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ABSTRACT 

Heart fatty acid binding protein (H-FABP) is a 14.5 kDa cytosolic protein which 

facilitates fatty acid solubility and transport. Its concentration in different muscles reflects 

their fatty acid oxidation capacity, and its expression is stimulated by increased fatty acid 

fluxes. In order to understand the mechanism of fatty acid-dependent gene expression of 

the rat H-FABP gene, an everted repeat was identified in its promoter as a potential fatty 

acid response element, based on its similarity to a previously identified element in an 

invertebrate FABP gene. Through gelshift analysis specific interaction between nuclear 

proteins and the everted repeat was demonstrated. Cultured myoblasts were transfected 

with a series of luciferase reporter genes constructs, and fatty acid induced changes in 

reporter gene expression were measured. However, since the changes were much smaller 

than observed with the invertebrate promoter, the reporter gene assay proved to be too 

insensitive, and unambiguous conclusions were not possible. 

Keywords: 

Fatty acid response element, rat heart fatty acid binding protein, gene regulation, reporter 

gene assay, n~olecular physiology 
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CHAPTER 1: INTRODUCTION 

1.1 Cellular fatty acid uptake and utilization 

Lipids, such as neutral fats, phospholipids, and steroids, are grouped together 

based on the fact that they share one important trait: they have little or no affinity for 

water. The hydrophobic behavior of lipids conies from their molecular structures. Lipids 

contain fatty acids (FAs), organic acids composed of a hydrophilic carboxyl group 

followed by a long hydrocarbon chain of various lengths (Figure 1-1). Fatty acids, 

therefore, contain a hydrophilic head group and a hydrophobic tail, making them 

amphiphilic, i.e., both hydrophilic and lipophilic. Within lipids, the carboxy groups of 

fatty acids are connected, as an ester bond, to one or more of the alcohol groups of a 

glycerol molecule. The nonpolar hydrocarbon chains of fatty acids are the reason that 

lipids are hydrophobic. 

Lipids play important roles in energy metabolisms and a variety of other 

processes. For example, lipids serve as membrane constituents, hormones, fat-soluble 

vitamins, thermal insulators, and biological regulators. Due to their hydrophobic 

properties, lipids can be stored easily as separate compartments (lipid droplets) within 

cells, and they contain far more energy than carbohydrates. On the other hand, the water 

insolubility makes their mobilization and transport more complex. Therefore 

carbohydrates, which are more quickly mobilized and metabolized, are generally used for 

immediate energy needs, such as for short bursts of muscle contraction. Lipids, however, 

are the preferred substrate for sustained muscle activities. 



Figure 1-1 Structures of fatty acids present in animals 

Fatty acids' name, chain length, and the number and positions of any double bonds are shown here along with 
their structures. For example, linoleic acid (18:2 A91 l2 ) indicates it contains 18 carbons with 2 double bonds, 
which occur between 9 and 10, and 12 and 13. 

Myristic acid (14:O) 

Palmitic acid (16:O) 

Palmitoleic acid (16: 1 A') 

0 
I I - 

Stearic acid (1 8:O) -C--0 

Oleic acid (I 8: 1 A' ) 

Linoleic acid (18:2 A 9. 1 2 )  

Linolenic acid (1 8:3 A9. 12. l5 ) 

Arachidonic acid (20:4 A578- "3 l4 1 



In mammals, lipids account for between 5 % and 25 % of body weight. As much 

as 90 % of all lipids are present as triacylglycerols, i.e. esters of three long-chain fatty 

acids and one glycerol. The hydrolysis of triacylglycerol releases glycerol and free fatty 

acids, oxidation of which yields numerous A'TP molecules. About 95 % of the energy 

derived from the oxidation of triacylglycerol is contained in the fatty acid molecules. 

Triacylglycerols are obtained from three primary sources: the diet; de novo biosynthesis, 

particularly in liver; and storage depots in atlipocytes. Ingested lipids are transported 

from the intestine to the periphery in the form of lipoproteins (chylomicrons), which 

contain fatty acids and more complex lipid nlolecules combined with proteins. Liver- 

derived very low-density lipoproteins (VLDLs) are similar in structure and fimction, but 

their fatty acids are drawn from de novo synthesis in hepatocytes. Adipose tissue is the 

storage site for lipids; hormonally controlled lipases sequentially degrade triacylglycerol 

to glycerol and free fatty acids. Free Fatty acids are commonly transported through the 

blood plasma in a complex with albumin, a 66 kDa, nonspecific lipid binding protein. All 

of these processes facilitate fatty acid delivery to cells and tissues most in need of 

sustained energy supply, particularly the heart. 

To fuel their continuous contractions, heart muscles are able to oxidize a variety 

of substrates including FAs, glucose, pyruvate, lactate, ketone bodies, and several amino 

acids (Schaap et al., 1998). Under normal workload conditions, the energy requirement of 

the heart is primarily met by oxidation of long-chain fatty acids (LCFAs). Fatty acid 

oxidation contributes up to 70 % of the overall energy, while carbohydrates are the most 

important alternative fuels in healthy hearts (vim der Vusse et al., 1992). Since cardiac 



muscles are not capable of de novo synthesis of FA and possess limited amounts of FAs 

stored in the cytoplasmic compartment, they rely heavily on exogenous FAs. 

These fatty acid are delivered to the heart either directly as free fatty acids, bound 

to serum albumin as described before, or in the form of triacylglycerols contained in the 

core of circulating chylomicrons and VLIILs. Prior to uptake by cardiomyocytes, fatty 

acids are liberated from these triacylglycerols by the catalytic process of lipoprotein 

lipase, an enzyme attached to specific sites at the luminal surface of the vascular 

endothelium. In both cases, the fatty acids are transferred through the endothelial cell and 

interstitial compartment. Subsequently, fatty acids have to penetrate the plasma 

membrane of the cardiomyocytes (sarcolemma) and cross the aqueous cytosol before 

they are converted into their CoA-esters at the outer mitochondrial membrane. In a 

carnitine-mediated process, the bulk of these fatty acid derivatives pass the inner 

mitochondrial membrane and are degraded via the P-oxidation pathway and citric acid 

cycle. The remaining part of the acyl moieties of fatty acyl-CoA are incorporated into the 

esterified lipid pool, mainly consisting of' phospholipids and triacylglycerols (van der 

Vusse et al., 1992), as shown in Figure 1-2. 

Due to the arnphipathic nature of fatty acid molecules, both cellular membranes 

composed of a phospholipids bilayer, and the aqueous spaces such as the interstitial or 

the intracellular compartments represent constraints for FAs on their route from blood to 

the mitochondrial outer membrane. Circumstantial evidence shows that diffusion of FAs 

through the endothelial clefts is inconsequential in muscle tissue (Bassingthwaighte et al., 

1989). The bulk of FAs most likely diffuses through the luminal membrane of the 
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endothelial cell, the endothelial cytoplasm, and subsequently through the abluminal 

membrane to be transmitted to albumin present in the interstitial compartment. 

Endothelial cytoplasmic fatty acid-binding protein, FABP, may play a role in the 

transport of FAs from the luminal to the abluminal endothelial membrane. Detailed 

information on the mechanisms underlying trans-endothelial transport of FAs in the heart 

and skeletal muscle is, however, lacking (van der Vusse et al., 1998). 

Recent findings indicate that the sarcolemma of cardiac and skeletal inuscle cells 

represents a major constraint for FAs bound to albumin in the interstitial compartment 

(Luiken et al., 2000). From the traditional view, fatty acids bind to protons of the cell 

membrane, and the uncharged FA molecules move across biological phosphollipid bilayer 

membranes by passive diffusion driven by the concentration gradient (Zaltim, 1996). 

Much of the recent evidence, however, suggests a protein-mediated transport mechanism. 

Several different membrane-associated proteins have been shown to bind fatty acids, and 

are believed to be involved in the overall transport of FAs from the interstitial 

compartment to the cytoplasm of the muscle cells. These membrane-associated fatty acid- 

binding proteins have been proven to bind fatt,y acids reversibly, thereby facilitating the 

fatty acids passage through the sarcolemma. At least three different proteins have been 

identified from various mammalian cells, including the plasma membrane fatty acid- 

binding protein (FABPpm, 40-43 kDa), fatty acid translocase (FATlCD36, 88 kDa), and 

fatty acid transport protein (FATP, 63 kDa) (for a review, see van der Vusse et al., 2002). 

Although the relative importance of each trimsport mechanism is not known, it is 

generally believed that fatty acid uptake by the muscle involves both a passive diffusion 

and a protein-mediated transport mechanism. 



In the cytoplasm, intracellular fatty acid-binding proteins (FABPs) apjpear to fulfil 

functions complementary to the plasma membrane associated binding proteins. These 

proteins may be indispensable for the bulk transport of FAs from the sarcolemma to the 

main intracellular site of conversion, the mitochondria1 outer membrane, where fatty acyl 

CoA synthetase is located (Vork et al., 1997). In addition, intracellular FABPs may also 

act as the buffer for fatty acids, keeping the concentration of unbound fatty acids low in 

the cell. Large amounts of unbound free fatty acids may damage the membrane systems 

due to their detergent effects (Das et al., 1991), or through the enzymatic formation of 

lipid radicals (Yamomoto and Niki, 1990). Thus, it is widely accepted that FABPs are 

responsible for the intracellular transport of fatty acids in heart and skeletal muscle, for 

the purpose of ATP generation, notably through P-oxidation in the mitochondria. 

1.2 Cytoplasmic fatty acid-binding proteins 

1.2.1 Overview 

More than 30 years ago, cytoplasmic fatty acid-binding proteins were first 

discovered in liver cells (Ockner et al., 1972). Since then, such FABPs have been found 

in several tissues of many different organisms including mammals, fish, birds, and 

insects; they are most prominent in tissues with an active fatty acid metaboli:sm, such as 

heart, skeletal muscles and liver. All FABPs are members of a single multigerle family of 

14-16 kDa intracellular lipid binding proteins (iLBPs); members of this family include 

not only various FABPs, but binding prtoteins for other lipophilic ligands as well (Glatz 

and van der Vusse, 1996). 



Initially, the individual members of this gene family were named after the tissue 

from which they were first isolated, or where they are found in greatest abundance (Table 

1-1). It has become clear that most FABPs are not confined to a single tissue. For 

example, H-FABP (also referred to as cardiac FABP or muscle FABP) sh.ows a wide 

distribution in heart, skeletal muscle, mammary, kidney, and lung, while h e r  contains 

both the liver and the epidermal FABP (L-FABP, E-FABP). This, however, does not 

necessarily mean that FAPBs are non-specifically expressed, as tissues always contain 

different cell types. Moreover, even some defined cells such as adipocytes express more 

than one FABP-type (Bernlohr, 1997). 

FABPs contain an average of 135 amino acids, and the overall sequence identity 

between the different tissue-types ranges from 20 % to 70 %. Despite the considerable 

differences in their primary structure, the tertiary structure of all FABPs is highly 

conserved. The common structural feature is a 10-stranded P-barrel, made of two 

orthogonal antiparallel 5-stranded sheets that form the "clam3-shaped binding cavity, 

giving the protein a pocket into which a fatty acid is inserted (Banaszak et al., 1994). The 

opening of this clam, considered the portal domain, is framed on one side with the N- 

terminal helix-turn-helix domain, a further common structural motif of all iLEIPs (Figure 

1-3). In the binding pocket, the negatively charged carboxyl group of the fatty acid is 

generally buried inside the cavity for electrostatic interaction with one or two arginine 

residues. Hydrogen bonds with a tyrosine- or serine-OH and an ordered water molecule 

further stabilize the charge (Zanotti et al., 1992). In contrast, the hydrocarbon tail 

interacts with the side chains of hydrophobic amino acids facing the binding cavity. Fatty 

acid binding occurs always in a 1: 1 stoichiometry, except in the case of liver FABP, 



where it appears that two fatty acid molec,ules can be bound by one protein (Haunerland 

et al., 1984; Coe and Bernlohr, 1998). 

As mentioned before, the presence of cytoplasmic FABPs certainly increases the 

solubility of fatty acids and may thus protect cellular structures from damage by an 

excess of these amphipathic molecules. By the same token FABPs create a larger 

cytosolic fatty acid pool that enhances substrate availability to fatty acid n~etabolizing 

enzymes. FABPs enhance uptake of fatty acids into the cells by increasing their 

concentration gradient, which is approached through the minimization of unbound fatty 

acid in the cells (Weisiger, 1996). Consistent with these general roles in fatty acid 

transport and metabolism, the FABP content in most cells is generally proportional to the 

cells' rate of fatty acid metabolism. Furthermore, increased fatty acid exposure leads to a 

marked increase in FABP expression. It is also believed that FABPs are involved in fatty 

acid signaling and gene regulation, so as to affect cellular growth and differentiation (for 

a recent review, see Haunerland and Spener, 2004). 
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Figure 1-3 !itructure of  mammalian heart fatty acid binding protein 

'The common structural feature is a 10-stranded P-barrel, made of two orthogonal 
i~ntiparallel 5-stranded sheet5 that form the "clam"-shaped binding cavity, giving the 
protein a pocket into which a fiitty acid is inserted. 

0 2006, NH Haunerland, Simon Friiser IJniversity, by permission. 



1.2.2 H-FABP 

H-FABP, which appears to be identical to mammary-derived growth inhibitor 

(MDGI) (Specht et al., 1996) and is also known as FABP3 or muscle FABP, consists of 

132 amino acid residues and has a molecular mass of 14.5 kDa. It is primarily expressed 

in the mammalian heart but also found, with a lower content, in other tissues like skeletal 

muscle, intestine, lung and brain. However, this protein is considered to be the only 

FABP expressed in various muscle cells, in both vertebrate and invertebrate species. It 

contains a high-affinity fatty acid binding site and binds long-chain fatty acid with 1:l 

ratio (Haunerland, 1994). The binding affinity and specificity appear to be related to fatty 

acid chain length and the degree of saturation. For the complex of human H--FABP with 

fatty acids, a binding constant (Kd) of 4 nM was reported for stearic acid (C18:0), 14 nM 

for palmitic acid (C16:0), 30-65 nM for linoleic acid (C18:2), and arachidonic acid 

(C20:4) (Richieri et al., 1996). 

H-FABP is highly conserved, even between insects and mammals, and is found in 

all muscles that metabolize fatty acids. The overall identity of amino acid sequences is 

greater than 86 % among mammals, and decreases to 64-74 % between mammals and 

fish (Wu, 2001). The H-FABP primary structure of the locust, Schistocerca gregaria, is 

about 43 % identical to mammalian H-FABP, with a high percentage of conservative 

substitutions in the remaining residues (Haunerland et al., 1990). Heart FABP from 

vertebrates and invertebrates are much more similar than their paralogs in the same 

organism, likely because muscle structure and function are also very similar. 

It has been well established that the H-FABP content of a particular muscle 

correlates with its fatty acid oxidation capacity in a linear fashion (Haunerland, 1994). 



Smooth muscle that relies largely on carbohydrates possesses very low levels of this 

FABP, while various red muscles contain far larger amounts of H-FABP, roughly 

following the higher P-oxidation capacity. Cardiac tissue, which relies mostly on lipid for 

energy supply and encounters the highest P-oxidation rates of all mammalian muscles, 

also has the highest FABP content in mammals (up to 5 % of all cytosolic proteins). 

Muscles with even higher metabolic rates are found in birds and insects. A classical 

example is the flight muscle of the desert locust, which can sustain metabolic rates three 

times higher than mammalian heart. A beta-oxidation capacity of almost 1 pM of fatty 

acid per minute and gram of tissue has been reported; equally, the H-FABP (-, 18 % of all 

cytosolic proteins) is more than three times larger than in mammalian heart. 

Given its evolutionary conservation, high expression rates, and essential role in 

fatty acid transport and metabolism, it was surprising to see no dramatic effects in H- 

FABP knock-out mice (Schaap et al., 1999). The absence of H-FABP did riot result in 

phenotypic differences and muscle histological changes. However, fatty acid uptake was 

reduced remarkably in cardiac tissue and isolated cardiomyocytes, and those mice 

displayed an overall switch to glucose as an energy source, which can provide sufficient 

energy only in resting states. When exercised at higher metabolic rates, H-FABP null 

mice were unable to adapt this challenge. 'These results lend support to the essential role 

of H-FABP in metabolism. 

In various muscles, elevated levels of H-FABP expression have also been 

observed as a consequence of endurance training or otherwise increased fatty acid 

utilization. For instance, locust flight niuscle shows a marked increase in FABP 

expression, over and above its already extreme H-FABP content, after either sustained 



flight training or increased fatty acid supply alone (Chen and Haunerland, 19'94). Chronic 

electrical stimulation in rat soleus muscle also increases H-FABP expression (- 30 %, 

Veerkamp and Moerkerk, 1993). Apparently, the cell senses increasing levels of fatty 

acids, and responds by increasing the expression of their binding protein. This up- 

regulation occurs at the level of gene transcription. 

1.3 Regulation of FABP gene expression 

1.3.1 FABP gene structure 

Given the structural and functional similarities among all FABPs, it is not 

surprising that these proteins share an identical gene structure of four conserved exons 

and three introns of variable sizes (Bemlohr et al., 1997). The exonlintron boundaries are 

in identical positions in most FABPs, four exons coding for nucleotides from 1 to 76, 77 

to 252, 253 to 354, and 355 to 407, respectively. There is only one exception that the 

second intron has been lost in several, but not all insect FABPs (Wu et al., 2001). 

All FABP promoters contain a classical TATA box. Currently, the elements that 

control the tissue-specific expression of FAHP are barely understood, but potential 

enhancer sequences have been characterized for several genes. These include two HNF 1 a 

regulatory elements in the L-FABP (Akiyama et al., 2000), a fat-specific enhancer 

required for A-FABP expression in adipocytes (Ross et al., 1990), and several binding 

sites for members of the POU transcription factor family that control B-FABP expression 

(Josephson et al., 1998). A concise promoter region that contained an atypical MEF2 

binding site was shown to be responsible for the muscle-specific expression of H-FABP 

(Qian et al., 1999). 



1.3.2 Regulation of FABP expression induced by fatty acids 

The experimental results outlined above show an indirect correlation between 

higher H-FABP level and enhanced fatty acid uptake and metabolism (Veerkamp and 

Moerkerk, 1993; Glatz et al., 1994). It has been reported as well that the induction of H- 

FABP expression, in response to higher intracellular fatty acids under diabetes and 

fasting (Carey et al., 1994) or endurance training (Chen and Haunerland, 1994), results 

from increased gene transcription, as measured by run-on assays and RT-PCR (Zhang 

and Haunerland, 1998). The genes for various other FABP types are known to be 

transcriptionally regulated by fatty acids as well (Haunerland and Spener, 2004). Such an 

up-regulation requires that a nuclear receptor senses fatty acids, binds to a response 

element in the promoter regions, and enhances the transcription rates of the gene under its 

control. The best known of such transcription factors, peroxisome proliferator activated 

receptor (PPAR a, PIS, or y), is so called because of its activation by certain drugs 

(peroxisome proliferators) in rodents (Desvergne and Wahli, 1999). Polyunsaturated 

long-chain fatty acids and certain eicosarioids are considered as their natural ligands. 

PPARs bind as heterodimers with the subtypes a, P, y of the retinoic acid receptor (RXR) 

to peroxisome proliferator response elements (PPREs) in the promoter region of the 

genes that they regulate. The PPRE consensus sequence (S'AGGTCA N AGGTCA 3') 

consists of a direct repeat of the nuclear receptor consensus half-site AGGTCA, separated 

by a single base; thus it is also called DR-I. In addition, similar elements are also the 

target for binding of other nuclear hormone receptor complexes, involving transcription 

factors such as HNF4, thyroid, or estrogen receptors (Jump and Clarke, 1999). 



While circumstantial evidence suggests that PPARs are involved in the regulation 

of various FABP genes, proof has been provided only for A-FABP and L-FABP 

(Tontonoz et al., 1994; Issemann et al., 1992). In reporter-gene and transactivation assays 

Tontonoz et al. have shown that the mouse A-FABP gene is regulated by thce binding of 

PPARy2 and RXRa to a direct-repeat element 5.2 kb upstream of the FABP gene. The 

expression of the rodent L-FABP gene in liver is under the control of PPAR tr bound to a 

PPRE around 110 bp upstream of the transcriptional start site; intert:stingly, its 

expression in intestinal cells is controlled by PPAR P, which binds to the same response 

element as PPAR a in liver (Poirier, 2001). 

Although PPARs are involved in the regulation of A- and L-FABP genes, they 

may not play a role in the fatty acid mediated up-regulation of H-FABP gene expression. 

Of all mammalian H-FABP genes, only the rodent genes contain direct repeal sequences 

that have similarity to the consensus PPRE element (Zhang et al., 1999; Treuner et al., 

1994). Moreover, this PPRE-like sequence found upstream of rodent genes appears to be 

non-functional. Recent data by Schachtrup et a1 (2004) and Kawabe (2005) demonstrated 

that PPARs binding with RXR appear not to be involved in the regulation of the mouse 

H-FABP gene. While some reports claim PPA.R involvement based on the fact that H- 

FABP expression can be induced by PPAK agonists e.g. Wy 14,643 (van der Lee et al., 

2000), it should be noted that this could be the consequence of increased fatty acid influx 

due to the induction of membrane transporters such as FATlCD36, which are known to 

be under the control of PPAR a. Thus, the involvement of a different, yet unhown fatty 

acid response element (FARE) has been proposed (Wu and Haunerland, 2001). 



Invertebrates do not express PPARs (Detera-Wadleigh and Fanning, 1994), but 

the ortholog of H-FABP can be induced by fatty acids (Chen and Haunerland, 1994). It is 

interesting to note that a different fatty acid response element (FARE) has been identified 

in the promoter of the H-FABP gene from locust muscle through gel-shift and reporter 

gene assays (Wu and Haunerland, 2001). Unlike PPRE, the locust FARE is an inverted 

repeat element (IR-3), a palindromic sequence containing two hexanuleotide half-sites 

(AGTGGT, ATGGGA), separated by three nucleotides reminiscent of a steroid hormone 

response element. Therefore, it is very likely that there is more than one way by which 

fatty acids can control gene expression. 

Given the absence of a PPRE in at least some of the mammalian H-FABP 

promoters, and the presence of nuclear proteins that bind to the fatty acid response 

element characterized in the locust promoter, it may well be possible that the mammalian 

genes are regulated by similar elements. The conserved H-FABP genes may (also include 

conserved fatty acid response elements in their promoters of all muscle FABP genes. 

1.4 The research objectives of thesis project 

As mentioned above, it has long been known that up-regulation of mammalian H- 

FABP expression is induced by fatty acid exposure. However, the mechanism by which 

this happens has not yet been elucidated. The aim of this thesis was to characterize a 

potential fatty acid response element in the rat heart-FABP gene. 

To approach this objective, an initial analysis of all known mammalian H-FABP 

gene promoter regions is proposed to identify possible fatty acid response elements. The 

high degree of conservation found for the H-FABP genes may also include regulatory 



elements in their promoters. Subsequently, the specific interaction between putative DNA 

elements and nuclear extract proteins needed to be analyzed by electrophoretic mobility 

shift assays (EMSA, also called by gel-shift). Functional analysis of these elements 

required the construction of reporter genes artd the measurement of their expression in 

control and fatty acid exposed cultured L6 myoblasts. 



CHAPTER 2: ANALYSIS OF THE RAT H-FABP GENE 
AND EMSA OF THE POTENTIAL FARE 

2.1 Analysis of the rat H-FABP gene 

2.1.1 Overview of eukaryotic gene regulation 

The fkdamental doctrine of molecular biology is that DNA is transcribed into 

RNA which in turn is translated into proteins. Hence there are several levels of gene 

regulation available to eukaryotic cells: the level of inducible mRNA synthesis 

(transcription), the level of RNA stability, and the level of protein synthesis (translation), 

which is usually controlled through retention of mRNA in the nucleus, interference with 

ribosome binding and other mechanisms. The level of mRNA synthesis is regulated 

mostly by limiting the access of the gene promoter to RNA polymerase. Since DNA must 

first be transcribed into an RNA product before this product can be further processed and 

serve as template for translation, transcription i:nitiation is often considered to be the most 

important regulatory point in gene expression. 

The synthesis of RNA from DNA is mediated by the RNA polymerases, and the 

control over their activity forms the basis of the control of transcription rates. Eukaryotic 

cells contain three different RNA polymerases: RNA polymerase I and I11 are used for 

synthesis of ribosomal, transfer RNA and small nucleolar RNA; the vast majority of 

eukaryotic messenger RNA is synthesized by RNA polymerase 11. 

The upstream region of eukaryotic genes contains several important se'quences for 

appropriate regulation. Sequence-specific DNA-binding proteins bind to these promoters 



to regulate the transcription rate. Promoters are generally divided into three functional 

segments: 

(i) The core promoter, which is located close to the site of initiation (generally 

within 50-100 bp), contains sequences necessary for transcription initiation. The core 

promoter elements bind to, and control assembly of, the preinitiation complex, which 

contains Pol I1 (the general transcription factor) and coactivators. In the meantime, they 

position the transcription start site, direct transcription, and respond to proximal or distal 

activators and repressors in a cell. In most cases, the core promoter elements do not work 

directly on regulating transcription. The core promoter alone is generally inactive in vivo 

as it needs to work in conjunction with a regulatory promoter, but in vitro it can bind to 

the general machinery and account for the "basal" levels of transcription. The core 

promoters are typically represented by a TATA box (consensus TATA(A/T)A(A/T)) and 

surrounding GC-rich sequences which are recognized by the TATA-binding protein 

subunit of TFIID (Burley and Roeder, 1996). 

(ii) The regulatory promoter, which contains elements to form the targets to 

specific transcription factors in response to specific external stimuli, is usually upstream 

of the core promoter within several hundred nucleotides. Transcription regulation in 

response to extra-cellular signals can take different forms, but the endpoint is always the 

same. A previously inactive transcription factor is specifically activated by a signal 

molecule (ligand) and then binds to specific response elements located in tht: promoters 

of target genes, thereby activating their transcription. In the absence of the ligand, the 

receptor remains unable to bind to the elements, perhaps by direct inhibition of its DNA 

binding domain (Blackwood and Kadonaga, 1998). 



(iii) The enhancer sequences near to fiu-ther upstream, perhaps even more than 2 

kb, bind a specific class of regulatory proteins to increase the basal level of transcription 

which is initiated through the core promoter elements. Their functions are independent of 

their orientation and, to some extent, independent of their distance from the genes they 

regulate as well. Elements such as E-boxes, bound by muscle-specific transcription 

factors, and HNF4, bound by liver-specific transcription factors, control specific and 

developmental stage regulation of gene expression. 

Transcriptional regulation is controlled by the binding of sequence-specific DNA- 

binding proteins to regulatory promoters and enhancers. Specific sequences located 

within the regulatory promoter are widely variable in sequence, but several general 

patterns can be outlined. They are usually small sequences containing short consensus 

motifs arranged in a specific combination of patterns. Each consensus sequence is 

referred to as a "half site" and the arrangement of the "half site" is often as important in 

establishing the element's function as the consensus sequence itself. Comrnon binding 

sites are direct repeats (DR), inverted repeats ([R, also called palindromic sequences) and 

everted repeats (ER) as show in Figure 2-1. A hexamer (AGGTCA) is proposed as the 

consensus half repeat, but many elements ideniified do not match this sequenece perfectly, 

and the spacing between the two repeats may also be variable for different nuclear 

receptors. Usually, the two half-sites bind two transcription factor molecules either as 

homo- or heterodimers. 



Figure 2-1 Different patterns arranged by the consensus half repeat 

A nuclear receptor binding site consensus hexamer S'AGGTCA 3' is indicated as an 
inverted repeat (palindrome), a direct repeat, or an everted repeat. 

- 
5' AGGTCA N TGACCT 3' 
3' T CCAGT N ACTGGA 5' 

t- 

Inverted repeat 
(Palindrome) 

____, 
5' AGGTCA N AGGTCA 3' 
3' TCCAGT N TCCAGT 5' 

Direct repeat 

b 

5' TGACCT N AGGTCA 3' 
3' ACTGGA N TCCAGT 5' 
e--- 

Everted repeat 



2.1.2 Potential FARE element 

As discussed in the previous chapter, throughout the animal kingdom H-FABP 

expression is up-regulated by a rise in intracellular fatty acid levels. In vitro studies with 

cultured muscle cells or their precursors confirmed this. Given the widespread similarities 

in muscle function and energetics, as well as H-FABP structure and regulation, one can 

expect that the regulation of the H-FABP gene also follows similar mechanisms in insects 

and mammals. 

If similar control mechanisms are at work, we reason that the suspected fatty acid 

response element (FARE) should be conserved. as well, and it may be possible to identify 

candidate sequences of related control elements by comparing sequences of H-FABP 

promoters. 

While the H-FABP genes from mammals and insects share the same overall gene 

organization, the introns vary widely in size, and the noncoding sequences show little 

similarity. However, a strikingly similar sequence was found within 1 kb of upstream 

sequence of all mammalian H-FABP genes investigated, but not found in oth.er members 

of the iLBP family (Dawe, 2001; Table 2-1). This element contains two consensus 

hexanucleotide (AGAAGA) half sites in everted orientation, being separated by three 

nucleotides. Thus it is called everted repeat element (ER-3). In the upstream of rat H- 

FABP gene, there are two ER-3 elements, ER-3a locates between -5281-5 10 bp while ER- 

3b on -7091-691 bp. 

Because this conserved sequence is found within the promoter region of all 

mammalian heart FABP genes and its similarity to previously characterized locust IR-3 

elements in reverse orientation, it appears possible that it is a candidate for the fatty acid 



response element that regulates mammalian H-FABP gene expression. However, 

previous work in our lab can not identify the potential rat heart-FABP ER-3 elements due 

to the large variation of results from the luciferase reporter gene assay. So thme aim of this 

thesis was to optimize this luciferase reporte:r gene assay system, and then using it to 

prove this possible fatty acid response element.. 

More evidence was needed to support this hypothesis before carrying out a 

functional reporter gene assay. An electrophoretic mobility shift assay was therefore first 

performed to investigate the interaction between the everted repeat element and nuclear 

proteins. 
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2.2 Electrophoretic mobility shift assay 

The Electrophoretic Mobility Shift Assay (EMSA) has been used extensively for 

studying DNA-protein interactions. This assay is based on the fact that DNA-protein 

complexes migrate slower than unbound DNA in a native polyacrylamide or agarose gel, 

resulting in a "shift" in migration of the labeled DNA band. To verify that the everted 

repeat element, potential FARE, does bind to some nuclear transcription factors, EMSA 

was carried out with the ER-3 element and nuclear extracts from cultured myoblast cells. 

2.2.1 Materials and methods 

Cell culture 

Rat skeletal muscle L6 myoblasts (American Type Culture Collection, Rockville, 

MD) were grown in Dulbecco's Modified Eagle medium (DMEM, Invitrogen, 

Burlington, ON) supplemented with 10 % fetal bovine serum (Invitrogen, Burlington, 

ON) , 150 Ulml penicillin, and 150 pglml streptomycin (Sigma, Oakville, ON). 

Nuclear protein extraction 

All steps were performed at 2-8 "C and buffers and equipment were pr,ocooled. L6 

myoblasts were grown for 3 days to 80 '% confluence in the 60x10 mm treated 

polystyrene dishes (Corning, Acton, MA). Monolayer cells were rinsed with phosphate 

buffered saline and scraped off the dishes. 'The pooled cells were centrifuged at 3000 rpm 

for 10 min, suspended in 3 volumes of homoge:nization buffer (1 0 mM Hepes-NaOH, pH 

7.9, 0.35 M sucrose, 10 mM KC1, 1.5 mM MgC1l2, 0.1 mM EGTA, 0.5 mM di-thiothreitol, 

0.5 mM phenylmethylsulfonyl fluoride, 0.15 mM spermine, 0.5 mM spermidine, 2 pglml 

leupeptin and 2 pglml aprotinin; all from Sigma, Oakville, ON), and processed further 



according to the protocol of Nu-Clear Extraction Kit (Sigma, Oakville, ON). The nuclear 

protein concentration was determined by the method of Bradford with a kit from Bio-Rad 

(Richmond, CA, USA) using bovine serum albumin (Sigma, Oakville, ON) as a standard. 

Electrophoretic mobility shift assay 

The biotinylated, synthetic oligonucleotides (5' CGCCTCTTCT ACA AGAAGA 

GG 3') containing the palidromic everted repeat element (-529 - -5 10) was denatured at 

100 OC and slowly cooled down for a double-stranded probe. Non-radioactive gel shifts 

were carried out with the Lightshift Chemilunlinescent EMSA kit (Pierce, Rockford, IL) 

according to the manufacturer's instructions. Labelled probe (40 fmoles) was incubated 

with L6 nuclear extracts for each reaction before electrophoresis. After electrophoresis, 

oligonucletides were blotted by capillary transfer onto nylon membranes, cx-oss-linked, 

and visualized by chemiluminesence. 

For the specific competition experiments, L6 nuclear extracts were pre-incubated 

with a 5, 10, 20 or 100-fold mole excess of unlabelled, double-stranded oligonucleotides 

of the putative element. 

2.2.2 Results and discussion 

When the probe containing the ER element was added to nuclear proteins 

extracted from L6 myoblasts, a distinct gel shift to lower mobility was observed (Figure 

2-2). In addition, the unlabelled double-stranded DNA of the 19 bp element was able to 

compete with the labelled element, gradually eliminating this shift band by increasing 

amounts of the unlabelled double-stranded oligonucleotides (Figure 2-3). Therefore, it 



clearly shows that the gel shift was a result of a specific interaction between the putative 

element, everted repeat element, and some nuclear proteins. 

Further experiments in our lab concluded that antibodies to PPAR a did not 

induce a supershift with rat nuclear extracts :in our gel shift assay, indicating that this 

transcription factor is not involved in the DNA-protein specific interaction (data not 

shown). Thus, this everted repeat element, specific binding with myoblast nuclear 

proteins, is proposed to be a possible novel fatty acid response element as it: is different 

from any known nuclear receptor binding site. To examine the function of the everted 

repeat element in the native H-FABP gene promoter, the rat genomic sequence was 

cloned into a luciferase reporter plasmid for the fatty acid response. 



Figure 2-2 Gel shift assay of the everted repeat element binding to nuclear proteins 

Nuclear proteins were extracted from 1,6 myoblasts and the rat probe was the double- 
stranded ER-3 element labelled with biotin. Gel shift assay was carried out with or 
without nuclear estract, as shown above the lanes. 

Rat probe 

L6 nuc1t:ar extract 



Figure 2-3 Specific binding between the everted repeat element and nuclear proteins 

Nuclear proteins were extracted from 1,6 myoblasts and the rat probe was the double- 
stranded ER-3 element labelled with biotin. The unlabelled double-stranded EK-3 
element was used to compete with the labelled element. Gel shift assay wi~s carried out 
with gradually increasing ammnts of the unlabelled double-stranded probe, as shown 
above the lanes. 

Rat probe + + + + +  
L6 nuc :ear extract 

Competitor 
(unlabeled probe) 



CHAPTER 3: MODIFICATION OF THE DUAL 
LUCIFERASE REPORTER GENE ASSAY SYSTElM 

3.1 Introduction 

When initiating an analysis of a gene"s transcriptional regulatory mechanism, a 

critical step is the development of an assay for measuring the activity of relevant control 

regions. With an appropriate functional assay., it is possible to assess a control region's 

ability to mimic the expression pattern of endogenous genes. In the absence of a 

functional assay, it is very difficult, if not impossible, to identify and assess the relevance 

of DNA sequence elements and proteins that may contribute to gene regulation. 

Several types of functional assays have been used to study tramscriptional 

regulation. The most common one is the transient transfection assay, in which plasmids 

containing the control region of interest are introduced by a transfection procedure into 

cells maintained in culture. Typically, the control region regulates transcription of a so- 

called "reporter gene", i.e., a known gene for which the levels of mRNA or pr'otein can be 

easily measured. If the regulatory region of interest is recognized as a promoter, it is then 

placed immediately upstream of the reporter gene to drive reporter gene transcription. If 

the control region of interest is a regulatory- sequence such as a hormorie response 

element, that element is placed upstream of a universal promoter capable of base 

transcription rates. At a specific time point following transfection of cultured cells with 

the resulting plasmid, the activity of the control region is assessed by measuring mRNA 

or protein synthesis from the reporter gene. 'This assay is considered to be transient 

because the plasmids rarely integrate into the host genome. As such, mRNA or protein 



production must be measured within a short time period, ranging from 1 to 3 days, even if 

the cells remain stable in culture; otherwise the plasmids will degrade or be diluted as the 

cells grow and divide. The transient assay is usually employed for an initial analysis of 

the cis-acting DNA sequences and trans-acting factors that regulate gene expression. 

Luciferase is the reporter gene of choice in many laboratories. The luciferase 

assay is more sensitive than assays for chloramphenicol acetyl transferase (CAT) or other 

commonly used reporter genes. The high sensitivity of the luciferase assay allows 

analysis of weak promoter and use of smaller amounts of DNA and cells in transfection 

studies. The assay is linear over eight orders of magnitude (Promega, technical manual 

No.040, 2003). Therefore small amounts of transfected cell lysate can be assayed for 

enzyme activity and whole dish-to-dish comparisons made easier. 

The dual luciferase reporter (DLR) assaly system used in this thesis was purchased 

from Promega (Madison, WI). The term "dual reporter" refers to the simultaneous 

expression and measurement of two individual reporter enzymes within a sin.gle system. 

Typically, the "experimental" reporter is correlated with the effect of specific 

experimental conditions. In contrast, the activity of the co-transfected "internal control" 

reporter, pRL-TK, serves as the baseline response since it is under the colitrol of the 

thymidine kinase promoter, which is a constitutively active promoter in all cells because 

this promoter controls common biochemical pathway. Normalizing the activity of the 

experimental reporter to the activity of the :internal control minimizes experimental 

variability, as a result of differences in cell viability, transfection efficiency or other 

sources of variability. Thus, dual reporter assays often allow more reliable imerpretation 

of the experimental data by reducing extra.neous influences. The experimental reporters 



include pGL3-Basic supplied as a negative control as well as pGL3-Control as a positive 

control. The interest sequence of a putative promoter is inserted into the multiple cloning 

site of pGL3-Basic (Promega, technical manual No.040, 2003). Expression of luciferase 

activity in cells relies on insertion and proper orientation of a functional promoter 

upstream from the reporter gene (Figure 3-1). 

In the DLR assay, the luciferase activities of both experimental ,and internal 

control reporters are measured sequentially from a single sample. This is made possible 

by the nature of the luciferase produced from each vector. The experimental reporter gene 

produces firefly luciferase that first was isolaled from the firefly (Photinus pyralis), an 

enzyme which requires ATP and O2 to produce photon emission. Renilla (Renilla 

reniformis, also known as sea pansy) luciferase encoded by the internal control vector 

does not need ATP, and emits a steady light signal followed by a long decay. This system 

allows the initial signal (the experimental reporter signal) to be measured and quenched 

by a second buffer, allowing sensitive detection of the internal control signal without 

necessitating a new assay. Results of luciferase activity are expressed as a ratio of both 

signals (Promega, technical manual No.040,2003). 

In this application, rat L6 myoblasts (A'TCC, Manassaa, VA) were sel'ected as the 

host for transfection. As not terminally differentiated muscle cell precursors, myoblasts 

are useful model system for the study of gene expression in muscle cells. Myoblasts 

expressed H-FABP as well, but in lower concentrations than differentiated myocytes. 

After a 10 h incubation with at least 60 pM fatty acid, a two-fold increase in FABP 

mRNA was observed in myoblasts. Cardiomyocytes responded to fatty acids treatment in 



a similar way; hence, cultured L6 myoblasts are a suitable cell line for the study of H- 

FABP gene expression (Chang et al, 2001). 



Figure 3-1 The pCL3 vectors' circle maps 

Synthetic poly(A) signal / 

2004 EarnH I 

SV40 late poly(A) signal 

Xba l 1742 

pGL3-Control 
Vector 

1525E;bp) 

H n d  l i l  245 

Nco 1 278 

0 2007, Promega (http://www.promega.com/tbs~tm033/tm033.pdf), by permission. 



3.2 Construction of luciferase reporter genes 

The pGL-3Basic vector lacks a eukaryotic promoter and enhancer sequences, 

allowing maximum flexibility in cloning putative regulatory sequences. Expression of 

luciferase activity in cells transfected with these plasmids relies on insertion and proper 

orientation of a functional promoter upstream fiom 1uc-t. 

3.2.1 Materials and methods 

3.2.1.1 Reporter gene construction 

A TA clone (Invitrogen, Carlsbad, CA) was constructed to contain the rat H- 

FABP promoter, from 900 bp upstream of the transcription start site to the ATG start 

codon and part of exon I (Wu et al., 2002). The sequence was confirmed by sequencing, 

and was used as template for further serial reporter gene construction. 

To construct luciferase reporter genes, different regions of the promoter were 

generated by PCR reactions using different forward primers, each with an JlhoI site. in 

combination with the same reverse primer containing a HindIII site located between 

transcriptional initiation site and the ATG start codon (Table 3-1). PCR products from 

these reactions and pGL3-Basic luciferase vector (Promega. Madison, WI) were double 

digested with XhoI and HindIII and resolved by agarose gel electrophoresis. Elands of the 

expected sizes were excised and purified using the Qiaquick gel extraction kit (Qiagen, 

Mississauga, ON). The purified DNA was inserted into pGL3-Basic luciferase vector in a 

ligation reaction. After an overnight ligation at 24 "C, the resulting DNA was 

transformed into One Shot Top10 chemically competent E.coli cells (Invitrogen. 

Carlsbad, CA) using a 42 "C heat-shock method. Then the transformed cells were grown 

overnight at 37 "C on LB-amp plates. The next day, the colonies were picked and grown 

3 6 



overnight at 37 "C in 5 ml LB-amp broth. Plwnids isolated by a plasmid mini-prep kit 

(Genelute, Sigma, St. Louis, MO) were first ,analyzed by restriction mapping, and then 

validated by sequencing. 

There were NheI sites on both -1 161-1 11 bp of promoter upstream and the 

multiple cloning site in construct pGL3-777/+19. Therefore construct pGL3- 1 l6/+l9 was 

produced simply through the following steps: pGL3-777/+19 digestion by NheI, right- 

size DNA band (- 4,900 bp) selection from agarose gel electrophoresis, and purified 

DNA ligation reaction. The shortest construct was also confirmed by sequencing. 

In addition, a special deletion mutant pGL3-777/+19dele was coiistructed in 

which nucleotides -528 to -510 were removed, as illustrated in Figure 3-2. Another 

deletion mutant pGL3-688/+ 19dele was developed through PCR with pGL3-'777/+ 19dele 

as the template so that it contained less upstream sequence. Both mutants urere verified 

by DNA sequencing. 
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Figure 3-2 Schematic representation of the strategy to construct the deletion mutant pCL3- 
777/+19dele 

Xho I Bgl I I 

BglII Hind111 

Reaction 1 Reaction 2 

PCR with RatX-7771757 and Rat-5261547H PCR with Rat+l9/0H and Rat B-5101489 

~ i ~ e s t i d  with BglII 
1 

Digested with Bglll 

Ligate together 

PCR with Rat X-7771757 and Rat+I910H 

Digested with Xho I and Hind111 

Cloned ;with pGL3-Basic 



3.2.1.2 Sequencing of reporter genes 

All DNA sequencings were carried out using Applied Biosystems 13igDye v3.1 

Terminator Chemistry on the Applied Biosystems PRISM 377 sequencer at the 

Biotechnology Laboratory at the University of British Columbia. Each clone was 

sequenced in both directions using RV primer 3 (forward) and GL primer 2 (reverse, 

Promega) to confirm orientation and identity of the insert. 

3.2.2 Results and discussion 

When the sequences of reporter gene constructs were aligned with the published 

rat H-FABP sequence (Zhang et al., 1999), a few minor errors were observed in non- 

target regions and labelled in Figure 3-3. These minor errors were probably caused by 

single base pair substitution introduced through PCR cloning. Hence, it was considered 

that they did not affect the promoter function. The seven reporter gene constructs shown 

in Fig 3-4, as well as the control plasmids supplied by Promega (negative control pGL3- 

Basic, positive control pGL3-Control) were used in subsequent experiments. Construct 

pGL3-777/+19 was the longest structure including both ER-3 elements, the TATA box 

and transcriptional initiator, which functioned as the full length promoter. Construct 

pGL3-777/+19dele was very similar to pGL3-777/+19, but without the ER-3a element. 

Construct pGL3-688/+ 19 lacked ER-3 b, but contained ER-3a. The pGL3-688/+19dele 

included neither ER-3 elements. Constructs pGL3-532/+19 and pGL3-503/+19 began 

immediately upstream and downstream of the ER-3a site, respectively. Construct pGL3- 

1 16/+19 contains TATA box and transcription initiator, but no other recogniziible control 

elements; it is considered the minimal H-FABP promoter. 



F
ig

ur
e 

3-
3 

Se
qu

en
ci

ng
 r

es
ul

ts
 o

f 
re

po
rt

er
 g

en
e 

co
ns

tr
uc

ts
 

P
G
L
3
-
7
7
7
j
+
i
9
a
e
i
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
g
e
n
e
 

-
 

P
G
L
3
-
6
8
8
 /
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 
g
e
n
e
 

-
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 
g
e
n
e
 

-
 

5
' 
C
C
G
A
G
C
T
C
T
T
A
C
G
C
G
T
G
C
T
A
G
C
C
C
G
G
G
C
T
C
G
A
G
 

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

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

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

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

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

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

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

N
h

eI
 

X
h
o
l
 

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

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. 

R
a
t
-
X
7
7
7
/
7
5
7
 

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

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

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

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 

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

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

G
T
G
T
C
C
A
A
G
G
~
A
A
r
T
C
T
T
C
T
C
C
F
.
C
T
T
G
T
C
T
C
-
C
-
.
~
n
T
C
-
P
P
~
C
-
C
r
n
-
A
A
~
,
T
\
~
A
~
C
:
C
:
C
:
T
C
:
?
u
A
~
C
C
C
C
C
A
C
T
 

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 



P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a

t 
g
e
n
e
 

-
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a

t 
g
e
n
e
 

-
 

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

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

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

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

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

-
 

*
*
*
+
+
+
+
+
+
+
&
&
+
+
+
*
*
*
*
*
*
*
*
*
*
k
*
k
i
i
i
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
 

R
a
t
X
-
5
3
2
/
5
0
9
 

R
a
t
X
-
5
0
3
/
4
8
6
 

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

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

C
A
T
T
C
G
A
G
C
C
T
C
C
G
C
G
C
C
 
T
C
T
A
G
A
(
B
g
1
I
)
 
G
G
A
C
A
T
A
G
G
G
C
C
G
T
T
G
A
A
A
T
G
G
G
T
C
A
T
 

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

C
A
T
T
C
G
A
G
C
C
T
C
C
G
C
G
C
C
 
T
C
T
A
G
A
(
B
g
1
I
)
 
G
G
A
C
A
T
A
G
G
G
C
C
G
T
T
G
A
A
A
T
G
G
G
T
C
A
T
 

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

C
A
T
T
C
G
A
G
C
C
T
C
C
G
C
G
C
C
~
T
C
T
T
C
T
A
C
A
A
G
A
A
~
G
G
A
C
A
T
A
G
G
G
C
C
G
T
T
G
M
T
G
G
G
T
C
A
T
 

R
a
t
-
5
2
6
/
5
4
7
B
 (
R
e
v
)
 

P
G
L
3
-
5
0
3
i
+
i
Y
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a

t 
g
e
n
e
 

-
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
t
i
L
j
-
b
8
8
/
+
1
Y
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a

t 
g
e
n
e
 

-
 

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

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

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

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

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

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 

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

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

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

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

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

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

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

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
 



P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 
g
e
n
e
 

-
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 

rj
e
n
e
 

-
 

P
 

W
 

P
G
i
3
-
5
0
3
j
t
i
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 
g
e
n
e
 

-
 

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

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

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

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

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

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

I
\
,
G
G
C
C
C
C
S
T
T
T
C
C
C
C
A
G
C
G
T
G
A
C
G
C
C
A
G
C
T
Z
~
G
A
G
C
G
A
G
T
T
T
C
C
T
T
T
C
A
G
T
K
Y
G
G
C
G
G
T
G
G
G
A
 

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

 

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

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

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

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

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

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

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

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

 

N
h
e
l
 

G
C
T
A
G
C
C
C
C
 

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

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

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

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

-
 
-
 
-
 
- 

-
 -

 -
 -
 -

 -
 -
 - 

- -
 

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

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

-
 -

 
-
 
-
 -

 -
 -

 -
 

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

 



P
G
L
3
-
1
1
6
/
+
1
9
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

R
a
t
 
g
e
n
e
 

-
 

P
G
L
3
-
1
1
6
/
+
1
9
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
 /+

I 
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

A
 

PC
L3
-7
77
,'
 
1
1
9
d
e
l
e
 

A
 

P
G
L
3
-
7
7
7
/
+
1
9
 

h
i

 g
e
n
e
 

-
 

P
G
L
3
-
b
a
s
i
c
 

P
G
L
3
-
1
1
6
/
+
1
9
 

P
G
L
3
-
5
0
3
/
+
1
9
 

P
G
L
3
-
5
3
2
/
+
1
9
 

P
G
L
3
-
6
8
8
/
+
1
9
d
e
l
e
 

P
G
L
3
-
6
8
8
/
+
1
9
 

P
G
L
3
-
7
7
7
/
+
1
9
d
e
l
e
 

P
G
L
3
-
7
7
7
/
+
1
9
 

K
a
t
 
g
e
n
e
 

-
 

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

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

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

T
T
G
A
C
G
G
A
G
T
G
C
W
G
C
C
C
G
G
G
C
T
T
C
C
T
A
T
T
T
C
G
G
G
A
G
C
k
F
G
G
G
G
T
G
T
G
G
G
C
C
A
C
T
T
T
C
A
T
C
A
T
G
 

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

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

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

 

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

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

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

T
G

P
T

G
C

C
A

C
G

G
C

T
A

T
T

T
M

G
A

G
A

C
T

C
T

C
C

A
G

C
C

G
G

G
A

G
C

C
G

C
G

A
T

T
C

T
C

A
C

'I
'G

C
C

T
G

C
A

C
G

C
 

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

T
G
A
T
G
C
G
A
G
G
G
C
T
A
T
r
Y
T
A
A
A
G
A
G
A
C
T
C
T
C
C
A
G
C
C
G
G
G
A
G
C
C
G
C
G
A
T
T
C
T
C
A
C
T
G
C
C
T
G
C
A
C
G
C
 

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

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

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. 

T
A
T
A
 b

o
x

 
~
a
t
+
l
9
/
0
~
 

(
R
e
v
)
 

A
A
G
C
T
T
G
G
C
A
T
T
C
C
G
G
T
A
C
T
G
T
T
G
G
T
 
3'
 

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

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

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

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

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

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

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

CT
CC

TC
TC

TC
AT

TG
CA

CC
IA

TG
JG

CG
GA

CG
CC

TT
TG

TC
G~

 
H
-
F
A
B
P
 
s
t
a
r
t
 
c
o

d
o

n
 

H
in

d
II

I 



Figure 3-4 Schematic representation of the reporter gene constructs 

The grey boxes represent ER elements while the black boxes are the TAT,% box. The 
arrows show the transcriptional initiation site. 

SV 40 promoterlenhancer 1 -I- m Positive control 



3.3 Reporter gene transfection with Lipofectamine 

A variety of strategies are available for the delivery of genes into eukaryotic cells. 

These techniques fall into three categories: transfection by physical methods, virus- 

mediated transduction, and transfection by biochemical methods. The choice of a 

particular transfection method is determined by the experimental goal (e.g.. the type of 

assay to be used for screening, the ability of the cell line to survive the stress of 

transfection, and the efficiency requirement of the system). 

There are three physical methods of transfection in common use: biolistic particle 

delivery, direct microinjection, and electroporation. The first two methods function 

through perforation of the cell membrane and subsequent delivery of the DNA into the 

cell. Electroporation uses brief electrical pulses to create transient pores in the plasmid 

membrane through which nucleic acids enter into cells. They perform well with some cell 

lines that remain impermeable to foreign DNA with other techniques. Howe~rer, physical 

transfection methods require very special equipment and skilful operation to determine 

the optimum condition empirically in each laboratory and for each cell type. 

Virus-mediated transduction is based on the use of viral vectors to transfer 

exogenous genes into target cells. These vectors have certain advantages, including high 

levels of transduction and efficient and stable integration of foreign DNA into the host 

genome. In addition to laboratory safety concerns, the usefulness of viral vectors is 

limited by a few factors such as host immune and inflammatory reactions, difficulty of 

large-scale production, size limit of the foreign DNA, random integration into the host 

genome, and the risks of inducing tumorigenic mutations and generating .active viral 

particles through recombination (Clark and Hersh, 1999). 



Biochemical transfection can be accomplished by various means. Early methods 

that are still used today include the combination of plasmid DNA with either DEAE- 

Dextran or calcium phosphate, and co-precipitation. By the 1980s, the method of mixing 

cationic lipids with plasmid DNA had been developed to efficiently transfix DNA and 

RNA into cells by a process called lipofection. The basic structure of cationic lipids 

consists of a positively charged head group and one or two hydrocarbon chains. The 

charged head group governs the interaction between the lipid and the phosphate backbone 

of the nucleic acid, and facilitates DNA condensation. Cationic lipids are usually 

formulated with a neutral co-lipid or helper lipid, followed by extrusion or 

microfluidization, which results in a unilamellar liposomal structure with a positive 

surface charge when formulated in water. The: positive surface charge of the liposomes 

also mediates the interaction of the nucleic acid and the cell membrane, allowing for 

fusion of the liposome/nucleic acid (transfection complex) with the negatively charged 

cell membrane. The transfection complex is considered to enter the cell through 

endocytosis. Once entered into the cell, the complex needs to escape the endosomal 

pathway, diffuse through the cytoplasm, and enter the nucleus for gene expression. It is 

considered that cationic lipids facilitate transfection during the early steps of the process 

by mediating DNA condensation and DNAIcellular interaction. 

Lipofectamine 2000 transfection reagent (Invitrogen, Burlington, Ontario) is a 

cationic lipid formulation that has been known to offer high transfection efficiencies and 

protein expression levels in a wide variety of adherent and suspension cell lines. It is a 

common transfection reagent for simple and effective nucleic acid delivery: and it had 

been used successfully for reporter gene transfection of myoblasts in previous research of 



our laboratory (Wu and Haunerland, 2001). Therefore, Lipofectamine 2000 reagent was 

initially chosen to transfect the luciferase reporter gene into myoblasts. 

It is worth mentioning here that pGL3-777/+19 was consistently used as a 

standard vector to verify the transfection efficiency under different conditions in the 

following sections of this chapter. 

3.3.1 Materials and methods 

Rat I,6 myoblasts were cultured in Dulbecco's Modified Eagle medium (DMEM, 

Invitrogen, Burlington, ON) supplemented with 10 % (vlv) fetal bovine serum 

(Invitrogen, Burlington, ON), 150 Ulml penicillin and 150 pglml streptomycin (Sigma, 

Oakville, ON), as previously described in Chapter 2. Prior to transfection, cells were 

grown for 3 days to reach 90 % confluency in the 35x10 mm treated polystyrene dishes 

(Corning, Acton, MA). After removal of the medium, the cells were rinsed twice with 

phosphate buffered saline (10 mM phosphate, 0.9 % NaCI, pH7.4) and then 2 ml Opti- 

Mem I reduced serum medium (Invitrogen, Burlington, ON) was added to each dish. 

Cells were transfected transiently with pGL3-'777/+19 and Lipofectamine 21000 reagent 

according to the manufacturer's instructions. For each dish, 5 pg luciferase reporter gene 

construct, 500 ng internal control vector pRL-TK and 12 pl Lipofectamine reagent were 

gently mixed in 400 pl Opti-Mem I medium and incubated at room temperature for 15 

min. Subsequently, the transfection mixture was added into the cell dishes. After 6 h 

incubation at 37 "C, 5 % C02, the transfection medium was replaced by 1 % serum 

medium without antibiotics. 



Fatty acid treatment of transfected cells was carried out as described previously 

(Chang et al, 2001). Briefly, complexes of linoleic acid1BSA (1800 pM 18:2/200 pM 

BSA or 2400 pM 18:2/200 pM BSA) were prepared by dissolving fatty-acid-free BSA 

(Sigma, Oakville, ON) and the sodium salt of' linoleic acid (18:2, Sigma, O;akville, ON) 

in 0.9 % NaCI. The fatty acid/BSA complex solution was then sterile filtered and added 

to cell culture media following the 6 h transfection period. For fatty acid treatment 

experiments, the linoleic acid/BSA complex solution was added to transfected cells at 

final concentrations of 180 pM 18:2 in 20 pM BSA, or 240 pM 18:2 in 20 pR.1 BSA. As a 

control, the culture medium only with 20 pM BSA was used at the same time. The cells 

continued to incubate for another 12, 18 or 24 h. For each treatment, three dishes were 

employed and evaluated separately. 

Cells were harvested and lysed with 200 p1 passive lysis buffer (Promega, 

Madison, WI). The Dual Luciferase Reporter Assay System (Promega, Miidison, WI) 

was used to evaluate the relative luciferase activity by a TD-20120 luminometer (Turner 

Designs, Sunnyvale, CA). Each sample was measured twice or three times ;and then an 

average of these readings was taken as the value of the sample. 

3.3.2 Results and discussion 

Transfection of rat myoblasts with the full-length rat H-FABP promoter construct 

resulted in strong expression of luciferase under this condition (Figure 3-5). T'he addition 

of BSA had no influence on the reporter gene expression, and the luminescence did not 

change greatly between 12 and 24 hours post--transfection. Therefore, it was concluded 

that the rat H-FABP promoter was functional in this expression system. 



When transfected cells were treated with fatty acids, the inducible expression of 

luciferase activity was measured. Compared with the control conditions, treatment with 

180 pM fatty acid made no measurable increase in gene expression. In contrast, the larger 

fatty acid concentration (240 pM) showed up to 60 % higher luciferase activity. It is 

obvious that the selected transfection protocol using Lipofectamine 2000 operated 

effectively for luciferase reporter genes with the rat H-FABP promoter. An 18 h 

incubation period after 6 h transfection (for a Iota1 treatment time of 24 h) with 240 mM 

linoleic acid appeared optimal. 

However, the cells treated with 240 pM 18:2/20 pM BSA looked severely 

damaged under microscope (Figure 3-6), and the number of living cells was dramatically 

reduced. Most likely, the combination of transfection reagent and immediate fatty acid 

treatment changed cell membrane structure, worse than either of them alone, and thereby 

cells lost their normal morphology and functions. 



Figure 3-5 Luciferase assay of myoblasts transfected with Lipofectamine 

L6 myoblasts were transfected with pGL3-777/+19 by Lipofectamine, and then L6 
myoblasts were treated with different media for 12, 18, or 24 h. The results are the 
average of at least three independent determinations SD. 



Figure 3-6 blorphological change of transfectecl myohlasts under FA treatment 

Upper photo: L6 myohlasts were treated with 20 pbI USA in 1 O/c serum mediunl for 18 
h after transfection with Lipofvctamine. Bottom photo: L6 myohlasts were treated with 
240 pM 18:2/20 IIM BSA in I % serum medium for 18 h after transfection with 
Lipofectamine. 



To improve the rate of cell survivals, viuious modifications of the cunrent protocol 

were attempted. It was found that adding a 2 h recovery interval with fresh medium after 

the 6 h transfection considerably improved cell viability. In order to keep the overall 

treatment period as short as possible, the fatty acid incubation step was reduced to 16 h, 

so that the total treatment was kept at 24 h. These results are shown in Figure 3-7. While 

reporter gene expression was larger (up to 2-fold), myoblasts were still severely damaged. 

This raised the possibility that the observed higher relative luciferase activity is not due to 

specific induction of the reporter gene promoter, but a more pronounced decrease of the 

control Renilla luciferase. Given that such a scenario would make the interpretation of the 

data difficult, especially with respect to the identification of the fatty acid response 

element, it was decided to search for a gentler transfection protocol that would improve 

the rate of myocyte survivals. 



Figure 3-7 Luciferase assay of myoblasts with 2h interval between transfection and FA treatment 

Left group: as a 2 h recovery interval was added with fresh 1 O h  serum medium after 
the 6 h transfection, the fatty acid or  HSA incubation step were reduced to 16 h. Right 
group: the 18 h incubation for FA or  BSA treatment without 2 h interval. The results 
are the average of a t  least three independent determinations A SD. 



3.4 Reporter gene transfection with Fugene 6 

Fugene 6 is a multi-component lipid-based and non-liposomal transfection 

reagent. According to the manufactures (Roche Applied Science), it allows delivery of a 

broad range of nucleic acid, from plasmids (up to 10 kb) to oligonucleotides, into various 

cell types such as L6 myoblasts. Since Fugene 6 was introduced by Boehringer- 

Mannheim Biochemicals in 1997, its popularity has increased due to its lease of use, 

reduced cytotoxicity, and the high level of transfection in many different cell lines. 

Fugene 6 has the advantage of transfecting equally well in the presence or 

absence of serum. Thus, any serum stimulation effects that might influence the 

interpretation of the effects of the transfected genes can be avoided. Fugene 6 was shown 

to be gentle on the cells including many primary cell types. Adherent cells can be 

trypsinized and transfected by the DNA-Fugene 6 complex prior to plating. Elimination 

of toxic side effects combined with high transfection efficiency led to accurate 

physiological results in more than 700 cell types (Refer to http://www.roche- 

diagnostics.com/products~services/fi~gene.html). 

3.4.1 Materials and methods 

Rat 1'6 myoblasts were cultured in the same way as previously described in 

section 3.3.1. Prior to transfection, cells were grown to reach 70 % confluency in the 

35x10 mm dishes. After removal of the medium, the cells were rinsed twice with 

phosphate buffered saline (10 mM phosphate, 0.9 % NaC1, pH 7.4) and then 2 ml Opti- 

Mem I reduced serum medium (Invitrogen, Burlington, ON) was added into each dish. 

Cells were transfected with Fugene 6 according to the manufacturer's instruction. For 



each dish, 1 yg pGL3-777/+19 reporter gene construct, 100 ng internal control vector 

pRL-TK and 3 yL Fugene 6 were gently mixed in 100 yl Opti-Mem I medium and 

incubated at the room temperature for 15 min. Subsequently, the transfection mixture was 

added into the cell dishes. After 6 h of incubation at 37 "C, 5 % COz, the transfection 

medium was replaced by 1 % serum medium without antibiotics and incubated for 

another 2 h. At the same time, other dishes of L6 cells were transfected with 

Lipofectamine 2000 as the control experiment to Fugene 6 following the previous method. 

Fatty acid treatment of transfected cells was carried out as in the previous section. 

In brief, the linoleic acid/BSA complex solution was added to transfected cells at the final 

concentration of 180 yM 18:2/20 yM BSA or 240 yM 18:2/20 yM BSA. 13SA groups 

were treated only with 20 yM BSA in the medium. All cells were incubated for 16h. For 

each treatment, three dishes were used in parallel and evaluated separately. 

Cells were harvested to evaluate the relative luciferase activity using the same 

method. Each sample was measured twice and then an average of these readings was 

taken as the value of the sample. 

3.4.2 Results and discussion 

From Figure 3-8, it seems that Fugene 6 is much gentler than Lipofectamine 2000. 

Although cells in Fugene 6 groups appeared to be abnormal, their rate of survival had 

been improved considerably and morphological changes were less pronounced. 



Figure 3-8 Inlproved morphological observation of myoblasts transfected with Fugcne 6 compared 
with Lipofectamine 

Upper photo: L6 myoblasts were transfected with Fugene 6 and then treated with 240 
pM I8:2/20 piM USA for 16 h. Bottom photo: L6 myoblasts were transfected with 
Lipofectamine and then treated with 240 pM 18:2/20 pM USA for 16 11. 



Figure 3-9 Luciferase assay of myoblasts transfecled with Fugene 6 or Lipofectamine 

Left group: L6 myoblasts were transfected with Fugene 6 and then treated with 
different media for 16 h. Right group: L6 myoblasts were transfected with 
Lipofectamine and then treated for 16 h. The results are the average of at least three 
independent determinations * SD. 
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As the Fugene transfection protocol uses much less reporter gene construct (20 % 

of the amount used for Liopfectamine), the ra.w numbers measured for firefly luciferase 

in the BSA controls were much lower (360 vs 1474, Figure 3-9). It is worth pointing out 

that Renilla luciferase readings in all Fugene 6 groups were notably higher than those in 

Lipofectamine groups. Moreover, the luciferase activities of Fugene 6 transfected cells 

remained high even afier fatty acid exposure. This supports the conclusion from the 

morphological observation that rate of cell survival was greatly improved afier fatty acid 

exposure in Fugene 6 transfected cells. 

While the Fugene 6 transfection reagent is much more effective and mild than 

Lipofectamine 2000, the relatively low raw luciferase activity limits the reliability of the 

assay. To improve the enzyme activity, the amounts of reporter gene and Fugene 6 were 

doubled (2 pg/6 pl). However, the luciferase readings did not increase significantly as 

expected (Figure 3-10), indicating that the amount of plasmid used in the transfection is 

not the only reason of the lower luciferase expression observed in these cells. 

It was noted that the myoblasts used in the Fugene experiments had been cultured 

for more passages than those in the earlier Lipofectamin experiments, raising the 

possibility that a change of myoblast properties contributed to the lower transfection 

efficiency. In fact, the distributor of the cell stock mentions on its website 

(http://www.atcc.org/commonlcatalog/num Search/numResults.cfm?atccNum=CRL- 145 8 

#22581) that some components of myoblasts may be depleted following several cell 

passages. This "culture drift" results from the phenotypic and genotypic changes that 

accumulate over time in most cell lines as they age and evolve in culture. It is advisable 

therefore to freeze a substock of myoblasts at low passage and periodically re-clone these 



cells to reduce alterations in culture characteristics. Robinson et al. (1 993) reported that 

L6 cells were carried as myoblasts for no more than 10 passages in growth medium, 

before they de-differentiated. Other work in o w  laboratory also indicated that the mRNA 

levels for H-FABP declined with increasing passage, while adipocyte FAI3P increased 

(Rickers-Haunerland, unpublished observation). The latter protein is normally not 

expressed in muscle cells, but characteristic for adipocytes. Therefore, we decided to 

prepare substocks of myoblasts and always use identical passages of cells in future 

experiments. 



Figure 3-10 Luciferase assay of myoblast transfected with more vector DNA 

Left group: old protocol of Fugene 6 3 pllvector 1 pg. Right group: new protocol used 
double amount of pGL3-777/+19 for transfection, Fugene 6 6 pUvector 2 pg. The results 
are the average of at least three independent determinations * SD. 
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3.5 3rd passage myoblasts transfected with Fugene 6 

The first passage of myoblast was defined as the original sample ordered from 

ATCC. It was plated and subcultured into 2nd passage during its exponential growth 

phase (log phase). The 2nd passage cultures were cultured until they reached the log phase, 

and then preserved in aliquots in liquid nitrogen. Transfection always started from the 

stored 2nd passage myoblast substock; for all subsequent experiments, the sul~cultured 3rd 

passage cells were used. 

3.5.1 Materials and methods 

Except for using 3rd passage myoblasts, all other details of experiment were the 

same as last section: 2 pg pGL3-777/+-19 reporter gene construct, 200 ng internal control 

pRL-TK, and 6 pL Fugene 6 were added into each cell dish for 6 h trans-fection. The 

transfection medium was replaced by 1 % serum medium for a 2 h interval. Fatty acid 

treatment of transfected cells was carried out at the final concentration of 240 pM 

18:2/20 pM BSA for another 16h. 

3.5.2 Results and discussion 

Compared with older myoblasts, there was a limited improvement on luciferase 

activity in the 3rd passage cell group (Figure 3- 11). On the other hand, cells did appear to 

be affected more by fatty acid treatment, as judged from visual inspection. In contrast, 

untreated cells observed healthy and grew rapidly. Since most factors in the reporter gene 

protocol had been modified, such as the transfection reagent, the amount of plasmids, 

treatment time point, and cell passage, the only other possible reason for the low cell 

viability appeared to be the fatty acid solution itself. Coincidently, it was also found from 



the recorded images that cells were always able to keep the normal morphological 

appearance until fatty acid exposure, which generally resulted in obvious cell damage. 

Therefore, the certain modifications in the fatty acid solution were attempted, as 

described in the following section. 



Figure 3-11 3rd passage myoblasts transfected with Fugene 6 

Left group: 3rd passage myoblasts were transfected with Fugene 6, and then treated 
with 240 pM 18:2/20 pM BSA for 16h. Right group: except for using old passage 
myoblasts, all other details of experiment were the same as left group. The results are 
the average of at least three independent determinations k SD. 
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3.6 Different molar ratios of fatty acid/BSA for treatment 

Reviewing previous experiments from our laboratory, up to 240 pM linoleic acid 

had been used to treat L6 myoblasts to investigate the regulation of H-FABP mRNA 

expression (Chang et al, 2001); however, the ratio between linoleic acid ar~d BSA may 

have varied. Usually, 60 pM 18:2/20 pM BSA (ratio 3:l) was used to treat transfected 

myoblasts in a subsequent study on locust muscle FABP (Wu and Haunerland, 2001). 

The low concentration was sufficient to induce reporter gene expressicm from the 

stronger locust promoter, but this solution cannot induce any change of luciferase activity 

for the rat promoter in the previous work (data not shown). In an unrelated study in 

isolated rat cardiac myocytes, Luiken et a1 (1997) concluded that both the fatty acid and 

the molar ratio between fatty acid and BSA are important for maintaining viable cells 

under physiologically relevant conditions. Apparently, the correct ratio of latty acid to 

BSA is essential for myoblasts treatment. It is possible that at the high ratio of fatty acid 

to BSA, which is used in our studies (240 pNt 18:2/20 pM BSA, 12:1), too many fatty 

acids are present in low affinity binding sites that can be rapidly released and cause cell 

damage. Hence, the effect of an increased BSA content (240 pM 18:2/80 phl BSA, 3:l) 

was investigated. 

3.6.1 Materials and methods 

The 3rd passage myoblasts were transfected for 6 h in the same protocol as 

described in last section. After 2 h rest, transfected cells were treated with 240 pM 

18:2/80 pM BSA in 1 % serum medium for another 16 h. Cells were harvested and 

evaluated by the luciferase assay following the previous method. 



3.6.2 Results and discussion 

From myoblast morphology shown in Figure 3-12, it was very obviously that cells 

under the new treatment (240 pM 182180 pM BSA) grew almost as healthily as the BSA 

controls, in a major improvement over the treatment with the lower BSA content. Indeed, 

the ratio between fatty acid and BSA appears to be the major reason for the cell damage 

at higher fatty acid concentration. 

The higher the ratio of fatty acidIBSA, the more free fatty acids are in the medium. 

This may create a larger concentration gradient to drive more free fatty acids into 

myoblast cytoplasm at the beginning of the treatment. Free fatty acids may damage the 

membrane systems due to their detergent effects (Das et al., 1991) or through the 

enzymatic formation of lipid radicals (Yamomoto and Niki, 1990). 

Under these conditions, luciferase levels were greatly increased (eg. from 700 to 

5000). It has also been proved that the ratio of' fatty acid1BSA was the key point for cell 

survival during the treatment. However, the two individual experiments under the same 

conditions still showed a significant variation in luciferase readings (Figure 3-13). While 

the reason for this variability was not clear, it was speculated that variation in the 

individual plasmid concentration used for trimsfection may be partially responsible. 

Detecting and quantitating small amounts of DNA is extremely importanl in a wide 

variety of biological applications. The most commonly used technique for measuring 

nucleic acid concentration is the determination of absorbance at 260 nm (A260). The 

major disadvantages of the absorbance method are the large relative conlribution of 

nucleotides, single-stranded nucleic acids and proteins to the signal, the interference 

caused by contaminants commonly found in nucleic acid preparations, the inability to 



distinguish between DNA and RNA, and the relative insensitivity of the assay (an A260 

of 0.1 corresponds to a 5 pglml dsDNA solution). Because the plasmids were used at very 

limited amount for transfection, just 2 pgldish, the small measurement bias of 

concentration could lead to big changes of DNA amount at the step of transfection. 

Therefore, we attempted to increase the sensitivity by using fluorometry instead of a UV 

spectrophotometer to measure the DNA concentration, and repeat the experiments with 

more accurately determined plasmids. 

PicoGreen dsDNA Quantitation Reagent (Molecular Probes, Eugene, OR) is an 

ultrasensitive fluorescent nucleic acid stain for quantitating double-stranded DNA 

(dsDNA) in solution. The TD-700 Laboratory Fluorometer (Turner Designs. Sunnyvale, 

CA) in conjunction with Picogreen dsDNA quantitation kit was chosen to measure the 

concentration of plasmid DNA because it can quantify as little as 25 pglml of dsDNA (50 

pg dsDNA in a 2-ml assay volume). Moreover, the linear detection range of the 

PicoGreen assay extends over more than four orders of magnitude in DNA concentration 

- from 25 pglml to 1000 nglml. This linearity is maintained in the presence of salts, urea, 

ethanol, chloroform, detergents, proteins arid agarose compounds that commonly 

contaminate nucleic acid preparations. The assay protocol has been developed to 

minimize the fluorescence contribution of KNA and single-stranded DNA (ss1)NA). 

Since the ratio of Fugene 6 to plasmid DNA plays an importiint role in 

transfection, the exact ratios were determined fluorometrically. The whole protocol of 

transfection and treatment was carried out under the newest condition. The ratio of 

Fugene 6 to plasmid, as determined by the fluorometer of 6 plllpg, gave the best 

luciferase activity level and inducible ch'mge (Table 3-2). As the result, the TD-700 



Laboratory Fluorometer combined with Picogreen dsDNA quantitation kit was chosen as 

the routine method of DNA concentration measurement, and 6 yl Fugene 6 per yg of 

plasmid was used in all subsequent experiments. 



Figure 3-12 ~Vorphological observation of ~nyohlasts treated by fatty ac imSA (3:11 

Upper photo: L6 myoblasts were treated with 80 pkl BSA in 1 % serum medium for 16 
h after transfection with Fugene 6. Bottom photo: L6 myoblasts were treated with 240 
pb1 18:2/80 pk1 BSA (3:l) in 1 % serum medium for 16 h after transfection. 



Figure 3-13 Luciferase activity variation between two experiments with the same condition 

3rd passage myoblasts were transfected for 6 h with Fugene 6. After 2 h interval, 
transfected cells were treated with 80 pM BSA or 240 pM 18:2/80 pM BSA in 1 % 
serum medium for another 16 h. The results are the average of at least three 
independent determinations k SD. 

BSA 80uM FA 240180 BSA 8OuM FA 240180 
March 4,04 Apnl4.04 

-- -- 

C E l  Flrefly k i i  Renllla + actwlty 
- -  - --- 



Table 3-2 Luciferase assay of myoblasts transfected with different ratios of Fugene 6,lvector DNA 
determined by fluorometer 

The results are the average of at least three independent determinations SD. 

-- 
Fugene61DNA Treatment Firefly Renilla Relative activity Change 



3.7 Optimization of transfection conditions 

As a comparatively new transFection reagent, Fugene 6 had been on market for 

only 4 years. During the course of this thesis work, improved protocols were being 

developed with the aim of optimizing transfection efficiency (Jacobsen et al, 2004). In 

light of these developments, experiments with several additional modifications were 

conducted on the particular myoblast cell line to further increase the level of transfection 

efficiency. 

3.7.1 Materials and methods 

The 3rd passage L6 myoblasts were cultured in DMEM supplemented with 10 % 

(vlv) fetal bovine serum, 150 Ulml penicillin, and 150 pglml streptomycin. Prior to 

transfection, cells were grown to reach 50 % confluency in 35xlOmm dishes. Firstly, 

Fugene 6 was warmed up at room temperature for 10 min and vortexed for 3 seconds. 

Then 6 p1 Fugene 6 was diluted into 94 p1 Opii-Mem I reduced serum medium for each 

dish. The combination was vortexed afterwards and stood for 5 min at room temperature. 

Subsequently, 1 pg pGL3-777/+19 reporter gene construct and 1 OOng intemal control 

vector pRL-TK were added into 100 p1 diluted Fugene 6 solution. The mixture was 

vortexed again and it was then incubated at zhe room temperature for 20 or 40 min. 

During this period, the cells were rinsed twice with PBS (pH7.4). Then 2 1n1 DMEM, 

Opti-Mem I reduced serum medium, or 10 % serum medium were added into each dish. 

Subsequently, the incubated transfection mixture was added into the cell dishes. After 6 h 

incubation at 37 "C and 5 % COz, the transfecr.ion medium was replaced by 1 % serum 

medium without antibiotics and cells were incubated for another 2 h interval. As a 



treatment without fatty acids in this optimization experiment, transfected. cells were 

cultured with 1 % or 10 % serum medium for 16 h or 40 h before harvesting. For each 

group, three dishes were employed and evaluated separately. 

After the incubation period, cells were rinsed twice with 2 ml PBS anld lysed with 

200 pl passive lysis buffer for 15 min at the room temperature. The cell lysates were 

collected into microcentrifuge tubes and then spun at 13200 rpm and 4 OC for 2 min. The 

supernatants were kept at -70 OC before lucif'rase measurement. The Dual Luciferase 

Reporter Assay System was used to evaluate the relative luciferase activity by TD-20120 

luminometer. Each sample was measured twice and then an average of these readings 

was taken as the value of the sample. 

3.7.2 Results and discussion 

The luciferase levels were greatly improved in all groups under the modified 

protocol (Table 3-3), and the cell morphology was normal. Firefly readings increased 

from 5000 to at least 10373, and Renilla luciferase from 450 to 2000 in most groups. 

These changes indicate a remarkably enhanced transfection with the reporter gene 

plasmids. 

Compared with 70 % confluent cells, myoblasts at 50 % confluency can be 

maintained longer in an actively growing state, so that more efficient uptake of the 

complex of plasmid1Fugene 6 into myoblasts is possible. To reach this density more 

exactly and reproducibly, the cell density at 50 % confluency was measured and 

determined as 1 .6xlo5 cellslml (total volume per 35 mm dish was 2 ml). 



Meanwhile, modifications in the Fugene 6 warm-up procedure and its incubation 

with plasmids greatly enhanced the transfection efficiency. These modifications ensured 

that Fugene 6 performed in the optimal condition and the transfection complex was 

formed at the best level prior to transfection. The optimal incubation time for complex 

formation was determined to be 20 min; longer incubation time at room temperature 

tended to cause gradual degradation and loss of activity of the transfection complex. 

It was always necessary to enhance the transfection efficiency by vortexing 

Fugene 6 before use, the mixture of Fugene 6-Opti-Mem I medium, and the mixture of 

diluted Fugene &DNA. After a long period of storage, Fugene 6 may be slightly turbid 

due to the precipitation of some components and vortexing can help dissolve precipitation 

problem. On the other hand, insufficient mixing resulted in a layer of ethanol on top of 

the medium (Fugene 6 is supplied in 80941 ethanol). Therefore DNA sometimes 

precipitated when it hit the ethanol layer. As a result, the optimal way was to perform a 

vortex of Fugene 6 with medium and vector DNA. 

Finally, the procedure of cell lysis was also improved. The 15 min incubation 

with lysis buffer assured complete release of the luciferase enzyme from cells. Together 

with the subsequent centrifugation and freezing steps, it considerably increased the 

luciferase readings. 

The most important factor for luciferase expression was the culture medium. The 

10 % serum medium performed better than 1 ?6 serum medium. This formula was most 

similar to the normal growth medium for myoblasts, and had all necessary nutrients for 

cell metabolism. Unlike other transfection agents, Fugene 6 had the ability to work in the 



presence of serum. Hence, all the subsequent transfection and treatment steps were 

carried out with 10 % serum medium. 

Although luciferase activities of 40 h treatment after transfection were somewhat 

higher than 16 h treatment in one group, other groups did not show remarkable 

differences between these two time points. Since cells would probably tolerate fatty acid 

less well with longer incubation time, and no consistent, obvious advantage of the 

extended incubation was visible, it was decided to continue using 16 h incubation in 

future experiments, as it was generally done in the earlier experiments. 

By now, the optimal conditions are summarized in the following detailed protocol: 

3rd passage L6 myoblasts are cultured in DMEM supplemented with 10 k, (vlv) fetal 

bovine serum, 150 Ulml penicillin, and 150 pglml streptomycin. Prior to transfection, 

cells are grown to reach 50 % confluency (1.6x105/ml) in 35x 10mm dishes. Firstly, 

Fugene 6 is warmed up to room temperature for 10 min and vortexed for 3 seconds. Then 

6 pl Fugene 6 is diluted into 94 pl Opti-Mem I reduced serum medium for each dish. The 

combination is vortexed afterwards and stands for 5 min at room temperature. 

Subsequently, 1 pg reporter gene construct and 100 ng internal control veclor pRL-TK 

are added into 100 p1 diluted Fugene 6 solution, vortexed again and then incubated at the 

room temperature for 20 min. During this period, the cells are rinsed twice with PBS (pH 

7.4) and then 2 ml 10 % serum medium without antibiotics is added into each dish. Then 

the incubated transfection mixture is added into the cell dishes for transfection. After 6 h 

incubation at 37 "C and 5 % C02, the transfection medium is replaced by 10 % serum 

medium without antibiotics and cells are incubated for another 2 h interval Fatty acid 

treatment is carried out subsequently for 16 h. After the treatment period, cells are rinsed 



twice with 2 ml PBS and lysed with 200 p1 passive lysis buffer for 15 min at the room 

temperature. The cell lysates are collected into microcentrifuge tubes and then spun at 

13200 rpm and 4 "C for 2 min. The supernatants are kept at -70 OC before luciferase 

measurement. The Dual Luciferase Reporter Assay System is used to evaluate the 

relative luciferase activity by TD-20120 luminometer. Each sample is measured twice and 

then an average of these readings is taken as the value of the sample. For each group, 

three dishes are employed and evaluated separately. 



Table 3-3 Luciferase assay of myoblasts with different media for transfection and treatment 

The results are the average of at least three independent determinations * SD. 

Transfection Treatment Firefly Renilla Relative activity 

20 m+ 10 % Medium 

20 m+ DMEM 

20 m+ Opti-Mem 

40 m+ I0 % Medium 

40 m+ DMEM 

40 m+ Opti-Mem 

1 % Medium +I6  h 
10 % Medium+l6 h 
10 % Medium+40 h 

1 % Medium +I6  h 
10 % Medium+l6 h 
10 % Medium+40 h 



3.8 Optimization of treatment conditions 

Based on the optimal transfection protocol, further parameters of fatty acid 

exposure needed to be studied to optimize the treatment condition. The corr~plex of 240 

pM linoleic acid and 80 pM BSA (3:l) in 1 % serum that was used in the past still 

showed some cytotoxic effects. Furthermore, because it was prepared from stock- 

solutions, which has been stored for several weeks at -20 O C ,  the concentrations of either 

fatty acid or BSA may have been altered due to precipitation or interactions with the wall 

of the tube. Therefore, other fatty acid concentrations and preparations were used to 

determine if improvements over the previous conditions could be achieved when using 

the optimized transfection protocol. 

3.8.1 Materials and methods 

The transfection procedure was exactly the same as the optimized one in the last 

section. After 2 h rest period, fatty acid exposure for transfected myoblasts was carried 

out at the final concentration of 120 pM 18:2/40 pM BSA (3 : l )  in 1 % or 10 % serum 

medium for 16 h. Then cells were harvested and luciferase activities were evaluated 

following the optimized method. 

Since the readings of luciferase activities were higher than 10000 under newly 

optimized transfection condition, it was considered necessary to adjust the luminometer 

sensitivity from 53.1 % down to 35.2 % from this time on; past luciferase readings should 

be reduced by a factor of 1 1.6 1 for comparison .with readings at the lower sensitivity. 



3.8.2 Results and discussion 

Transfected myoblasts were tested with 120 pM l8:2/4O pM BSA in 10 % or 1 % 

medium for 16 hours and the corresponding result is as shown in Figure 3- 14. In the 10 % 

medium firefly luciferase increased 40 %, while Renilla luciferase remained the same. It 

appeared that under the optimal conditions, the lower fatty acid concentration of 120 pM 

satisfactorily induced the up-regulation of reporter gene expression. A small amount of 

fatty acid may also be present in the 10 % fetal bovine serum, but it is unlikely to have a 

major effect on the experimental results. Repetitions of these experiments, however, 

showed considerable variations, likely due to the longer storage of the home-made stock 

solution (Table 3-4). Because it is not possible to accurately weight the small amounts of 

fatty acids needed for single treatments, and to prepare the complex with BSA 

reproducibly for each experiment, commercia:lly prepared standard fatty acid solutions 

from Sigma were tested. Stabilized stock solutions were obtained as the complex of 

linoleic acid with BSA (molar ratio 2: l), the complex of a mix of linoleic acid and oleic 

acid with BSA (molar ratio 4:1), and the complex of linoleic acid, oleic acid, and 

arachidonic acid with BSA (molar ratio 6: 1). After a serial dilution in DMEM, these fatty 

acids were used to treat transfected myoblasts in 10 % serum medium at different 

concentrations and molar ratios (Table 3-5). Among these experiments, the 2: 1 complex 

of linoleic acid and BSA (120 pM 18:2/60 pM BSA) gave the clearest induction of gene 

expression, essentially confirming that 120 pM linoleic acid is the optimal compromise 

between gene induction and low cytotoxicity. 

It was concluded here that the Sigma preparation of 120 pM linoleic acid with 60 

pM BSA (2:l) in 10 % serum was the optimum condition of fatty acid treatment. After 



the optimization of all factors of transfection and treatment conditions, the series of 

reporter gene constructs of the rat H-FABP promoter fragments was ready to be 

introduced into cultured L6 myoblasts to test the potential element function. under fatty 

acid exposure. 



Figure 3-14 Luciferase assay of transfected myoblast with different treatment media 

Transfected myoblasts were tested with 40 pM BSA or 120 pM 18:2/40 pM BSA in 10 
O h  serum medium (left group), or in 1 % serum medium (right group) for 16 h. The 
results are the average of at least three independent determinations * SD. 



Table 3-4 Luciferase activity variation under the optimized conditions 

The results are the average of at least three independent determinations + SD. 

-- 
Date FA/BSA(pM) Firefly -- Rt?nilla Relative activity Change 

Novl0,04 BSA 40 1943 430.6 4.5 18k0.359 -- 
FA 120140 2773 435.5 6.362k0.243 +41% 

Dec 13,04 BSA 40 1323 262.8 5.032k0.368 -- 
FA 120140 1156 176.6 6.544k0.137 +3 0% 

Dec24,04 BSA 40 1182 296.2 3.994k0.2 13 -- 
FA 120140 1222 279.0 4.389k0.172 +lo% 



Table 3-5 Luciferase assay of myoblasts treated with different kinds of  fatty acid solutions 

The results are the average of at least three independent determinations k SD. 

Fatty Acid [Conc] (pM) Firefly -- Renilla Relative activity Change 

10 % Medium 1876 4 18.8 4.477k0.089 

BSA 40 1993 412.9 4.87 1k0.489 

Home 3: 1 FA 

Sigma2: 1 FA 

Sigma4: 1 FA 



CHAPTER 4: LUCIFERASE REPORTER GENE ASSAY 

As the optimal condition of transfection and treatment has been determined in the 

cultured L6 myoblasts, the serial reporter gene constructs with various fragrnents of the 

region upstream from the rat H-FABP gene were introduced to this dual luciferase 

reporter gene assay system to test the function of the potential fatty acid response element, 

ER-3, following fatty acid exposure. 

4.1 Material and methods 

The 3rd passage L6 myoblasts were cultured in DMEM supplemented with 10 % 

(vlv) fetal bovine serum, 150 Ulml penicillin and 150 pglml streptomycin. Prior to 

transfection, cells were grown to reach 50 % confluency (1 .6x l0~ /m~)  in the 35xlOmm 

dishes. Fugene 6 was firstly warmed up at room temperature for 10 min and vortexed for 

3 seconds. Then 6 p1 Fugene 6 were diluted into 94p1 Opti-Mem I reduced serum 

medium for each dish. The combination was vortexed afterwards and allowed to stand for 

5 min at room temperature. Subsequently, 1 pg of each reporter gene construct and 100 

ng internal control vector pRL-TK were added into 100 p1 diluted Fugene 6 solution. The 

mixture was vortexed and incubated for 20 min at room temperature. During this period, 

the cells were rinsed twice with PBS (pH 7.4) and then 2 ml 10 % serum medium without 

antibiotics were added into each dish. Finally, the transfection mixture was added into the 

cell dishes. After 6 h incubation at 37 "C and 5 % C02, the transfection medium was 

replaced by 10 % serum medium without antibiotics and incubated for an additional 2 h 

interval. 



Fatty acid treatment was performed with the Sigma linoleic acidlalburnin standard 

solution (2:l) at the final concentration of 120 pM 18:2/60 pM BSA in 10 % serum 

medium without antibiotics. As controls, the same culture medium with 60 pM BSA was 

used at the same time point. Then the transfected cells were treated for 16 h. 

After the incubation period, cells were rinsed twice by 2 ml PBS anti lysed with 

200 p1 passive lysis buffer for 15 min at room temperature. The cell 1,ysates were 

collected into microcentrifuge tubes and then spun for 2 min at 13200 rpm an.d 4 "C. The 

supernatants were kept at -70 OC before luciferase measurement. The Dual Luciferase 

Reporter Assay System was used to evaluate the relative luciferase activity by TD-20120 

luminometer. In this step, each sample was measured twice and then an average of these 

readings was taken as the value of the sample. For each group, three dishes were 

employed and evaluated separately. 

4.2 Results and discussion 

The Sigma linoleic acidlalburnin complex (120 pM 18:2) was used to treat all 

reporter genes under optimal conditions. Alll cells observed were very healthy and 

luciferase activities were at a very high level as well (Table 4-1). All experimental 

reporter constructs were examined but there were no remarkable induced changes in 

firefly readings between fatty acid groups and BSA groups. However, the values for the 

Renilla luciferase dropped dramatically after fatty acid exposure, an unexpected result as 

the internal control vector should not be influenced by fatty acids. However, because of 

the unchanged firefly enzyme and reduced Renilla readings, the ratio of firefly to Renilla 

increased upon fatty acid treatment, for all constructs. At this point, no meaningful 



conclusion can be drawn from those results. Again, it appears that the fatty acid treatment 

interfered with normal physiological functions of the cell. 

To prevent such interference by fatty acid, all reporter constructs were transfected 

again and then treated with the same fatty acid. solution at the half concentration, 60 pM 

18:2/30 pM BSA (Table 4-2), but similar results were obtained. The changes didn't make 

a big difference. 

Since the Renilla luciferase expression from the internal control pRL-TK plasmid 

was more easily influenced during the treatment, more pRL-TK was used to co-transfect 

into cells in an attempt to minimize the changes in its expression (Table 4-3:). The DNA 

ratio between experimental reporter gene constructs and pRL-TK was increased from 

1 :0.1 to 1:OS pg, while the ratio of Fugene 6 / DNA stayed at 6:l (9 p1/1 .:j pg). Then 

fatty acid treatment was performed at two concentrations: 60 pM 18:2/30 plvi BSA and 

120 pM 18:2/60 pM BSA. In pGL3-777/+19, which contained the full length promoter 

construct of H-FABP, firefly readings increased a little while Renilla luciferase dropped 

much more following the rising of fatty acid concentration. It suggested thal these fatty 

acid solutions could be too strong for pRL-TK to express Renilla lucifera.se, but not 

enough for experimental vector pGL3-777/+19 to induce the up-regulation of firefly 

luciferase expression. Alternatively, it is conceivable that all expression would be 

reduced upon fatty acid treatment, but the upregulation of the H-FABP promoter 

compensates for the reduction otherwise expected for the full-length reporter construct. 

However, even the minimal promoter in reporter gene pGL3- 1 16/+19 promoter 

performed similarly. The firefly luciferase alinost remained at the same level, while 

Renilla luciferase dropped steeply after fatty acid exposure. This construct does not 



contain known regulatory elements, and should hence not be inducible by fatty acids, 

making the alternative explanation mentioned above unlikely. On the other hand, in the 

third tested construct, pGL3-control, which contains the strong universal promoter SV40 

promoterlenhancer, both firefly and Renilla luciferase were reduced in a :similar way 

upon fatty acid exposure. Consequently, the relative luciferase activities hard1.y changed. 



Table 4-1 Luciferase assay of all reporter genes under Sigma 120 pM 18:2/60 pM BSA treatment 

The results are the average of at least three independent determinations SD. 

Construct Treatment Fireflv 

-7771+19 BSA 60 3857 

FA 120160 3658 

-7771+19dele BSA 60 3 896 

FA 120160 3976 

-6881+19 BSA 60 5259 

FA 120160 4750 

-6881+19dele BSA 60 4032 

FA 120160 3864 

-5321+19 BSA 60 4229 

FA 120160 3784 

-5031+19 BSA 60 1471 

FA 120160 1381 

-1 161+19 BSA 60 1451 

FA120160 1334 

Control BSA 60 3872 

FA 120160 3463 

Relative activitv Change 



Table 4-2 Luciferase assay of all reporter genes under Sigma 60 pM 18:2/30 pM BSA treatment 

The results are the average of at least three independent determinations h SD. 

Construct Treatment Fireflv Renilla Relative activitv Charlee 

-777/+ 19 BSA 30 

FA 60130 

-777/+19dele BSA 30 

FA 60130 

-688/+19 BSA 30 

FA 60130 

-688/+19dele BSA 30 

FA 60130 

-5321+19 BSA 30 

FA 60130 

-503/+19 BSA 30 

FA 60130 

-1 16/+19 BSA 30 

FA 60130 

Control BSA 30 

FA 60130 



Table 4-3 Luciferase assay of myoblasts transfected with more pRL-TK 

Under optimal conditions, L6 myoblasts were transfected with 5 fold internal control 
vector DNA, 0.5 pg pRL-TK. The results are the average of at least three independent 
determinations & SD. 

Construct Reagent Vector FAIBSA -- Firefly Renilla Relative activitj Change 

-777/+19 9yl:1.5pg 1pg:0.5pg BSA 30 1690 730.2 2.3 14h0.035 -- 

FA 60130 1650 443.9 3.715*0.110 +60% 

FA 120160 1'752 384.1 4.562h0.024 +97% 

-1 16/+19 9pI:1.5pg 1pg:0.5pg BSA 30 649.1 514.8 1.258*0.058 -- 

FA 60130 663.3 330.8 2.005h0.039 +59% 

FA 120160 652.2 260.7 2.5 19*0.303 +loo% 

Control 9p1: 1.5pg 1pg:0.5pg BSA 30 221 0 324.5 6.800h0.489 -- 

FA 60130 2065 265.2 7.785h0.043 +14% 

FA 120160 1:716 209.4 8.206*0.275 +21% 



At present, it is impossible to decide why the reporter gene experiments did not 

give unarnbiguouos results. Based on the great improvement of the dual luciferase 

reporter assay system developed in this thesis, it can be concluded that reporter genes 

containing the rat H-FABP promoter or fragments thereof indeed can direct the 

expression of luciferase reporters. However, no conclusion can be reached about fatty 

acid induction of the constructs, and of the role potential ER-3 element may play in this 

process. Possible reasons reducing this system efficiency is discussed below. 

The I,6 myoblast cell line has been used widely as a muscle model system, as it 

exhibits many of the properties of skeletal muscle and is easily maintained in the 

laboratory. In several studies, it has been demonstrated that myoblasts express H-FABP, 

but at much lower level than differentiated muscle cells (Rump et al., 1996, Chang and 

Haunerland, 2001). The latter authors demonstrated by quantitative PCR techniques that 

H-FABP mRNA in L6 myoblasts is clearly up-regulated by long chain fatly acids (2- 

fold); an earlier study by Prinsen and Veerkamp (1998), however, could not detect 

increases of FABP protein levels after fatty acid treatment. Hence, it may be possible that 

substantially larger levels of gene induction at the mRNA level are needed before 

changes at the protein level can be detected. 

Indeed, the reporter gene studies with the locust FABP promoter may have been 

successful for this reason. In mature locust flight muscle, FABP mRNA increases 8-10 

fold 10 h after increased lipid delivery, a fact that suggests that this gene has a very 

strong promoter. While it is not known whether the invertebrate promoter, and the fatty 

acid response element in particular, work equally well in the mammalian cell system, it 

should be noted that the luciferase levels found in un-stimulated myoblasts the earlier 



studies (Wu and Haunerland, 2002) were cornparable to those found here. Fatty acid 

treatment with as little as 60 pM linoleic acid, however, resulted in an up to two-fold 

increase of the reporter gene activity. 

Many factors contribute to the ultimate levels of protein that is found after a gene 

is up-regulated. These include not only the frequency of transcription initiation (which is 

mediated by response elements), but also processing, mRNA stability, and translation and 

stability of the final gene product. Since FABP, as a highly expressed protein, is assumed 

to be a very stable protein, with a stable mRNA as well, a two-fold increase in mRNA 

after fatty acid exposure may well lead to increased H-FABP levels in vivo. Reporter 

genes, on the other hand, are designed to be less stable, so that gene expression changes 

can be detected quickly. Thus, the rat H-FABI' promoter constructs tested in this thesis 

could indeed contain the functional fatty acid response element responsible for the gene 

induction in vivo. However, the reporter gene methodology employed here, in spite of the 

extensive optimization, appears to be too insensitive to identify such an element in the H- 

FABP promoter. 



CHAPTER 5: CONCLUSION AND FUTURE WORK 

In this study, gel shift succeeded to dernonstrate the specific interaction between 

the everted repeat element and nuclear proteins. These results suggested that ER-3 was 

the potential element to control rat H-FABP gene regulation. Then, the series of reporter 

gene construction were carefully developed and gene reporter assay system was greatly 

optimized in detailed steps. Unambiguous co~~clusions have not been dramn from the 

current results, however. Unlike in the earlier study with the locust FBAI' promoter, 

where 60 pM linoleic acid were sufficient to induce a two-fold increase in luciferase 

activity, the larger concentrations necessary for the rat H-FABP promoter appear to be 

cytotoxic and negatively affect the expression of the Renilla control enzyme. Thus, the 

reporter gene assay developed here may not be useful for wild-type myoblasts. However, 

the reporter gene constructs and the assay system should work if higher levels of gene 

induction can be achieved. 

Towards this goal, various studies in our laboratory seek to identify possible 

candidates for the transcription factors that were shown to bind to the putative response 

element. Once such factors have been identified, they can be introduced into the myoblast 

model system together with the reporter gene constructs. Their involvement in fatty acid 

mediated gene regulation, and the elements to which they bind, then can be studied with 

the reporter gene approach optimized in this thesis. 

Ultimately, other suitable cell lines or primary cardiomyocytes may be used as 

hosts for transfection in order to avoid the disadvantage of undifferentiated myoblasts. 



While these studies will require lengthy optimization as well, they can take advantage of 

the pilot studies carried out in this thesis, and thus avoid pitfalls and misguided 

approaches. 'Thus, we expect that this thesis will lay the groundwork for the ultimate 

identification and characterization of fatty acid activated receptors and their recognition 

sequences in promoters of genes involved in fatty acid transport and metabolism. 
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