transferring one plasmid containing bacterial colony, into an Erlenmeyer flask 

containing 200 ml LB-medium. 100 µg ampicillin / ml LB-medium was added to 

make sure the bacteria were forced to copy the plasmid of choice, and to 

ensure no other bacteria present. The bacteria were incubated on a rocking 

platform (225 rpm) over night at 37oC. After incubation, the bacterial medium 

was transferred into 200 ml centrifugation tubes, and centrifuged at 6.000 g for 

5 min at 4oC. The supernatant was discarded.  

 

Column equilibration 

Columns were equilibrated by applying 30 ml solution E4 from the JETSTAR 

2.0 Plasmid Maxiprep kit. The column was emptied by gravity flow.  

 

Lysis of bacterial cells 

While the column equilibrated, the bacterial pellet was resuspended in 10 ml 

cold E1 solution (contains ribonucleases). 10 ml lysis solution (E2) was added, 

and the mix incubated 5 min at room temperature. 10 ml of solution E3 was 

added to the solution, before immediate mixing.  

 

Purification of plasmid DNA 

The solution was transferred to 50 ml centrifugation tubes, and centrifuged 10 

min at 15.000 g at room temperature. The waste pellet contained cell material 
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(cell walls, proteins etc.). The supernatant was applied to the pre-equilibrated 

columns, and entered by gravity flow. The columns were washed with 60 ml 

solution E5, and the DNA was eluted into new tubes by adding 15 ml solution 

E6. The DNA was precipitated by 0.7 volumes of isopropanol (10.5 ml) at room 

temperature, shaken and centrifuged 30 min at 15.000 g, 4oC. The 

supernatant was carefully removed. The plasmid pellet was then washed three 

times with 1 ml 70 % ethanol, and transferred to eppendorf tubes. After 

washing, the DNA pellet was air dried at room temperature before re-dissolved 

in ~400 µl double distilled MilliQ (MQ) water. 

4.3 Cell culturing 

Cell culturing is the concept of working with cell lines in a controlled sterile 

environment, without any external influences. Cell culturing has become an 

important tool in modern molecular biology research. 

4.3.1 Culturing of COS-1 cells 

COS-1 (ATCC, #CRL-1650) is a fibroblast like kidney cell-line, established 

from CV-1 Simian African green monkey (Cercopithecus aethiops) cells. COS-

1 is a widely used “empty” cell line, suitable for transfection. 

 

Culturing of frozen cells 

Cells frozen in liquid nitrogen was thawed, resuspended in 20 ml prewarmed 

(room temperature) growth media, and incubated at 37oC until cells were 

attached to the culture flask (~5-6 h, or until next day). 

  

Passage of cells (P-x) 

P-x is the number of passages the cell culture has been split. It is important to 

trypsinate and split the cells before they grow confluent. After removal of the 

culture medium, the cell-layer was washed with 2 ml (per 75 cm2 flask) trypsin 

to remove all the serum (inactivates trypsin). After washing, 3 ml fresh trypsin 

was added, and the cells incubated at 37oC for 1-2 min. Trypsin dissociates 

adherent cells from culture dishes. After incubation, a gentle knock on the 
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culture flask detached the cells, before 7 ml growth medium was added. The 

mix was transferred to a falcon tube and centrifuged at 1300 rpm for 3 min. 

After centrifugation, the supernatant was removed into a cup of 2 M NaOH for 

neutralization. The pellet was resuspended in 10 ml growth medium. In the 

end, the cells were split (at a ratio of 1:5 ~ 1:20) into new culture flasks. 

 

Preparing growth medium 

COS-1 growth medium was prepared by mixing 1 bottle (500 ml) Dulbecco’s 

Modified Eagle’s Medium (DMEM, #D6546) with 50 ml Fetal Calf Serum 

(FCS), 5 ml Penicillin / Streptomycin (P/S) and 5 ml L-Glutamine (L-Gln). 

4.3.2 Culturing of C2C12 and Sol8 cells 

Methods for culturing and differentiation of C2C12 (ATCC, #CRL-1772) and 

Sol8 (ATCC, #CRL-2174) cells were established in cooperation with Knut 

Tomas Dalen during this study. The C2C12 cell line is isolated from dystrophic 

mouse muscle (146;147). C2C12 cells differentiate rapidly, form contractile 

myotubes, and produce characteristic muscle proteins (146). The C2C12 cell 

line resembles fast twitch, “white” muscle cells. Sol8 is a myogenic cell line 

isolated by Daubas et al. (148) from primary cultures of the Musculus soleus 

muscle in a normal C3H mouse. Musculus soleus is an oxidative, “red” muscle 

containing slow twitch (type I) muscle fibers. Slow-twitch muscle fibers have 

more mitochondria compared to fast-twitch fibers, and rely on aerobic 

metabolism from oxygen stored in myoglobin. Slow-twitch muscles have a 

greater capillary to volume ratio, and are associated with endurance (149). 

Culturing and passage of C2C12 and Sol8 cells are equal to that of COS-1 

cells (section 4.1.1) except for the media used: 

 

Basal media 

1 container DMEM (Sigma®, #5648) with high glucose and L-Glutamine was 

solved in 970 ml MQ water. 20 ml sterile Stock mix was added and the solution 

sterile filtrated into 2 x 500 ml bottles before stored at 4oC until use. 
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Stock mix (50x) 

The following were mixed to generate 200 ml (50 x stock): 

 HEPES:  5.958 g/L * (200 ml / 20 ml/L)  = 59.58 g 

 NaHCO3:  1.5 g/L * (200 ml / 20 ml/L) = 15 g 

 Sodium pyruvate  0.11 g/L * (200 ml / 20 ml/L)  = 1.1 g 

The solutions were solved at 37oC and pH adjusted to 7.4. Then the solutions 

were sterile filtrated and aliquot in 10 ml tubes. 

 

Culture media 

200 ml Fetal Bovine Serum (Gibco #26140-079) was added to 1 liter basal 

media and supplemented with 10 ml P/S. 

 

Differentiation media was prepared by adding 2 % horse serum (Gibco 

#16050-122) and 1 % P/S to basal media. 

 

Differentiation of C2C12 and Sol8 cells 

C2C12 and Sol8 cells were seeded in 12-well culture plates at 2.87 * 104 cells 

per well (7500 cells/cm2), with a total volume of 1 ml culture media in each 

well. Muscle cells initiate differentiation while deprivated of serum. Thus, 

differentiation was initiated by changing media to differentiation media (when 

cells had grown to 60-70 % confluency). Differentiation media was changed 

every third day, and intervention was applied 24 h prior to harvesting of the 

cells. All experiments were conducted 3-6 passages after thawing. 

4.3.3 Counting of cells 

Cells were counted on a Coulter Counter® Z1™. First, the machine was set up 

to measure cells between 7 and 20 microns, and prepared by washing twice 

with 10 ml Isoton II. After cells was trypsinated and resuspended to a 

homogenized solution in 10 ml medium, 100 µl and 200 µl cells were pipetted 

into two beakers containing 10 ml Isoton II. The cell-solution was thoroughly 
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mixed before counted on the Coulter Counter® Z1™ machine. The number of 

cells was calculated as follows: 

100 µl cells = “count from machine” x 2 x 102 cells. 
200 µl cells = “count from machine” x 102 cells. 

The average was used to determine the cell concentration (cells/ml). After 

measuring, the machine was washed with Coulter Clenz Cleaning Agent.  

4.3.4 Depicting of cells 

Pictures of C2C12 and Sol8 cells were taken by a Nikon DXM200 digital 

camera mounted on a Nikon Eclipse TS100 microscope. The camera was 

operated by the ACT-1 software (Nikon). Pictures were taken at a 3840x3072 

resolution with max sensitivity. 10X and 20X objectives were used. 

4.4 Transfection 

Transfection is the introduction of foreign DNA into eukaryotic cells. Two major 

types of transfections are generally used. In transient transfections, 

recombinant DNA is introduced into a recipient cell line in order to obtain a 

temporary, but high level of expression of the target gene (145). Stable 

transfections are used to establish clonal cell lines, in which the transfected 

target gene is integrated into chromosomal DNA (145). In this thesis, cells 

were transient transfected using Lipofectamine™ 2000 (LF, Appendix A, 

protocol #2).  

 

The S3-12 reporter constructs are based on the pGL3-Basic vector, which 

lacks eukaryotic promoter and enhancer sequences. The pGL3-Basic vector 

has an ampicillin resistance site as a selection gene, and a Luciferase reporter 

coding sequence (figure 4.4.1 A). All reporter constructs used in this thesis 

have previously been described (102). The expression vectors used in COS-1 

cells were based on the eukaryotic expression vector pSG5 (Stratagene), 

which contain SV40 (a strong viral promoter), ampicillin resistance, and short 

multi-cloning sites (figure 4.4.1 B). 
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During this study, a MultiSite Gateway cloning library was established 

(Invitrogen, #12537-100) in the group, which is a uniform expression vector 

library. Future research in the group will be based on this library. Therefore, a 

decision was made to start using the cloning library as soon as possible. Thus, 

the transfections in C2C12 and Sol8 cells are based on a modified pcDNA3-

KTD1 destination vector with a CMV promoter. 

 
Figure 4.4.1 A: The pGL3-Basic vector adopted from www.promega.com. B: The pSG5 
vector adopted from http://www.stratagene.com. 
 

4.4.1 Transfection of COS-1 cells in 96-well dishes 

COS-1 cells were trypsinated in antibiotic free medium containing 10 % FCS 

and L-glutamine, before 1.6 x 104 cells per well were seed in a white 96-well 

culture dish. Dispersity of the COS-1 cells was determined to be good by 

seeding cells in a blank plate. 75 µl of medium was added to each well. 

 

DNA [150 ng DNA / well; 100 ng reporter, 10 ng renilla luciferase (pRL) and 20 

ng of each expression vector] was mixed with 10 µl OptiMEM® I (OM, Gibco 

#11058) medium. 0.5 µl LF was mixed with 10 µl OM, and incubated 5 min at 

room temperature. After incubation, the DNA and LF solutions were mixed and 

incubated 20 min at room temperature. While incubating, the growth medium 

of the cells was renewed with 75 µl fresh serum and antibiotic free medium. 

After incubation, 20 µl transfection reagents (the DNA-Lipofectamine 

complexes) were added to each well, and mixed gently before 4 h incubation 

at 37oC. Following transfection, growth medium was replaced with 75 µl 
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culture medium ± ligands, and incubated for an additional 20 h at 37oC. After 

incubation, the medium was removed, cells washed (phosphate buffered 

saline, PBS) and DL activity measured directly (section 4.5).  

4.4.2 Transfection of C2C12 and Sol8 cells 

C2C12, but not Sol8 cells have previously been transfected using LF (150). 

Transfections in C2C12 and Sol8 cells were performed as for COS-1 cells, 

except that: OM was used as transfection medium, and the cells were 

differentiated four days after transfection, with eventual ligand intervention 24 

h prior to harvest. The transfections in 12-well dishes were for subsequent 

mRNA expression and protein studies, and transfections in 96-well dishes 

were for subsequent DL analyses of the S3-12 reporter constructs. To 

determine if cells were transfected, and whether transfected cells 

differentiated, green fluorescent protein were transfected into undifferentiated 

C2C12 and Sol8 cells (data not shown). To determine optimal transfection 

efficiency in a 12-well setup, 5000, 7500 or 10000 cells/cm2 were combined 

with 1 or 2 µg DNA, and 4, 6 or 8 µl LF (used values are in table 4.4.1). To 

optimize the 96-well setup, 1200, 2400, 3600 or 4800 cells, and 75 or 150 ng 

DNA (same DNA ratio as in COS-1 cells) were used per well (data not shown). 
Table 4.4.1: Transfection volumes per well for C2C12 and Sol8 cells. See text for details. 

Dish type 12-well 96-well 
Cells 2.9 * 104 2.4 * 103 
Media 1 ml 75 µl 
DNA, OM 1 µg, 100 µl 75 ng, 10 µl
LF, OM 4 µl, 100 µl 0.5 µl, 10µl 

 

4.5 Dual Luciferase measurement 

Genetic reporter systems are widely used to study eukaryotic gene expression 

and cellular physiology. DL refers to the simultaneous measurement of two 

individual reporter enzymes within a single system. This means that Luciferase 

activity from both the experimental reporter (e.g. S3-12) and an internal control 

(pRL, a plasmid containing renilla Luciferase) are measured in each 
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experimental sample. An automatic procedure was established and used for 

DL measurement in a 96-well setup (see appendix B for protocol).  

The Dual-Luciferase® Reporter Assay System (Promega) was used in this 

thesis (Appendix A, protocol #3). The DL experiments were repeated during 

optimization, with similar results to the ones showed in figure 5.1.2 and 5.2.2 

(data not shown). After optimization, the recommended 100 µl reagent per 

assay were successfully reduced to 50 µl. 

4.6 Preparation of FAs (and protein samples) 

FAs were purchased bound to sodium salts. To prepare 6 mM FA stock 

solutions, the FAs were dissolved in 0.1 M NaOH, before binding to 2.4 mM fat 

and endotoxin free bovine serum albumine (BSA) at 50oC. To reduce 

oxidization, Argon gas was added to all FAs prior to freezing. The FAs used 

were: myristic acid; MA (14:0), palmitic acid; PA (16:0), stearic acid; SA (18:0), 

oleic acid; OA (18:1), linoleic acid; LA (18:2), γ-linolenic acid; γ-LA (18:3), 

arachidonic acid; AA (20:4), eicosapentaenoic acid; EPA (20:5), 

docosahexaenoic acid; DHA (22:6) and TTA; tetradecyl thioacetic acid which 

is a FA analogue (17:S). All FAs and BSA controls used (except TTA) were 

readily prepared by, and used under courtesy of Fred Haugen. 

 

During this study, protein samples were collected as described (137) during 

differentiation and transfection studies in C2C12 and Sol8 cells. Unfortunately, 

the S3-12 antibody was not tested, so no protein analyzes were performed.  

4.7 Total RNA isolation of C2C12 and Sol8 cells 

An Applied Biosystems (ABI) 6100 Nucleic Acid PrepStation (6100) was used 

to isolate total RNA from C2C12 and Sol8 cells. The method was optimized by 

titrating the amount of lysis buffer used per well. The cells were lysed with 500 

µl 1X lysis buffer (2X Nucleic Acid Purification Lysis Solution mixed 1:1 with 

calcium and magnesium free PBS) per well (12-well plate), resuspended and 

mixed. Initial testing suggested that addition of proteinase K not affect RNA 

yield. The “RNA Cell” method on the 6100 was used (see Appendix A, protocol 
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#4 for the manufacturer’s protocol). The instrument was set up with a splash 

guard in the waste compartment, a 96-well archive plate in the collection 

compartment, and a Total RNA Purification tray in the carriage. The method 

was run as described in the protocol. After elution, the RNA was immediately 

put on ice to ensure minimal degradation while measuring RNA concentration. 

4.7.1 Measuring RNA concentration on NanoDrop-1000 

Concentration and purity of freshly prepared total RNA was measured on a 

NanoDrop® ND-1000 Spectrophotometer before stored at -70oC. Prior to use, 

the reader was washed with MQ water. The NanoDrop was calibrated using 2 

µl Nucleic Acid Purification Elution Solution (ABI). 2 µl of each RNA sample 

was used for measurement. RNA purity is indicated by the ratio of absorption 

between 260 and 280 nm. A ratio below 2.0 for RNA indicates proteins and / or 

fenols to be present. The ratio of isolated RNA from C2C12 and Sol8 cells 

were ~2.1.  

4.8 cDNA synthesis by reverse transcription 

Total RNA from C2C12 and Sol8 cells was reverse transcribed into single 

stranded cDNA, using a high capacity cDNA reverse transcription kit from ABI.  

The cDNA synthesis was performed according to the manufacturer’s protocol 

(Appendix A, Protocol #5). The kit is designed to convert up to 2 µg (for a 20 µl 

reaction) of total RNA into cDNA.  

 

First, RNA samples and 2X reverse transcription (RT) Master Mix (M-Mix) 

components were thawed on ice (except for the MultiScribe™ RT-enzyme). 

Then, all tubes were vortexed and spun down. Total RNA sampe (250 ng) was 

diluted to 10 µl total volume using PCR water. See table 4.8.1 for how the 2X 

RT M-Mix solutions was prepared. After preparing, 10 µl M-Mix and RNA 

solutions was added to each well for a total of 20 µl reaction volume. After 

pipetting, the plate was sealed with strips, whirled, and spun. The cDNA 

synthesis was run on a GeneAmp® PCR 9700 System (table 4.8.2). After 

synthesis, the cDNA was stored at -20oC.  
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Table 4.8.1: 2X RT M-Mix solution.    Table 4.8.2: cDNA run setup. 
2X M-Mix (per reaction) µl 
RNase free H2O 4.2
10X RT-buffer 2 
10X Random Primers 2 
dNTP 0.8
Multiscribe™ RT enzyme 1 
Total volume 10 

Annealing 10 min, 25oC 
Reverse Transcription 120 min, 37oC 
Enzyme inactivation 5 sec, 85oC 

 

4.9 Polymerase Chain Reaction (PCR) 

PCR is used to exponentially amplify a specific fragment of DNA by in vitro 

enzymatic replication. The PCR technique involves 4 steps where step 2-4 are 

repeated a set number of times: 

1) Initialization; Activates the DNA polymerase (and denatures DNA). 

2) Denaturation; Melts DNA template and primers, by disrupting the 

hydrogen bonds between complementary bases of the DNA strands, to 

yield single strands of DNA. 

3) Annealing; The primers bind the single-stranded DNA template, so the 

DNA polymerases may bind to the primers.  

4) Elongation; The DNA polymerase synthesizes new DNA strands 

complementary to the DNA template (figure 4.9.1). 

 
Figure 4.9.1: A PCR. The RT-step resembles the cDNA synthesis, section 4.8. The PCR 
step resembles section 4.9. Adapted from Appendix A, protocol #6. 
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4.9.1 Quantitative Real-Time PCR 

qRT-PCR is a technique for quantitative real-time detection of nucleic acids 

using fluorescence-based probes. A non-fluorescent quencher was used 

during this study. The Taqman® gene expression assays contain a reporter 

and a quencher, which quenches the fluorescence signal from the reporter as 

long as the probe is intact and or bound to the specific DNA target. When the 

AmpliTaq® Gold DNA Polymerase cleaves the reporter, the fluorescent 

reporter is separated from the quencher and the 7900HT Fast System 

measure the fluorescence (figure 4.9.2). Relative quantitation (RQ) use 

comparative threshold cycle (CT)-values to determine change in expression of 

the target gene relative to the same sequence in a control sample. 

Glyceraldehyd 3-phosphate (GAPDH) and or ribosomal phosphoprotein P0 

(36B4) were used as endogenous controls in this thesis. An endogenous 

control encodes an ideally constitutively expressed protein (often called a 

housekeeper protein). 

 
Figure 4.9.2: TaqMan® probe signalling, see text for details. Adapted from Appendix A, 
protocol #6. 

 

The results from a qRT-PCR are called delta delta CT (∆∆CT). First, delta CT is 

calculated (∆CT = endogenous control CT minus sample CT), then ∆∆CT is 
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calculated (the difference between ∆CT of the control group and the ∆CT of the 

intervention group). Because there is an exponential growth, the actual 

difference in expression is presented as 2-∆∆CT. 

 

qRT-PCR was performed according to the manufacturer’s protocol (Appendix 

A, protocol #6). A Taq polymerase was used (AmpliTaq® Gold DNA 

Polymerase), which is a thermostable DNA polymerase isolated from the 

thermophilic bacterium Thermus aquaticus (151). Thermus aquaticus is a heat 

stable bacterium that normally resides in hot springs and hydrothermal vents. 

Thus, the Taq polymerase is stable during the high temperatures required to 

perform PCR.  

 

Negative controls were added in all experiments in order to control for 

contaminants. Negative controls without cDNA (a water sample with regular M-

mix) were used to control the M-Mix. Negative controls without RT enzyme 

were used to control for DNA contaminants in the RNA samples. All negative 

controls analyzed came out negative, indicating good experimental routines.  

 

Experimental procedure: 

20 µl reaction volume was used in each well (table 4.9.1). 
Table 4.9.1: Reagents used in each qRT-PCR sample. 
Reagent Volume (µl)
TaqMan® Universal PCR Master Mix 2X 10 
PCR-water 8 
cDNA 1 
Taqman® Gene Expression Assay 1 
Total volume 20 

 

TaqMan® Gene Expression Assay, PCR-water and cDNA was thawed, 

vortexed and spun before a M-Mix solution containing M-Mix, PCR water and 

TaqMan® assay was prepared. The mix was vortexed and pipetted onto 

selected wells on an ABI Prism® 96-Well Optical Reaction Plate. Then, 1 µl 

cDNA was added to each well. After pipetting, an ABI Prism® Optical Adhesive 

Cover was put firmly on top of the plate, sealing all the wells. The plate was 
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vortexed and spun at 1000 rpm for 1 min, before placed in the ABI 7900HT 

machine. The run was set up using SDS 2.3 Software from ABI, and run using 

standard thermal cycling conditions (table 4.9.2). After the run, results were 

analyzed in RQ Manager (ABI). 
Table 4.9.2: Thermal cycling for qRT-PCR. 

Initial step PCR step (40 cycles) 
AmpliTaq® Gold DNA Polymerase 

Activation 
Melt (denature) DNA Anneal/Elongate 

10 min at 95oC 15 sec at 95oC 1 min at 60oC 

\ 

4.10 Statistical Analysis 

The results from DL and qRT-PCR studies are given as means ± standard 

deviation (SD). One-way ANOVA (analysis of variances) with Dunnett 

correction for multiple comparisons (Post Hoc test), were performed to analyze 

for statistical significantly differences, which were set at the 5% (P < 0.05), and 

the 1% level (P < 0.01). The Dunnett correction use t-tests to compare multiple 

groups with one control group. This makes it less stringent than a Bonferroni 

correction, which compares all groups with each other. SPSS version 16 was 

used for statistical analysis. 
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5. Results 

5.1 The S3-12 promoter respond to PPARα activation 

The main aim of this thesis was to elucidate if PPARα regulates the expression 

of S3-12. A previous analysis of the S3-12 promoter revealed three PPREs 

that specifically bound the RXRα / PPARγ heterodimer, and that the S3-12 

gene is a direct target of PPARγ in adipocytes (102). The full-length mouse 

S3-12 promoter (figure 5.1.1) cloned into the pGL3-basic Luciferase reporter 

vector have previously been described (102). 

 
Figure 5.1.1: A schematic drawing of the full-length S3-12 reporter construct. Adopted 
from (102). 

 

To test if PPARα regulates the expression of S3-12, the full-length S3-12 

reporter was transiently transfected into COS-1 cells and co-transfected with 

pSG5 (control), pSG5-RXRα or / and pSG5-PPARα expression vectors (as 

described in section 4.4.1). 4 hours after transfection, medium was renewed 

with fresh medium containing vehicle [dimethylsulfoxide (DMSO)], RXR 

(LG100268, 1 µM) or, and PPARα (WY14643, 10 µM) ligands. Following an 

additional 24 h incubation at 37oC, cells were harvested and the cell extract 

used for DL measurements.  

 

Co-transfection of either RXRα or PPARα in the presence of ligands had no 

effect on S3-12 reporter activity. However, the S3-12 reporter was induced 8-

fold when co-transfected with both RXRα and PPARα expression vectors, and 

12-fold when PPARα ligand was added to the cells (figure 5.1.2). This shows 

that expression of PPARα induces S3-12 reporter activity, but that over-

expression of both PPARα and RXRα is required to achieve this effect.  
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Figure 5.1.2: Activation of PPARα stimulates full-length S3-12 reporter activity in COS-1 
cells (see text for details). The experiment was run with 9 replicates, and repeated 
during optimization. Error bars represent standard deviations (SD). 

5.2 The PPARα effect on S3-12 is mediated through the PPREs 

The next experiment was designed to determine the functional PPRE that bind 

PPARα, and stimulates S3-12 reporter activity. A series of S3-12 reporter 

constructs containing point-mutations in the PPREs [figure 5.2.1, (102)] were 

transfected into COS-1 cells, and co-transfected with pSG5 (no stimuli), pSG5-

PPARα alone, or together with pSG5-RXRα expression vectors. Medium was 

renewed with fresh medium containing vehicle (DMSO) or a PPARα 

(WY14643, 10 µM) ligand 4 hours after transfection. Cells were harvested, and 

the cell extract used for DL measurements after 24 h incubation at 37oC.  

 
Figure 5.2.1: Schematic drawing of the reporter constructs based on the S3-12 
promoter. Functional PPREs (black rectangles), point-mutated PPREs (white 
rectangles), bent arrow indicates transcription start, LUC; Luciferase, mut; mutated. 
Modified from (102). 
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The basal activity of the S3-12 reporters decreased by mutation of PPRE2 or 

3, but not PPRE1 (figure 5.2.2 A). Mutation of both PPRE1 and PPRE2 

reduced the activity further. Mutation of all three PPREs reduced the S3-12 

reporter activity to the level of an empty reporter (pGL3-basic). Co-transfection 

with PPARα had no effect on S3-12 reporter activity (figure 5.2.2 B), 

strengthening the data presented in figure 5.1.2. However, co-transfection with 

both RXRα and PPARα expression vectors suggests that PPARα activation of 

S3-12 is mainly achieved by binding to PPRE3. With all PPREs mutated, 

PPARα did not activate S3-12. 

 
Figure 5.2.2: Transcriptional regulation of mouse S3-12 reporter assays by activation of 
PPARα in COS-1 cells. See text for details. A: Basal activity. B: PPARα stimulation of 
the reporter constructs. For each reporter construct, the luciferase levels given are 
relative to “No stimuli”. The experiment was run with nine replicates, and is a 
representative of two experiments. No stimuli; pSG5 (white bars), pSG5-PPARα; light 
grey bars, pSG5-PPARα and pSG5-RXRα; black and dark grey bars, DMSO; white, light 
grey and black bars, WY; dark grey bars. Error bars represent SD. 

5.3 Differentiation and expression of S3-12, ADFP and TIP47 in 
C2C12 and Sol8 cells 

The previously described transfection experiments suggest that expression of 

S3-12 is stimulated by activation of PPARα. Next, we wanted to elucidate the 

transcriptional regulation of S3-12 by PPARα in a more physiological relevant 

cell line. Two mouse muscle cell lines, C2C12 and Sol8 were therefore 

established in the laboratory. To identify optimal differentiation length, C2C12 
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and Sol8 cells were differentiated for seven days (as described in section 

4.3.2). Each day of differentiation, the cells were depicted, and samples 

collected for subsequent mRNA and protein studies.  

 

Undifferentiated C2C12 myoblasts were uninuclear, with a slight spindle-

formed shape (figure 5.3.1 A). As differentiation progressed, the observed 

proportion of undifferentiated myoblasts decreased, while the length and 

number of multi-nuclear myotubes increased (figure 5.3.1 B, C and D).  

 
Figure 5.3.1: Differentiation of C2C12 cells taken with a 10X objective. See text for 
details. A: Undifferentiated C2C12 cells. B: C2C12 cells differentiated for three days. C: 
Five days. D: Seven days. E: Six days (20X objective). The pictures are from one of 
several representative experiments. 
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As expected, the Sol8 cells were smaller than the C2C12 cells due to the 

nature of slow-twitch compared to fast-twitch muscles (figure 5.3.2). The Sol8 

cells appeared differentiated after five days (figure 5.3.2 C). The apparent 

disorder of differentiated Sol8 cells was caused by the cells growing in several 

layers (figure 5.3.2 B to E). The small bright spots are likely Sol8 cells not 

adhered to the plate, either because they divided before firmly attached onto 

the plate, or divided with no available surrounding space to bind to (figure 

5.3.2 A, B and E).  

 
Figure 5.3.2: Differentiation of Sol8 cells taken with a 10X objective. See text for details. 
A: Undifferentiated Sol8 cells. B: Sol8 cells differentiated for three days. C: Five days. 
D: Seven days. E: Seven days, (20X objective). The pictures are from one of several 
representative experiments. 
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To confirm differentiation of myoblasts into myotubes at the gene expression 

level, cells were harvested each day of differentiation (day 0 to day 7), lysed, 

and frozen for mRNA analysis. Total RNA was isolated, cDNA synthesized 

and relative mRNA levels analyzed using qRT-PCR (section 4.7 to 4.9). 

  

The expression of three muscle markers was analyzed to determine Sol8 and 

C2C12 differentiation; Pax7, a satellite cell (muscle stem cell) marker, and two 

markers for differentiated myotubes, MyoD and myosin heavy chain (MyHC). 

 
Figure 5.3.3: Differentiation of mouse C2C12 and Sol8 cell-lines. ∆∆Ct values indicate 
absolute mRNA expression values normalized to the average of GAPDH and 36B4. See 
text for details. 

46 
 



Results 

Expression of Pax7 mRNA normally decreases during muscle cell 

differentiation (152). Expression of MyoD normally increases during early 

muscle cell differentiation, and subsequently stabilize or decrease as the cells 

become fully differentiated (152). MyHC is not expressed in undifferentiated 

myoblasts, and can be analyzed to identify presence of muscle fibers (152).  

 
The muscle markers followed the expected expression profiles, which indicate 

that the C2C12 and Sol8 cell lines were well differentiated after six and five 

days of differentiation respectively. However, the differentiation markers in 

Sol8 cells were less definite (figure 5.3.3).   

 

The mRNA levels of the PAT genes expressed in skeletal muscle (S3-12, 

ADFP, TIP47 and LSDP5) were analyzed during C2C12 and Sol8 

differentiation (figure 5.3.4). Due to low basal expression levels, LSDP5 mRNA 

was not detected in all samples, thus the differentiation pattern for the LSDP5 

gene is not shown in figure 5.3.4.  

 
Figure 5.3.4: PAT mRNA expression during differentiation of C2C12 and Sol8 cells. ∆∆Ct 
values indicate absolute mRNA expression values normalized to the average of GAPDH 
and 36B4. See text for details.  
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During differentiation, the expression patterns of S3-12 were opposite between 

the C2C12 and Sol8 cell lines (figure 5.3.4 A). In C2C12 cells, the expression 

of S3-12 increased 3-fold from day null to one, with a subsequent fall in 

expression as differentiation progressed. However, in Sol8 cells S3-12 mRNA 

increased during differentiation, until expression levels exceeded the level in 

C2C12 cells (day 5 and 6). ADFP and TIP47 mRNA were evenly expressed in 

both cell lines during differentiation (figure 5.3.4 B and C). Both ADFP and 

TIP47 genes were expressed ~50-fold higher than S3-12 in both cell lines. 

All PPAR isoforms are known to be expressed at different levels in muscle 

tissue (section 1.2.2). We wanted to confirm the presence, and identify levels 

of PPARs in the C2C12 and Sol8 cell lines. mRNA expression levels of the 

PPAR isoforms were therefore analyzed (figure 5.3.5).  

 
5.3.5: mRNA expression of the PPARs during differentiation of C2C12 and Sol8 cells. 
∆∆Ct values indicate absolute mRNA expression values normalized to the average of 
GAPDH and 36B4. See text for details. 

 

The mRNA expression of PPARα increased during differentiation in C2C12, 

but was stable in Sol8 cells (figure 5.3.5 A). PPARβ/δ expression levels were 
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stable in both cell lines during differentiation, and much higher (~10-50-fold) 

compared to the other PPARs (figure 5.3.5 B). Expression of PPARγ mRNA 

declined as differentiation progressed, with mRNA levels being concurrently 

higher in C2C12 than Sol8 cells. At day 5-7 of differentiation, the expression of 

PPARγ was approximately double in C2C12, and 1.5-fold in Sol8 cells 

compared to PPARα. In Sol8 cells, the expression level by all genes 

investigated declined at day seven of differentiation, which might indicate that 

an experimental error occurred. 

5.4 Activation of PPARα induces S3-12 mRNA expression in C2C12 
and Sol8 cells 

The transcriptional regulation of S3-12 by PPARα was elucidated in C2C12 

and Sol8 cell lines by transfecting cells with pcDNA3 (control), or pcDNA3-

PPARα expression vectors, and subjecting cells for differentiation (as 

described in section 4.4.2 and 4.3.2). Following three days of differentiation, 

cells were stimulated with vehicle (DMSO) or PPARα ligand (WY14643, figure 

5.4.1). After an additional 24 h differentiation at 37oC, cells were harvested, 

and the expression of PAT genes analyzed by qRT-PCR. 

  

In C2C12 cells, the PPARα ligand did not stimulate S3-12 expression per se 

(figure 5.4.1 A). However, transfection with PPARα induced S3-12 mRNA 

expression 10-fold. The S3-12 expression was induced ~22-fold when PPARα 

ligand was added. ADFP were analyzed as a positive control. ADFP is known 

to be regulated by PPARα in liver (137), albeit this is not previously 

demonstrated in muscle tissue where ADFP transfected with PPARα was 

induced 5-fold, and 8-fold with PPARα ligand added. TIP47 is believed not to 

be regulated by PPARs, and was analyzed as a negative control. Activation of 

PPARα apparently reduced TIP47 mRNA, a reduction not observed in a 

repeated experiment (data not shown).  
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In Sol8 cells, activation of PPARα induced S3-12 and ADFP mRNA expression 

to a lesser extent compared to C2C12 cells (figure 5.4.1 B). In C2C12 and 

Sol8 cells, transfection with PPARα strongly induced LSDP5 mRNA 

expression. Considering the low basal expression levels (not detectable in 

Sol8 cells), the LSDP5 data are not shown. PPARα mRNA expression was 

analyzed to verify transfection efficiency. A strong increase (several hundred 

fold induction) in PPARα mRNA was observed when PPARα expression 

vector was transfected into C2C12 and Sol8 cells (data not shown). 

 
Figure 5.4.1: mRNA expression of S3-12, ADFP and TIP47 in C2C12 and Sol8 cells over-
expressed with PPARα. A: C2C12 cells. B: Sol8 cells. See text for details. pcDNA3; 
white and light grey bars, pcDNA3-PPARα; dark grey and black bars, DMSO; white and 
dark grey bars, PPARα ligand; WY (10 µM), light grey and black bars. The values were 
normalized to control for each gene. 36B4 were used as an endogenous control. The 
experiment was performed twice with similar results. Statistical differences were 
evaluated with one-way ANOVA. * P < 0.05, ** P < 0.01. Error bars represent SD. 

5.5 S3-12 reporter constructs in C2C12 cells 

The C2C12 cell line was used in the subsequent experiments considering the 

weaker PPARα induction of S3-12 mRNA in Sol8 compared to C2C12 cells 

(section 5.4). The expression profiles of the differentiation markers favored the 

C2C12 cell line as well (section 5.3).  

 

To strengthen the results in COS-1 cells, a S3-12 reporter study resembling 

the one in section 5.2 was performed in C2C12 cells (as described in section 

4.4.2). Co-transfection of PPARα in C2C12 cells induced full-length S3-12 

reporter activity indicating some endogenous RXRα to be present, as well as 

supporting the data in section 5.4. Co-transfection of both PPARα and RXRα 
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expression vectors identified PPARα activation of S3-12 to depend on PPRE3, 

with some activation through PPRE2, and no activation through PPRE1. With 

all PPREs mutated, PPARα did not activate S3-12, supporting the data in 

section 5.2. 
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Figure 5.5.1: Transcriptional regulation of S3-12 reporters in C2C12 cells by activation 
of PPARα. Undifferentiated C2C12 cells were transfected with S3-12 reporter 
constructs, and co-transfected with pcDNA3 (no stimuli, white bars), pcDNA3-PPARα 
alone (light grey bars), or together with pcDNA3-RXRα expression vectors (black and 
dark grey bars). After three days of differentiation, the transfected cells were stimulated 
with vehicle (DMSO, white, light grey and black bars) or PPARα ligand (WY, 10µM, dark 
grey bars). For each reporter construct, the luciferase levels given are relative to “No 
stimuli”. The experiment was run in triplicates. Error bars represent SD. 

5.6 FAs induce mRNA expression of S3-12, LSDP5 and ADFP in 
C2C12 cells 

The PPARα/RXR heterodimer is clearly able to induce S3-12 expression in 

COS-1 and C2C12 cells (section 5.1-5.5). However, the synthetic PPARα 

ligand barely induced S3-12 expression. FAs are thought to be physiological 

PPAR ligands [section 1.2.1, (41)], and have previously been demonstrated to 

induce ADFP mRNA and protein levels in cells (137).  

 

To test if FAs alter the expression of S3-12 and the other PAT genes 

transcribed in muscle tissue, C2C12 cells were differentiated for six days 
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before medium was renewed with 2 ml differentiation media containing FAs at 

physiological concentrations [as described in section 4.3.2 and 4.6, (153)]. 

After 24 h incubation at 37oC, cells were harvested, total RNA isolated, cDNA 

synthesized and mRNA expression analyzed with qRT-PCR (section 4.7-4.9). 

Controls with BSA ± NaOH were used to determine if the NaOH (increases 

pH), or BSA itself altered mRNA expression levels of the analyzed genes. FAs 

were bound to BSA at a 2.5:1 ratio, thus the 20 and 40 µM BSA controls held 

the same amount of BSA as 50 and 100 µM of FAs respectively. The three 

BSA controls were all similar to the null control (only medium) in PAT gene 

expression levels (figure 5.6.1).  

 
Figure 5.6.1: FA induction of PAT genes in differentiated C2C12 cells. See text for 
details. The study was run in triplicates, and all values were normalized to the null 
control. An average of GAPDH and 36B4 were used as endogenous control. Statistical 
differences were evaluated with one-way ANOVA. * P < 0.05, ** P < 0.01. Error bars 
represent SD. 
 

Short SFAs did not induce PAT gene expression, while longer unsaturated 

FAs induced S3-12, LSDP5 and ADFP mRNA expression. S3-12 mRNA 

expression was not induced by the SFAs MA, PA and SA (figure 5.6.1 A). OA 

showed a tendency toward induction, while LA and γ-LA induced S3-12 
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expression 3- and 3.5-fold respectively. AA, EPA and DHA induced S3-12 

expression 2-, 2.5- and 3.5-fold respectively.  

 

LSDP5 mRNA was induced in a similar manner as S3-12, albeit at a much 

stronger degree (up to 25-fold induction by γ-LA, figure 5.6.1 B). ADFP mRNA 

was induced at a similar degree as S3-12, but was also induced by SA and OA 

(figure 5.6.1 C). LA and all the longer PUFAs induced ADFP transcription ~3-

fold. The FA analogue TTA induced expression of S3-12, LSDP5 and ADFP to 

a similar degree as EPA and DHA. The expression of TIP47 remained 

relatively unchanged after treatment with FAs, but a weak (albeit significant) 

induction was observed for MA and DHA (figure 5.6.1 D).  

5.7 PPARs stimulate S3-12, LSDP5 and ADFP mRNA expression in 
C2C12 cells 

The relatively higher induction of S3-12, ADFP and LSDP5 by FAs compared 

to the PPARα activator, suggests that the FAs might activate transcription of 

these genes independent of PPARα. Several of the tested FAs might also 

function as ligands for PPARβ/δ and PPARγ. To determine if activation of the 

other PPARs alter the expression level of the PAT genes, C2C12 cells were 

seed and differentiated as described in the FA study (section 5.6), and treated 

with synthetic PPAR ligands for 24 h.  

 

The PPARβ/δ ligand GW501516 was the strongest inducer of S3-12, LSDP5 

and ADFP expression in C2C12 cells (figure 5.7.1 A to C). S3-12 mRNA was 

induced ~3- and ~4.5-fold by 0.1 and 1.0 µM PPARβ/δ ligand respectively. 

PPARα ligand induced S3-12 mRNA ~1.5-fold, and all three PPARγ ligands 

induced S3-12 ~3-fold.  

 

LSDP5 mRNA expression was induced ~25- and ~35-fold by 0.1 and 1.0 µM 

PPARβ/δ ligand respectively. PPARα ligand induced LSDP5 expression ~5-

fold. PPARγ induced LSDP5 mRNA at a low level (~2-fold) compared to 
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PPARα and PPARβ/δ. TIP47 did not respond to PPAR treatment (figure 5.7.1 

D). As expected, the PPARγ inhibitor GW9662 did not alter PAT mRNA 

expression levels. These results suggest that PPARβ/δ is the most important 

PPAR member for induction of PAT genes in our mouse muscle cells.  

 
Figure 5.7.1: PPAR stimulation of PAT genes in C2C12 cells. See text for details. The 
study was run in triplicates, and all values were normalized to control (Ctrl). α; PPARα 
ligand WY14643 [10 µM], β/δ1; PPARβ/δ ligand GW501516 [0.1 µM], β/δ2; GW501516 [1 
µM], γ1; PPARγ ligand Rosiglitazone [1 µM], γ2; Troglitazone [1 µM], γ3; GW1929 [0.1 
µM], γ-; PPARγ inhibitor GW9662 [1 µM]. An average of GAPDH and 36B4 were used as 
endogenous control. Statistical differences were evaluated with one-way ANOVA. * P < 
0.05, ** P < 0.01. Error bars represent SD. 
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6. Discussion 
Our group has previously demonstrated the PAT genes S3-12 and perilipin to 

be directly regulated by PPARγ in adipocytes (102), and ADFP to be regulated 

by PPARα in liver (137). Several preliminary studies in the laboratory suggest 

that PPARα regulates expression of S3-12, which was further elucidated. In 

this thesis, evidence is provided to establish S3-12 as a novel target gene for 

the PPARα/RXR heterodimer in mouse muscle cells. 

6.1 Methodology 

Cell lines 

Two mouse muscle cell lines, C2C12 and Sol8 were established as part of this 

study. Both cell lines differentiated and the markers followed expected 

expression patterns, except MyoD expression in Sol8 cells. When exposed to 

serum deprivation, most muscle cells in a cell culture initiate differentiation, 

while some might stop dividing, and downregulates MyoD expression [a 

characteristic of quiescence, (154;155)]. During an initial differentiation 

experiment, Sol8 cells were differentiated for several days with a number of 

myotubes dissociating (because of spontaneous contraction). A good amount 

of undifferentiated Sol8 myoblasts were then left on the culture plates, 

indicating the abovementioned phenomena to take place (picture not shown).  

 

At day seven of Sol8 cell differentiation, the recurring drop in expression levels 

by all genes might be due to Sol8 myotubes dissociating after spontaneous 

contraction and, or partial clogging during isolation of total RNA. Considering 

the high quality of RNA (both absorbance ratios of 260/280 nm, and 260/230 

nm were good, data not shown), the clogging might not be a disturbing factor. 

Dissociation of Sol8 cells may be due to weak binding, which indicate that 

coating of culture flasks with extra-cellular matrix proteins could improve the 

differentiation protocol. The weaker PPARα regulation of PAT genes observed 

in Sol8 compared to C2C12 cells might be partially explained by the lower 
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level of differentiation exhibited at day four according to the differentiation 

markers (figure 5.3.3). The recurring increase with a subsequent decline in 

mRNA expression by S3-12, ADFP and TIP47 during the first days of C2C12 

differentiation, are partially explained by decreased expression levels of the 

endogenous controls used. As the experiment was performed once, it is too 

early to conclude whether the observed induction is an experimental variation, 

or an actual biological variation.  

 

Transfection 

All cell lines used were transfected. Transfection [over-expression of the 

gene(s) of interest] is a valuable method to identify a specific genetic 

response. As the introduced DNA is not genomic, it is not subjected to 

common regulation and DNA packaging. Hence, the observed response after 

transfection is most likely due to the introduced DNA. The C2C12 and Sol8 cell 

lines were transfected prior to a four day differentiation period, thus introduced 

DNA could be degraded during differentiation, or lost by cells undergoing 

mitosis. This was the background for the apparently short four day 

differentiation period, considering the differentiation study indicated six and 

five days (section 5.3).  

 

Dual Luciferase 

The advantage of dual reporters is that both the test construct [e.g. S3-12 

linked to firefly (Photinus pyralis) luciferase], and the control [a constitutive 

eukaryotic promoter linked to sea pansy (Renilla reniformis) luciferase] is 

measured in the same pipetted sample, by the same biochemical method 

(145). Normalizing the activity of each experimental sample minimizes 

experimental variability compared to using single reporters. However, every 

cell line and treatment needed optimization due to the relatively low range of 

the BioTek Synergy 2 machine. In future luciferase studies, the expenses of 

time and analytical costs have to be considered against the advantages. 
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RNA analysis 

Isolation of total RNA from cells using the 6100 is an improved method, 

compared to the more common RNA isolation based on TRIzol®. RNA 

isolation with TRIzol® provides high yields and high quality of RNA if performed 

properly, but the method has its weaknesses. Firstly, the RNA samples are 

isolated one by one, not in a 96-well format used in the 6100, which saves 

analytical time. Secondly, the RNA isolation by TRIzol® is based on phenols. 

Incomplete removal of phenols might cause less efficient cDNA synthesis, as 

phenols inhibit the reverse transcriptase enzyme. Lastly, the presence of 

phenols in the samples might increase the risk of RNA degradation. RNA 

isolated with the 6100 has better purity compared to isolating with TRIzol® 

(analysed as described in section 4.7.1, data not shown). The 6100 is limited 

by the amount of tissue or cells used in each sample, thus RNA isolation on 

the 6100 is less robust than by TRIzol®. Partial clogging of the purification 

columns was experienced on the 6100, but use of the “Turbo” function (which 

rapidly increases the vacuum) solved this problem. Pre-treatment of the cell 

lysate with Proteinase K might reduce clogging, and will be performed in future 

studies. The major benefits of isolating up to 96 high quality RNA samples 

simultaneously made the 6100 the preferred tool for isolating total RNA. 

  

qRT-PCR 

qRT-PCR is a valuable tool to study mRNA expression of specific genes, and 

is much improved compared to the traditional Northern blotting (145). Only a 

small amount of sample material is needed, and the detection limit is low. qRT-

PCR enables quantification of small changes of mRNA expression levels 

between genes. The possibility of simultaneously analyzing 96 or even 384 

mRNA samples is a big advantage compared to Northern blotting. However, 

qRT-PCR demands optimal conditions for the RT and PCR reaction, as well as 

high purity of the template. Contaminants from proteins or organic solvents 

can inhibit the PCR reaction, and thereby decrease efficiency. The choice of 

constitutively expressed endogenous controls is crucial. In this study, 36B4 
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and GAPDH were tested to have relative stable expression patterns in the 

cells and treatments investigated, and were used as endogenous controls. 

 

Methods to demonstrate S3-12 as a direct target gene of PPARα 

Specific in vitro binding of the PPARα/RXR heterodimer complex to the PPREs 

of the S3-12 promoter could have been demonstrated. In vitro binding of the 

PPARγ/RXRα complex to the PPREs in the S3-12 promoter have previously 

been demonstrated, by performing an electrophoretic mobility shift assay 

[EMSA, (102)]. However, EMSA is not sufficiently specific to distinguish 

binding between PPREs and different PPAR/RXR complexes, thus an EMSA 

was not performed. A chromatin immunoprecipitation (ChIP) assay could 

demonstrate direct binding of the PPARα/RXR heterodimer to the DR-1 

elements on the S3-12 promoter. However, since the ChIP assay is not an 

established method in our group, it was not performed.  

6.2 Results 

The three evolutionary conserved DR-1 elements, which all seem to function 

as PPREs in the S3-12 promoter (102), indicate PPARs to elicit important 

regulation of the S3-12 gene. The main focus of this thesis was to elucidate 

the transcriptional regulation of S3-12 expression in muscle following PPARα 

activation.  

6.2.1 PPARα induce S3-12, LSDP5, and ADFP mRNA in muscle cells 

S3-12 is established as a novel target gene for the PPARα/RXR heterodimer 

in mouse muscle cells. PPARα over-expression or activation in muscle cells 

regulates S3-12, ADFP and LSDP5 gene expression similarly, with the level of 

induction differing between the genes.  

 

In muscle cells, S3-12 mRNA is induced by PPARα/RXRα heterodimerization 

onto evolutionary conserved PPREs located in the S3-12 promoter. A previous 

study in our group demonstrated S3-12 to be a direct target gene of PPARγ in 

adipocytes (102). In COS-1 cells, PPARγ induced S3-12 in a similar, but 
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stronger degree compared to the induction we found for PPARα [section 5.1, 

(102)]. The S3-12 induction by PPARα is mediated mainly through PPRE3, 

which was also the case for PPARγ (102). The observed PPARα response on 

S3-12 expression is mediated through the PPREs. This is slightly different 

than the low induction observed by PPARγ in COS-1 cells with all PPREs 

mutated (102). Initially, the full-length S3-12 reporter was transfected with 

either RXRα or PPARα expression vectors in COS-1 cells, because RXRα 

might homodimerize onto DR-1 elements, and activate S3-12 per se [figure 

5.1.2, (23;24)]. RXRα did not induce S3-12 expression, indicating hardly any 

RXRα homodimer complexes to be formed on the reporter, and COS-1 cells to 

contain very low amounts of endogenous PPARα. The synthetic RXRα ligand 

LG100268 had no apparent effect, which could be due to LG100268 being a 

weak RXRα ligand in COS-1 cells. The physiological, but light sensitive and 

less stable RXR ligand 9-cis-retinoic acid could have been tested as well. An 

initial experiment with co-transfection of the PPAR coactivators PGC-1α and, 

or ERRα did not induce S3-12 mRNA in C2C12 or Sol8 cells (data not shown). 

These observations indicate PPARα and its ligand to mediate the induction of 

S3-12 mRNA, independent of PGC-1α, ERRα and RXR homodimerization. 

 

LSDP5 mRNA expression was induced by over-expression or activation of 

PPARα in muscle cells, an observation supported by two previous studies. 

Activation of PPARα is demonstrated to induce LSDP5 (MLDP) protein levels 

in skeletal muscle of wild type, but not PPARα knockout mice (98). In the 

second study, muscle specific (genetic) over-expression of PPARα in 

Musculus gastrocnemius in mice, induced LSDP5 mRNA and protein levels 

(97). PPARα is previously demonstrated to induce LSDP5 mRNA and protein 

levels in mouse heart and liver (95;97;98), which indicates PPARα to hold an 

important role in LSDP5 regulation. 

 

The PPARα ligand did not induce ADFP mRNA in our cultured muscle cells. 

PPARα over-expression induced ADFP mRNA in our muscle cells, supporting 
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a previous study that proposed PPARα to induce ADFP protein levels in 

skeletal muscle of wild type, but not PPARα knockout mice (98). Existing 

literature has demonstrated the PPARα ligand to induce ADFP mRNA and 

protein levels in liver (137;156) and heart (95;97;98), suggesting PPARα to 

hold an important role in ADFP regulation in these tissues as well as in 

skeletal muscle. TIP47 expression was not altered by increased PPARα 

activity, supporting numerous experiments on TIP47 not being a PPAR target 

gene (97;102;137).  

 

PPARα is upregulated by prolonged fasting, and is known to initiate 

transcription of genes encoding key proteins involved in β-oxidation and 

peroxisomal proliferation in oxidizing tissue. Thus, PPARα has been ascribed 

an important role in the adaptive response to fasting (45;46;157). PPARα 

induce PAT genes in muscle cells (this study), and other cells and tissues 

(137;156). Induction of PAT genes may lead to LD synthesis, and a 

subsequent decrease in lipolysis, probably due to reduced lipase access to 

TGs (95;134;141;143). However, this does not, however, correlate with the 

increased need for free FAs as substrate for β-oxidation during fasting. On the 

other hand, LDs and mitochondria / peroxisomes (the sites of β-oxidation) co-

localize in cells, by motor-driven transport along microtubules [reviewed in 

(158;159)]. A study in Drosophila embryos, identified LSD2 (similar to its 

mammalian counterpart perilipin) to regulate LD transport, as well as lipid 

metabolism (113). Thus, an interesting hypothesis is that activation of PPARα 

stimulates transcription of PAT genes, which elevate and, or change the type 

of PAT proteins that coats LDs. This in turn, might promote transport of LDs 

closer to mitochondria and peroxisomes to ease substrate access for β-

oxidation.  

 

Some of the insulin sensitizing effects of PPARα (section 1.2.2) might be due 

to PPARα inducing S3-12, LSDP5 and ADFP mRNA in muscle. As induction of 

PAT genes may increase packaging of FAs in enclosed LDs, thus shielding 
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muscle cells from free FAs. Free FAs is believed to be an important factor in 

the development of insulin resistance in skeletal muscle [Reviewed in (160)]. 

6.2.2 FAs induce S3-12, LSDP5 and ADFP expression in muscle cells 

The S3-12 and LSDP5 genes are not previously demonstrated to be induced 

by FAs. We demonstrate that FAs induce S3-12, LSDP5 and ADFP mRNA 

expression in muscle cells in a similar fashion, but at different levels.  

 

As S3-12 mRNA is induced by all PPARs in muscle cells (this thesis), and with 

FAs thought to be physiological PPAR ligands (41;137), it is likely that the 

observed induction of S3-12 mRNA expression by FAs is due to FAs acting as 

physiological PPAR ligands. The apparent reduced induction of S3-12 mRNA 

by AA and EPA compared to LA and γ-LA in muscle cells might be due to the 

concentrations of FAs applied. The background for the FA concentrations used 

were based on data from other cell lines, where PUFAs were tested to be less 

tolerated compared to shorter SFAs (153). Long chain PUFAs likely exhibit a 

similar degree of cytotoxicity as SFAs and monounsaturated FAs (MUFAs), 

but SFAs and MUFAs are incorporated into TGs in a higher degree than 

PUFAs (161), which alters the cytosolic availability of FAs taken up into the 

cells. 

 

FAs strongly induced LSDP5 mRNA in muscle cells, with γ-LA apparently 

being the most potent FA. As previously discussed, this interpretation may 

come in short given the FA concentration applied. In muscle cells, FAs induce 

ADFP mRNA in a similar degree as S3-12. The induction of ADFP supports 

the existing literature on PUFAs playing an important role in ADFP regulation 

(137-139). The ADFP promoter contains one functional PPRE (137). Mutation 

of this PPRE abandon the stimulatory effect on ADFP expression exhibited by 

PUFAs (137). Compared to the much higher inductions observed for the other 

PAT genes, it is questionable if the observed inductions of TIP47 mRNA are 

biological relevant and, or false positive observations.  
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In muscle cells, FAs induce PAT genes with PPREs in their promoter. This 

observation, together with previous knowledge (41;137) strongly indicate FAs 

to be physiological PPAR ligands. The finding does not, however, demonstrate 

which PPAR elicits the response. Together, these results imply FAs to induce 

S3-12, LSDP5 and ADFP mRNAs, where increasing FA length and, or degree 

of unsaturation favor the induction. Even though the study was run just once, 

the individual FAs function somewhat as each other’s controls, as it is unlikely 

that all the observed inductions are artifacts. 

6.2.3 PPARβ/δ is likely the most important PPAR for PAT gene regulation 
in muscle cells 

PPARβ/δ has never previously been demonstrated to induce the S3-12, or 

LSDP5 genes. In muscle cells, the synthetic PPARβ/δ ligand GW501516 

induced S3-12, LSDP5 and ADFP mRNA expression to a much higher level 

compared to PPARα or PPARγ ligands.  

 

The strong induction of S3-12 mRNA by PPARβ/δ compared to PPARα, might 

be explained by the PPAR expression levels in muscle cells. PPARβ/δ is the 

highest expressed PPAR in skeletal muscle (43) supporting the PPAR 

expression patterns in C2C12 and Sol8 cells (figure 5.3.5), and is preferentially 

found in oxidative (slow-twitch) rather than glycolytic (fast-twitch) myofibers 

(162). The potency of the ligands used could also contribute to the strong 

induction observed by PPARβ/δ. The weak ligand response observed by 

PPARα on S3-12, LSDP5 and ADFP mRNA expression might indicate 

WY14643 to be a weak PPARα ligand in COS-1 and C2C12 cells.  

 

PPARβ/δ induced LSDP5 mRNA to a stronger degree than PPARα, and to a 

much higher degree compared to the other PAT genes. The high level of 

LSDP5 mRNA induction could be partially explained by the low basal 

expression levels of LSDP5 in skeletal muscle cells.  
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PPARβ/δ induced ADFP mRNA to a similar level as S3-12, except for the 

inverse dose-response effect observed. The stronger response exhibited by 

0.1 µM PPARβ/δ ligand compared to 1 µM PPARβ/δ ligand is a trait not 

shared by PPARβ/δ stimulation of the S3-12 and LSDP5 genes. The result 

might indicate that the “saturation” level of PPARβ/δ activation of ADFP was 

achieved by 0.1 µM PPARβ/δ ligand. As the experiment was performed once, 

it is not possible to conclude whether the observed inverse dose-response 

effect is an experimental variation, or an actual biological variation. PPARβ/δ is 

previously shown to induce ADFP expression in macrophages and 

keratinocytes (163;164). Furthermore, it is previously established that the 

PPARβ/δ ligand GW501516 induces ADFP mRNA expression to a greater 

extent than PPARα and PPARγ ligands in BeWO cells (139), supporting the 

presented data.  

 

The induction of S3-12, LSDP5 and ADFP by PPARβ/δ in muscle cells may 

explain the observed up-regulation of LSDP5 and ADFP genes by fasting in 

PPARα null mice (95;137). Increased circulating levels of free FAs during 

fasting might induce a response by activating the ubiquitously expressed 

PPARβ/δ in liver and heart, which could potentially increase ADFP and LSDP5 

mRNA and protein levels, even in the absence of PPARα.  

 

PPARβ/δ has recently been announced as a dagger in the heart of the 

metabolic syndrome based on its actions in fat, skeletal muscle and heart 

tissue (50). Elaborating on skeletal muscle, PPARβ/δ initiates transcription of 

genes encoding key proteins in FA catabolism, energy uncoupling and slow-

twitch muscle fiber formation [reviewed in (50)]. Fasting induces both PPARα 

and PPARβ/δ expression in skeletal muscle (165), in which we showed both 

PPARs to induce S3-12, LSDP5 and ADFP mRNA expression. As PPARβ/δ 

was a more potent inducer of the PAT genes compared to the other PPARs in 

muscle cells, it is tempting to propose PPARβ/δ as the most important PPAR 
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for PAT regulation in skeletal muscle. However, further studies in muscle cells 

involving all PPARs must be conducted before any conclusions can be drawn.  

6.2.4 PPARγ regulation of PAT genes 

PPARγ induced S3-12 mRNA expression in muscle cells, which strengthens a 

previous article on S3-12 as a direct PPARγ target gene in adipocytes (102). 

PPARγ is previously demonstrated to induce LSDP5 mRNA expression in 

epididymal WAT (97), an induction not reproduced in muscle cells. This 

indicates PPARγ regulation of LSDP5 to be of less importance compared to 

PPARβ/δ and PPARα regulation in muscle cells. ADFP mRNA was unaltered 

after activation of PPARγ, which strengthen a previous analysis suggesting 

that ADFP expression is not stimulated by PPARγ [discussed in (137)]. 

 

The present study suggests PPARγ to be of less importance compared to 

PPARβ/δ and PPARα for transcriptional regulation of ADFP and LSDP5. 

Discrimination of PPAR-family members in transcriptional regulation of PAT 

genes is to be expected, as it is required to obtain tissue specific expression of 

these genes. 



Conclusion 

7. Conclusion 
We demonstrated S3-12 to be a novel target gene for the PPARα/RXR 

heterodimer in mouse muscle cells, and PPARα to induce S3-12 mainly 

through PPRE3. In muscle cells, PPARα also induced LSDP5 and ADFP 

mRNA. FAs induced all PAT genes expressed in muscle cells with functional 

PPREs in their promoter, indicating FAs to be physiological PPAR ligands. We 

revealed PPARβ/δ to induce PAT genes stronger than the other PPARs in 

muscle cells, and PPARγ to induce S3-12 mRNA, supporting a previous article 

from the group (102). These results might indicate PPARβ/δ to be the most 

important PPAR in PAT gene regulation in mouse muscle cells.  

7.1 Future perspectives 

• Repeat selected experiments to support the presented findings. 

• Demonstrate an eventual correlation with S3-12, and other PAT gene 

mRNA and protein levels by: analyzing collected protein samples from 

the differentiation and transfection studies performed in C2C12 and Sol8 

cells (by Western blotting).  

• Repeat the FA study, and collect cells for protein and mRNA analyzes in 

order to elucidate a possible correlation with mRNA and protein levels. 

• Demonstrate if the observed induction by FAs goes through the PPREs 

(PPARs) by transfecting PPRE-mutated PAT reporters into cells, and 

stimulate with FAs. Then compare the response with wild type reporters. 

• Differentiate fibroblasts into adipocytes and stimulate with insulin and FA 

to elucidate insulin and FA regulation on S3-12 and other PAT proteins. 

• Elucidate the previously observed fasting response on S3-12 

expression, by analyzing mRNA and protein expression in several 

tissues (e.g. muscle, heart and WAT) in both fasted and ad libitum fed 

wild type and PPARα-/- mice.  

• Elucidate the PPARβ/δ response in skeletal muscle both in vitro and in vivo.
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Appendix 

Appendix A 
 
Table: Protocols used:  
# Kit Cat. No Link to protocol 
1 JetStar Maxi Prep 220020 http://www.genomed-dna.com/pdf/Star-

PDFs/JETSTAR-Protocol.PDF 

2 Lipofectamine 
2000™ 

11668-
027 

http://www.invitrogen.com/content/sfs/manuals/lipofect
amine2000_man.pdf 

3 Dual Luciferase E1960 http://www.promega.com/tbs/tm040/tm040.pdf 

4 RNA isolation, 
6100 PrepStation 

4330254 http://www3.appliedbiosystems.com/cms/groups/mcb_
support/documents/generaldocuments/cms_041237.p
df 

5 High cap. cDNA 
transcription kit 

4368813 http://www3.appliedbiosystems.com/cms/groups/mcb_
support/documents/generaldocuments/cms_042557.p
df 

6 qRT-PCR TaqMan 
Assay 

4333458 http://www3.appliedbiosystems.com/cms/groups/mcb_
support/documents/generaldocuments/cms_041280.p
df 
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Appendix B 
 

- Measurement of LUC using Synergy 2 - 
 
 
Important / General information: 

• Measurement of Luciferase activity in cell extracts from cells transfected with 
with Firefly Luciferase (based on pGL3-basic vector) and Renilla luciferase 
(pRL, internal control) using the Dual-Luciferase reporter assay system 
(Promega, #E1910). 

• Automatic measurement using Synergy 2. 
• Protocol developed/optimized by MSc student Ole Berg under guidance from 

Knut Tomas Dalen. 
 

Protocol 

Harvesting of cells 
1. Wash cells once with 1x PBS. 
2. Add 20 µl of 1X Passive Lysis Buffer to each well. 

Note: Do not use another Lysis buffer (e.g. Reporter lysis buffer from Promega). Other Lysis 
buffers likely are not compatible with measurement of Renilla Luciferase (and measurement of 
the internal control will be impossible). 

Preparation of Luciferace reagents 
3. Thaw luciferase assay buffer II ( LAR II) and Stop & Glo buffer. 
4. Add LAR II buffer to the LAR II Substrate (measure firefly LUC – injector 1). 
5. Solve Stop and Glo substate in 200 µl Stop and Glo solvent. Mix the solved stop 

and Glo solvent with the Stop & Glo buffer (measure Renilla LUC – injector 2). 
Ideally, Stop & Glo and LAR II should be prepared just before each use. Wrap tubes in 
aluminium foil to reduce exposure to light.  

 

Measurement of Dual Luciferase using Synergy 2 

Prepare Injectors 
1. Start the Synergy 2 machine prior to starting the Gen5-programme. 
2. Start <Gen5>, click on “Experiment” under “Create a New Item. Open your 

chosen protocol (under “C:\Program Files\BioTek\Gen5\Protocols\Nebb”), press 
ok. 

3. Put each injector tube in a ~15 ml tube containing 70 % EtOH.  Wash pumps and 
connectors with 70 % EtOH. Remember to insert the white primer plate prior to 
rinsing. 

Go to: System – Reader control - Synergy2 
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Select [Dispenser] – Set volume to 5000 µl, rate 275 µl/sec, 
       press [initialize] then press [Prime] 

Repeat for dispenser 2. 

4. Wait for 30 minutes. 
5. Empty pumps. 

Adjust volume to 1500 µl and press [Purge] 

6. Exchange solution on injector tubes with MilliQ water. Wash with 5 ml MilliQ water 
(as described above, but purge immediately). 

7. Exchange tubes on the injectors with Luciferase reagents. 
Injector 1:  LAR II (measure firefly luciferase - reporter signal). 

Injector 2:  Stop & Glo®  (measure Renilla luciferase - internal control). 

8. Put on the dark color-shield to shield the color sensitive reagents. 
9. Adjust volume to 1100 µl. Then press [prime] (fills tubes with reagent). 
10. Apparatus is ready for measurements. 
 
Prepare transfection plate for measurement: 

Perform this step during the 30 minute wait when preparing the injectors 

1. Remove media and wash wells once with PBS.  
2. Add 20 µl (for a 96-well plate) 1X Passive Lysis Buffer (PLB) to each well. 

Use 100µl for a 24-well place 

PLB is supplied as a 5X concentrate, dilute with 4 volumes MilliQ and mix well 

3. Shake culture plate for 15 min at room temperature. 
4. Place culture plate in Synergy 2 machine when ready. 
 
Measure LUC activity: 

For each new cell line and reporter construct tested, it is recommended to perform a initial test 
to determine the sensitivity (determine the sensitivity value by following the protocol below 
measuring samples with low and high activity). The sensitivity range is from 100 to 200, where 
200 is the highest sensitivity (low LUC activity). General rules for sensitivity values: 

Injector 1: Firefly Luciferase (reporter) - sensitivity in the range 100  to 160 are likely to work.  

Injector 2: Renilla Luciferase (internal control) - sensitivity in the range 120 to 160.  

Tested sensitivity:  

COS-1 cells measuring S3-12 in a 96-well setup. Firefly: 120, Renilla:120.   

C2C12 cells measuring S3-12 in a 96-well setup. Firefly: 115, Renilla:150. 

1. Double-click on [Procedure]. 
2. Choose a plate type (96-well plate). 
3. Double click on [Dispense 50 ul using dispenser 1] under Well Mode in the 

Description frame. Click on [Full Plate] to select which wells to be measured 
(either full plate, or a selection). Ensure dispense volume to be 50 µl, and 
dispense rate 275 µl/sec. 
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4. It is recommended to add a 2 second [Shake] step after adding luciferase 
reagents. Click on the [Shake]-button if this step is missing. 

5. Ensure a 2 second premeasurement delay, adjust by double-click on [Delay for 
X:XX,XX]. 

6. The first read should be <Firefly Activity Lum>. Double-click on [Read: Firefly 
Activity Lum] to set the sensitivity [should be tested in advance] and set the 
measurement time to 10 seconds. 

7. The second read should be <Renilla Activity Lum>, ensure that the sensitivity is 
set here as well  [should be tested in advance]. Repeat (point 3 to 6) for dispenser 
2. 

8. Press [Validate] to check the setup. Adjust if necessary. Press [ok]. 
9. Double-click on [Plate Layout]. Setup your plate experiment under plate layout, 

press [ok]. (optional) 
10. To start an experiment click [File -> New Experiment] and open your protocol. 

Optional: It is possible to name the different samples by double-clicking on your plate and then 
double-click on [Sample IDs]. 

11.  Click on [Plate], [Read] and [Read] to start the experiment. Wait until temperature 
reaches 37oC if the temperature is to low. 

12.  Press the Save button to save measured values when finished. 
13.  Export data by either  

a. Click on [Statistics] on Plate 1 and select [Firefly Activity] under Data 
before pressing the excel-button. Repeat for Renilla Activity. 

b. Click on [File Export Builder], select Firefly Activity:Lum, and Renilla 
Acitivty:Lum under Statistics, then press [add] and [ok]. Then go to 
[Plate] -> [File Export] and export text-file. Import text-file in excel.  

14.  Purge luciferase assay reagents back to save reagent (adjust volume to 1100µl 
and Press [Purge]). 

 
Wash injectors after use 

1. Wash each injector by priming with 5 ml 70 % EtOH and purge 1.5 ml. Repeat 
with MilliQ water. 

2. Replace washing tubes with white flasks, put on the light-shield. Shut off the 
machine. Close the Gen5 program. 
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