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Abstract 

Dispatched 3 (Disp3), a thyroid hormone-regulated gene, is studied extensively in our 

laboratory. Phenotype of cells with overexpressed Disp3 and its expression pattern 

make it a perfect candidate for a molecular link between thyroid hormone action and 

cholesterol homeostasis in the brain. Moreover, we hypothesize that it might play a 

role in certain neurodegenerative disorders and brain tumours.  

This thesis is aimed at the process of regulation of this gene via thyroid hormone 

receptor (TR), specifically identification of responsive elements of the thyroid 

hormone receptor that are necessary for the regulation. Also, we searched for 

elements recognized by liver X receptor (LXR), as LXR binds to the same arrangement 

of repeats as TR and there are a number of genes regulated by both of them.  

We combined in silico analysis of the Disp3 locus with reporter luciferase assays. A 

cluster of six elements identified around the first exon with two of them being 

conserved among human and mice draw our attention. In order to analyze this 

sequence in more detail, reporter vectors of various truncations of 3 kb region 

around exon 1 were constructed and tested in reporter assays. Reporter assays did 

not reveal any substantial element activated by TRα or LXRα; on the other hand, 

region containing repressor element(s) recognized by another transcription factor(s) 

was identified at the 3’ end of the 3 kb region. Interestingly, the centre of the 

researched sequence with all predicted elements deleted, retained its ability to be 

activated by both TRα and LXRα, which we explain by presence of a cluster of 

responsive elements at the 5’ end of that region that was identified by a secondary 

prediction. In addition, conserved elements were tested as isolated sequences. The 

downstream conserved element showed significant activity in isolated trimerized 

arrangement, which, was not confirmed by the deletional analysis, however. 

Keywords: Dispatched 3 (Disp3), thyroid hormone receptor (TR), liver X receptor 

(LXR), thyroid hormone-responsive element (TRE), direct repeat (DR), inverted 

repeat (IR) 



Abstrakt 

Dispatched 3 (Disp3), gen regulovaný thyroidálním hormonem, je v naší laboratoři 

intenzivně studován. Podle fenotypu buněk s nadexprimovaným Disp3 a expresního 

profilu tohoto genu by Disp3 mohl být propojujícím článkem mezi thyroidálním 

hormonem a homeostázou cholesterolu v mozku. Domníváme se, že by také mohl hrát 

roli v patogenezi některých neurodegenerativních onemocnění a mozkových nádorů. 

Tato práce je zaměřena na proces regulace tohoto genu prostřednictvím receptoru 

pro thyroidální hormon (TR). Konkrétně si dává za cíl identifikovat responsivní 

elementy, které jsou důležité pro tuto regulaci. Navíc byly hledány také elementy 

rozpoznávané jaterním receptorem X (LXR), který nasedá na stejně uspořádané 

repetice jako TR a existuje mnoho genů, které jsou regulovány oběma těmito 

receptory. 

Zkombinovali jsme in silico analýzu Disp3 lokusu s luciferázovými reporterovými 

esejemi. Zaujal nás cluster šesti responsivních elementů predikovaných v blízkosti 

prvního exonu, z nichž dva se ukázaly být konzervované mezi myší a člověkem. Na 

základě toho byly připraveny reportéry různě zkrácených variant této 3 kb dlouhé 

oblasti, které umožnily tuto sekvenci analyzovat detailně. Reportérové eseje 

nepotvrdily přítomnost žádného klíčového responsivního elementu aktivovaného 

TRα nebo LXRα, ale na 3’ konci byla objevena oblast obsahující element(y) 

represivního charakteru, které jsou rozpoznávány jinými transkripčními faktory než 

TR/LXR. Oblast s delecemi všech predikovaných responsivních elementů si 

překvapivě udržela schopnost být aktivována jak prostřednictvím TR tak LXR. To si 

vysvětlujeme přítomností clusteru responsivních elementů na 5‘ konci této oblasti, 

který byl identifikován doplňující predikcí. Druhý konzervovaný element 

(downstream od exonu 1) testovaný izolovaně v trimerním uspořádání vykazoval 

značnou aktivitu, která ovšem nebyla potvrzena deleční analýzou. 

Klíčová slova: Dispatched 3 (Disp3), receptor thyroidálního hormonu (TR), jaterní 

receptor X (LXR), element responsivní k receptoru pro thyroidální hormon (TRE), 

přímá repetice (DR), invertovaná repetice (IR) 
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1. Introduction 

Dispatched 3 (Disp3) has been a gene of interest of our research group for several 

years now. It was primarily identified as one of the genes whose expression is 

regulated by thyroid hormone (T3 – triiodothyronine). RT-PCR and 

immunohistochemistry analysis performed in our laboratory revealed that 

expression of Disp3 in vertebrates is to a great content restricted to a few neural 

tissues. Moreover, in vitro overexpression of this gene leads to altered levels and 

distribution of cholesterol and lipids within cells. If this phenotype is detectable also 

in vivo, is under investigation by my colleagues, who use transgenic mice with up-

regulated Disp3 expression driven by tissue-specific promoters. During the last 

couple of years, research of this gene/protein also raised the question, if it might play 

a role in self-renewal and differentiation of neural stem cells, development of certain 

neural tissues, and contribute to pathogenesis or progression of any 

neurodegenerative disorders and brain tumours. 

This thesis addresses the issue of regulation of Disp3 at the molecular level, which 

still remains unclear. It is already known that expression of Disp3 is regulated by 

thyroid hormone; however, we still do not comprehend exact mechanisms of this 

regulation. Which sites within the Disp3 locus are recognized by the T3-receptor? 

What is the mechanism of up-regulation of Disp3 in one cell type and 

down-regulation in another cell type treated with the same hormone concentration? 

Which one of the two promoters is preferred in each tissue? Obviously, this thesis 

cannot answer all these questions; therefore, it aims specifically at regulation driven 

by thyroid hormone receptors (TRs), and also by liver X receptors (LXRs) because of 

their ability to recognize the same responsive elements. The aim of this project is to 

identify important regulatory regions for TR and LXR within 5’ region of the Disp3 

locus. 

As main tools for our research, we combine several methods including in silico 

prediction of responsive elements, molecular biology and tissue culture techniques, 

and analysis of transcriptional response by reporter assays. Although the luciferase 

reporter assays have been used for more than two decades in research, they have 
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been developed into optimized systems in recent years, which provide both sufficient 

sensitivity and robustness to suite various types of experiments. After scanning for 

responsive elements, when we have identified two conserved responsive elements in 

a cluster of predicted sites in vicinity of exon 1, we have decided to explore the region 

around exon 1 more thoroughly. For that, we have formed two general hypotheses. 

The first one is that sequence conservation is a strong mechanism for preserving 

important regulatory elements during the evolution. The two identified elements 

conserved between human and mice might be important for regulation of Disp3 

expression. Based on this hypothesis, constructs containing these short elements as 

monomers and trimers were prepared. Trimerization of a responsive element is a 

common method used for enhancing the response. Moreover, we have employed a 

second approach, deletion mutagenesis (sometimes also called deletion analysis) of a 

3 kb region surrounding exon 1. This approach assumes that shortening of a long 

DNA region up to the content when the substantial regulatory element is lost, leads to 

a rapid decrease in luciferase signal (Figure 1). 

 

Figure 1 - Principle of deletion mutagenesis 
Deletion of region critical for transcription of target gene results in rapid decrease in luciferase 
signal (adapted from Promega resources). 

Besides that, we can test if the ranking of results obtained by the in silico prediction 

correlates with their transcription activity, and if, for instance, elements obtained by 

both prediction tools give a stronger response than those found by only one of them. 

However, in many cases, transcription factors bind to cryptic sites, which have not 
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much in common with the perfect consensus sequence; therefore, it is not very 

reasonable to expect that ranking would correspond to the transcriptional activity. 

This work is conceptualized as the primary testing of chosen promoter regions. 

Results presented in this thesis do not allow to conclude how regulation of Disp3 

expression proceeds in a living animal, as they reflect rather artificial conditions. On 

the other hand, they can be a good starting point for follow-up experiments. 
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2. Literature overview 

2.1 Disp3 as our gene of interest 

Disp3 (Disp3, Acc. No. EU429800 in GenBank) encodes a 1338 amino acid protein 

related to the Dispatched family, which contains a putative sterol-sensing domain 

(SSD, Figure 2). Chicken Disp3 was identified in representational difference analysis 

screen for T3-regulated genes, originally named Trup1 (Thyroid hormone receptor 

up-regulated). Its putative SSD suggest involvement of DISP3 protein in cholesterol 

homeostasis or cholesterol-linked signalling (ZIKOVA et al. 2009). 

 

Figure 2 - Schematic representation of DISP3 protein 
The SSD consist of five transmembrane regions of a total length of approximately 180 amino acids. 

In silico characterization of Disp 3 gene (BARTUNEK and ZIKOVA, unpublished; 

KATOH and KATOH 2005) identified 21 exons in human sequence and mapped it to 

human chromosome 1p36.22. Alignment of chicken gene with other orthologs 

revealed 87% homology with the human variant and 84% homology with the murine 

variant. Another in silico analysis of exons, CpG islands and matrix attachment regions 

(MARs) has revealed considerable similarities among human, mouse, and chicken 

(Figure 3). Two CpG islands identified by the CpGPlot tool and following experiments 

with blood and neural cells indicate the existence of two alternative promoters within 

the locus (KAJLICH and BARTUNEK, unpublished). 
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Figure 3 - Comparison of chicken, murine and human Disp3 locus 
Schematic representation of exons (yellow), matrix-attachment regions (blue), and CpG islands 
(orange) predicted within Disp3 loci. 

2.1.1 Cholesterol metabolism in the brain and Disp3 expression 

Pool of cholesterol, precursor of bile acids, oxysterols and steroid hormones, and an 

essential constituent of biomembranes, is maintained within cells both by dietary 

intake and de novo synthesis from acetyl coenzyme A. Especially in CNS, cholesterol 

plays an important structural role, as it is the main component of myelin. Brain is 

highly enriched in cholesterol, with 25% of total body cholesterol residing there. In 

central nervous system, majority of cholesterol is synthesized de novo due to blood-

brain barrier that prevents cholesterol uptake from blood (VANCE et al. 2005). 

Cholesterol elimination is ensured by its conversion to more hydrophobic oxysterols 

that can cross the blood-brain barrier and transit to the liver for excretion via bile 

(DIETSCHY and TURLEY 2004; MUTKA et al. 2004). Moreover, multiple steroid 

intermediates are produced during cholesterol synthesis, which can play a role in 

regulation of cholesterol biosynthetic pathway in a feedback loop. 

Proteins associated with cholesterol typically contain a transmembrane 

sterol-sensing domain (SSD), for instance sterol regulatory element-binding protein, 

cleavage-activating protein, and hydroxymethylglutaryl-CoA reductase, which are 

used for monitoring of membrane sterol levels and are localized within endoplasmic 

reticulum (BROWN and GOLDSTEIN 1997). Perturbation of cholesterol metabolism is 
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linked to a number of neurological disorders like Huntington’s disease, Alzheimer’s 

disease, and Type C Niemann-Pick disease (VANCE et al. 2005). NPC1, protein that is 

involved in Type C Niemann-Pick progression, is a large protein with 

13 transmembrane regions, five of which are homologous to SSD of cholesterol 

metabolism related proteins (IOANNOU 2000). 

Neural tissues, such as brain and retina, embody the highest level of DISP3 protein. 

Significant expression was observed also in bone marrow, and testes. By 

immunohistochemistry and in situ hydridization study, mitral cells in olfactory bulb, 

Purkinje cells (cerebellum), CA1 and CA2 regions of hippocampus, and glial, neuronal, 

and photoreceptor cells of retina were determined as hot spots of Disp3 expression in 

neural tissues (Bartunek and Zikova, unpublished; Allen Brain Atlas; LEIN et al. 

2007). Within cells, DISP3 colocalizes with cholesterol and accumulates in 

endoplasmic reticulum (ZIKOVA et al. 2009). 

Overexpression of Disp3 within chicken embryonal fibroblasts leads to increased 

cholesterol levels (Figure 4) and altered cholesterol localization. Under these 

conditions, cholesterol is stored in cytoplasmic punctuate vesicular structures and 

even formation of lipid droplets is observed.  Lipid droplets are formed within cells 

from fatty acid sterol esters, and although they have been considered passive deposits 

previously, they now appear to be dynamic and regulated organelles (MARTIN and 

PARTON 2006). Moreover, DISP3 accumulates within ER and colocalizes there with 

free cholesterol (ZIKOVA et al. 2009). 

 

Figure 4 – Filipin staining of cholesterol in chicken embryonal fibroblasts stably transfected 
with a vector encoding DISP3 (adapted from ZIKOVA et al. 2009) 
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Interestingly, RT-PCR analysis revealed significantly high levels of Disp3 expression 

in certain types of brain tumours, which implies possible role of DISP3 protein in 

cholesterol/lipid metabolism under pathological conditions, as well. Furthermore, 

Disp3 expression is considerably altered upon differentiation of neural stem cells into 

astrocytes, oligodendrocytes, and neurons (CORLETT, KONIROVA, and ZIKOVA, 

unpublished results). What is more, other results from our laboratory indicate, that 

during embryonal development, Disp3 expression is down-regulated by T3 in the 

chicken retina. Also in the mouse testis cell line TM4, downregulation of expression 

upon T3 treatment was observed (ZIKOVA et al. 2009). 

These facts provoke many questions. We wonder, if Disp3 could be a molecular link 

between thyroid hormone action and cholesterol metabolism or, if its high expression 

in some types of brain tumours plays any role in progression of these diseases.  

Another assumption is that perturbation of cholesterol metabolism caused by altered 

Disp3 expression could be a part of pathophysiology of neurodegenerative diseases, 

many of which are also characterised by dysregulation of cholesterol metabolism 

pathways. Besides, also the role of Disp3 in development and differentiation is our 

research interest for the future. 
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2.2 TR and LXR as regulators of gene expression 

Both thyroid hormone receptors (TRs) and liver X receptors (LXRs) belong to a large 

superfamily of nuclear receptors, which consists of 48 members in human, and 49 in 

mice. Nuclear receptors are pleiotropic regulators of cell differentiation, growth, and 

development of organisms, and they share a similar modular structure. As most other 

nuclear receptors, TR and LXR function as ligand-activated zinc finger-containing 

transcription factors. 

Thyroxine (T4) and L-triiodothyronine (T3) are both ligands of TRs; however, T3 is 

bound by TRs with a 10-fold higher affinity. Therefore, T4 as the major secreted form 

of thyroid hormones is deiodinated in tissues to T3. Regulation of thyroid hormone 

synthesis is provided by hypothalamic-pituitary-thyroid axis. Proper action of thyroid 

hormones is critical in many neurodevelopmental and neurophysiological processes, 

such as neurogenesis, myelination, synapse formation, migration of neuronal cells, 

and gliogenesis (reviewed in OETTING and YEN 2007; WILLIAMS 2008). 

LXRs bind accumulating oxysterols, which emerge as the result of increased 

cholesterol levels, and are able to enhance transcription of genes of bile acid 

synthesis, cholesterol excretion and reverse cholesterol transport. That protects the 

cell from cholesterol overload (reviewed in ZHAO and DAHLMAN-WRIGHT 2010). 

2.2.1 Structure 

As it is common in nuclear receptor superfamily, TR and LXR have a modular 

structure consisting of variable N-terminal region, DNA-binding domain (DBD), hinge 

region, ligand-binding domain (LBD), and, in some cases, variable C-terminal end 

(Figure 5). Ligand-binding domain typically accommodates activation function 2 

(AF-2), which is a part of the protein that is upon ligand binding and consequent 

structural change of the LBD responsible for interaction with cofactors. However, also 

unliganded receptors are able to recruit other proteins, this time via constitutive 

activation function 1 (AF-1) that usually resides in the N-terminal region. In addition, 

dimerization sites are present in various regions of the molecule and there is a 

nuclear localization signal in the hinge region (reviewed in OETTING and YEN 2007). 
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Figure 5 – Structure of nuclear receptors 
Nuclear receptors typically contain modules of ligand-binding (LBD) and DNA-binding domain 
(DBD) linked by the hinge region, and less conserved N- and C-terminal regions. 

Multiple TR and LXR receptors and isoforms 

Thyroid hormone receptors, as well as liver X receptors, are encoded by two different 

genes. Therefore, we have two different TR receptors, TRα (human chromosome 17) 

and TRβ (chromosome 3), and same two variants for LXR (chromosomes 11 and 19 

for α and β, respectively). However, they differ significantly in expression patterns, as 

both β receptors are more ubiquitously expressed, in contrary to α receptors, whose 

expression is restricted to several defined tissues. 

Main isoform of TRα and TRβ are highly similar (86% identity) in DBD and LBD. One 

T3-binding isoform called TRα1 and two splice variants that are unable to bind the 

hormone, known as TRα2 and TRα3, are encoded by the TRα gene. These splice 

variants have different length and amino-acid composition of LBD region and they are 

often designated c-erbAα2 and c-erbAα3 because the name thyroid hormone receptor 

is misleading, as they cannot bind the hormone. TRα2 isoform behaves as a dominant 

negative regulator of target genes (MITSUHASHI et al. 1988), although with lower 

affinity to DNA than TRα1 (BRADLEY et al. 1989; LAZAR et al. 1989). Also, two 

truncated isoforms (TRΔα1 and TRΔα2) without the N-terminal and DNA-binding 

domains can be transcribed from the TRα gene with the use of internal promoter 

located in intron 7 (PLATEROTI et al. 2001).  

On the other hand, TRβ gene encodes three ligand-activated isoforms 1, 2, and 3, with 

high DBD homology but differences in the N-terminal region (WILLIAMS 2000). 

Different TRβ isoforms are generated by usage of different promoters (HODIN et al. 

1989; WOOD et al. 1996) and it was shown that TRβ2 exhibits ligand-independent 

activation and, in contrary, repression of target genes upon ligand binding (LANGLOIS 

et al. 1997). 
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Human LXRα and LXRβ share a high degree of amino acid identity in their DBD and 

LBD (about 80%), and LXR paralogs are highly conserved among humans and rodents 

(LEE et al. 2008). By different promoter usage and alternative splicing, three variants 

of LXRα are generated. LXRα2 lacks the first 45 amino acids of LXRα1; LXRα3 lacks 

50 amino acids within LBD, and is, therefore, transcriptionally inactive (CHEN et al. 

2005). 

2.2.2 Expression 

Expression of TR and LXR isoforms is dependent on the tissue and developmental 

context. TRα1 is expressed constitutively during developmental processes, whereas 

TRβ is expressed in the last stages of development. Expression of TRα1 and TRα2 is 

particularly high in CNS, especially in cerebellum, with lower but significant 

expression in the liver, heart, lungs, skeletal muscle, and kidneys. In mammalian 

tissues, TRα2 isoform is typically more expressed than TRα1 (BRADLEY et al. 1989; 

WILLS et al. 1991). TRβ1 expression is highest in the brain, liver, heart, thyroid, and 

kidneys with lower levels in the spleen, lungs, and skeletal muscle. TRβ2 isoform is 

predominantly expressed in the brain, retina, and inner ear; at low levels also in the 

lungs and heart, but not in any other tissue. TRβ3 isoform is mostly expressed in the 

liver, lungs, and kidneys, and at lower levels also in brain, heart, skeletal muscle, and 

spleen. None of TRβ isoforms is expressed in testes (WILLIAMS 2000). 

LXRα is expressed mostly in the liver; less in kidney, spleen, and intestine. LXRβ 

expression is comparably high in a wide variety of tissues (heart, liver, kidney, brain, 

testis, ovary, adrenal, uterus, prostate, lung, spleen) with eminent levels in the 

developing brain (SONG et al. 1994; FAN et al. 2008). 

2.2.3 Mechanism of action 

Interaction with DNA – responsive elements 

As other members of the nuclear receptor superfamily, also TR and LXR recognize 

specific sequences on DNA, so-called hormone-responsive elements (HREs). HREs are 

commonly arranged as direct repeats (DR), inverted repeats, or palindromes (IR), and 

everted repeats (ER). Half-site sequence, orientation, and number of nucleotides 

between half-sites (spacing) can contribute to interaction specificity. 
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Hexanucleotide consensus half-site sequence (A/G)GGT(C/A/G)A was identified for 

thyroid hormone receptors. As shown in the Figure 6, Different arrangement of pairs 

of these half-sites was found in T3-responsive genes; everted repeats with spacing of 

six nucleotides (ER6), direct repeats with spacing of four nucleotides (DR4), and 

inverted repeats/palidromes without spacing (IR0). DR4s have been revealed as the 

most common TR-responsive elements (TREs), followed by IRs. TRs can recognize 

responsive elements as monomers, homodimers, and heterodimers with RXR.  

 

Figure 6 – Arrangement of responsive elements recognized by TR 
TR binds to repeats arranged as DR4, IR0, and ER6 elements. 

Most of TREs are located upstream of the first exon; however, there are cases of 

active TREs downstream of the coding region (BIGLER and EISENMAN 1995). 

Positively regulated target genes contain typically at least two half-sites. Moreover, it 

was shown by Mengeling et al. (2005) that, in contrary to TRα1, TRβ isoforms can 

recognize responsive elements in hetero- or homotrimerized receptor complexes. 

This explains the existence of TREs that contain three or more half-sites. In addition, 

specific spacing sequence and flanking sequences can influence DNA binding by 

interaction with TR or by local bending of DNA (PETTY et al. 1990; KING et al. 1993; 

KATZ and KOENIG 1994; HARBERS et al. 1996; QUACK et al. 2002). Second and third 

nucleotides of the consensus half-site (G) are believed to be substantial for TR 

binding and their mutation to T virtually eliminates TRE function (FARSETTI et al. 

1991; 1992; ZOU et al. 1994). 
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LXRs recognize their target genes as heterodimers with retinoid X receptors (RXRs). 

They are also able to recognize DR4 and IR0 elements of AGGTCA half-site sequence. 

Moreover, they also bind to IR1 of the same half-site sequence (CHAWLA et al. 2001; 

MAK et al. 2002; UPPAL et al. 2007). Liver X receptor responsive elements (LXREs) 

have been found also in introns of target genes in addition to promoter regions 

(KENNEDY et al. 2001; SABOL et al. 2005). 

In addition to TR and LXR, there are also other nuclear receptors that recognize DR4 

elements, for instance farnesoid X receptor (FXR), which is activated by bile acids, 

clearance products of cholesterol metabolism. However, they are not expressed in 

CNS; therefore, we did not test them on regulation of Disp3, which is expressed 

predominantly in the brain. 

The DNA binding domain is about 70 amino acid residues in length and it consist of 

classical structural fold that contains two zinc fingers. P-box, which is located in the 

C-terminus of the first zinc finger, is the region of direct interaction with the major 

groove and it can distinguish between different half-site sequences. In the N-terminal 

part of the second zinc finger there is a so-called D-box and further downstream, 

A-box is located, which ensures minor grooves contact and forms helix in TR. The 

second zinc-finger of RXR and tip of the first zinc finger and T-box of the 

hetorodimerization partner form an assymetric dimerization surface. That leads to a 

strict bind polarity of heterodimers (Figure 7) such that TR or LXR occupies the 

downstream half-site and RXR the upstream one (KUROKAWA et al. 1993; 

RASTINEJAD et al. 1995). The overlap in recognized target genes among TR and LXR 

is caused by identical sequence of the P-box among TRα, TRβ, LXRα, and LXRβ. 

However, the repertoire of target genes of TR and LXR is not exactly the same 

(ZHANG and LAZAR 2000; STEFFENSEN and GUSTAFSSON 2004).  

Heterodimerization 

Nuclear receptors can be classified according to their ability to form dimers. TRs and 

LXRs belong to the Group II of nuclear receptors; that means they do not form 

complex with Heat-shock protein 90 in the cytoplasm and act predominantly as 

heterodimers with retinoid X receptor (RXR), a nuclear receptor that binds 

9-cis-retinoic acid. Heterodimerization with RXR, which is expressed in virtually 
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every cell type, enables strong and specific recognition of responsive elements 

organized as DR4 elements (reviewed in CHENG et al. 2010; ZHAO and DAHLMAN-

WRIGHT 2010). It is ensured by dimerization surfaces on the DBD (specific 

interaction with the binding sites and between monomers) and helix 10 of LBD that 

stabilizes the interaction. Heterodimerization plays a critical role in recognizing 

correct spacing of direct repeats (FREEDMAN et al. 1994; RASTINEJAD et al. 1995). 

 
 
Figure 7 - Recognition of DR4 elements by TR/RXR and LXR/RXR dimers and overview of TR 
and LXR expression 
Positioning of the TR/RXR and LXR/RXR heterodimers has a strict binding polarity, where RXR 
always occupies the upstream half-site. 

Interaction with ligand 

Ligand binding is ensured by the ligand-binding domain (LBD).  In TR and LXR, LBD 

consists of 12 helices (H1-12). Hydrophobic groove consisting of H3, H4 and H12 is 

strongly conserved and via H12 it is recognized by cofactors. Other helices play role 

in stabilizing the hormone-binding cavity. Dimerization surface is formed mainly of 

helix 10. Amphipatic helix 12 is formed by AF-2 and it undergoes conformational 

change upon ligand binding (reviewed in WEATHERMAN et al. 1999). 

Transactivation and basal repression 

Typically, TRs serve as transcriptional activators after the ligand is bound, and 

transcriptional repressor without ligand, although there are also opposite cases, 

where liganded TR acts as a repressor. Interestingly, unliganded TRα is able to inhibit 

transcription in vitro by preventing formation of the preinitiation complex (FONDELL 

et al. 1993). In the C-terminal part of the LBD AF-2 is localized, which is essential for 

transactivation, although also other regions, such as the end of helix 3 in the LBD, are 
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required for transcriptional activity (SAATCIOGLU et al. 1993; BARETTINO et al. 

1994). AF-2 is formed by the helix 12, which, after ligand binding, forms a surface for 

coactivator binding in vicinity of the helix 3’ end (WAGNER et al. 1995). N-terminal 

region of TRα1 and TRβ1 contains also another activation region, AF-1 (TOMURA et 

al. 1995).  

Transactivation and basal repression are mediated by multiprotein cofactor 

complexes (Figure 8). TR-associated protein (TRAP), also known as Mediator, is a 

major coactivator complex of TRs. One of TRAP subunits contains an LXXLL motif 

typical for coactivators of nuclear receptors. It does not have intrinsic histone 

acetyltransferase activity but it helps stabilize the RNA pol II holoenzyme and enables 

recruitment of other factors. Assumingly, role of TRAP is in repetitive round of 

transcription. Initial recruitment of chromatin modifying complexes like p300/CBP is 

followed by interaction of TRAP with the receptor and recruitment of general 

transcription factors (GTFs) (reviewed in MCKENNA et al. 1999). 

In the absence of T3, basal repression by TRs bound to their TREs occurs. 

TR-interacting proteins that are responsible for this effect include nuclear receptor 

corepressor (NCoR) and silencing mediator for RAR and TR (SMRT) (HORLEIN et al. 

1995; CHEN and EVANS 1995). These proteins consist of three repression domains 

and two interaction domains, which contain the corepressor motif LXX(I/H)IXXX(I/L) 

that enables interaction with LBD of TR. Ligand-induced conformational changes in 

the AF-2 and sequences and length of interaction surfaces determine whether a 

corepressor or coactivator binds (reviewed in HU and LAZAR 2000). Also, 

corepressors can bind to the RXR interaction sites, when RXR forms a heterodimer 

with TR (ZHANG et al. 1999). The concept of transactivation and basal repression is 

visualized in the Figure 8. 
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Figure 8 – Schematic representation of transcriptional repression and activation by thyroid 
hormone receptors. 
Top - Without T3, proteins with histone-deacetylase function are recruited to the promoter via 
corepressors bound to the unliganded TR. Moreover, unliganded TR can interact directly with TFIIB 
and prevent RNA polymerase II and TAFs positioning onto the promoter.  
Bottom - After T3 treatment, histone-acetylatransferases are recruited via coactivators and 
CBP/p300. Upon ligand binding, TR enables TATA box recognition by TAFs and subsequently 
TBP. Moreover, CBP/p300 stabilizes RNA pol II on the promoter as well as TRAP complex that has 
also affinity to liganded TR and recruits other factors. 
HDAC3 – histone deacetylase, TBP – TATA-binding protein, TAFs – TBP-associated proteins, 
TFIIB – transcription factor II B, RNA pol II – RNA polymerase II, CBP – CREB-binding protein, 
PCAF – p300/CBP-associated factor, TRAP - Thyroid Hormone Receptor-associated Proteins 

In the case of LXR, transcriptional regulation shares many similar mechanisms with 

TR but, in contrary to TR, LXR forms permissive heterodimers with RXR, so gene 

expression can be regulated either upon binding of LXR or RXR ligand. Without 

ligand, the heterodimer attracts corepressors, such as NCoR/SMRT. Displacement of 

corepressors occurs upon ligand binding, the molecule undergoes conformational 

change and proteins necessary for chromatin remodelling (Brg1/Brm, SWI/SNF), 

acetylation (p300/CBP, p/CAF) and transcription (TRAP mediator complex and TAFs) 

are bound to the promoter leading to transcription on basal level. After complete 

occupancy of nuclear receptors by their ligands, other coactivators (SRC-1, 

P220/205) are bound, stabilizing the transcriptionally active complex (reviewed in 

EDWARDS et al. 2002). 
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Importantly, corepressors and coactivators bind to overlapping interaction surfaces 

on the nuclear receptor; that means they compete and bind in a mutually exclusive 

manner. This feature is extremely important in tissue-specific regulation, where 

different levels of coregulators in tissues can lead to different results in means of 

target genes transcription (reviewed in MCKENNA and O'MALLEY 2002).  

Transcriptional response is typically sigmoidal. This shape is caused by cooperativity 

and synergistic mode of action of transcription factors - multiple transcription factors 

assembly cooperatively and recruit the basal transcriptional machinery (reviewed in 

VEITIA 2003). Therefore, sigmoidal function was used for plotting and interpretation 

of data from dose-response luciferase assays. 

Negative regulation by nuclear receptors 

In addition to basal repression, which is initiated by unliganded receptors, there is 

another kind of transcriptional repression, which is mediated by liganded receptors, 

in contrary. This process is termed negative regulation and although it has been 

earlier considered exceptional, it is now known that it occurs with many genes and 

nuclear receptors.  

The issue opposite transcriptional effect of a ligand on certain genes has emerged 

very complex in comparison to classic transcriptional activation or basal repression. 

A high level of complexity is achieved by negative responsive elements, which were 

shown to be significantly different from positive responsive elements with no clear 

arrangement of half-sites. For instance, Radoja et al. (1997) identified negative TREs 

in keratin genes K5, K6, K14, and K17, organized as clusters of 3-6 variably spaced 

and oriented half-sites localized within 250 bp from the TATA box. Other studies 

aimed at thyroid-stimulating hormone (TSH) α and β genes have identified negative 

TREs between TATA box and TSS (TSH α) and at the beginning of the first exon 

(TSH β), proposing that the negative effect is caused by steric interference with 

transcriptional machinery (CHATTERJEE et al. 1989; WONDISFORD et al. 1989). This 

idea was supported by other data proving that there is a direct competition between 

nuclear receptors and other transcription factors, as their DNA responsive elements 

overlap with each other. Two examples are glucocorticoid receptor negative 

responsive element, which overlaps with binding sites for Oct-1 and Pbx in the 
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prolactin promoter, and TREs that overlap with SP1-binding site in the first exon of β-

amyloid precursor protein gene (SUBRAMANIAM et al. 1998; VILLA et al. 2004). T3 

binding leads to higher affinity of TR towards DNA and prevention of SP1 complex 

formation. 

The question remained, however, which type of coregulatory complex is recruited by 

a liganded receptor sitting on a negative responsive element. Strikingly, it was proved 

that roles of cofactors can reverse. Depending on the responsive element type, the 

NR-cofactor complex has different conformations (TAGAMI et al. 1999; BERGHAGEN 

et al. 2002). Thus, sequence of DNA elements can influence not only binding affinity 

but, due to allosteric effects, also the cofactor activity. The exact role of responsive 

elements in these role reversals of coregulators still remains to be understood. It is 

expected that many splice variants of coregulators’ mRNA, as well as different 

modifications of coregulator proteins play a substantial role in this puzzle.  

Moreover, several other mechanisms have been described recently. For instance, 

a ligand-bound TR can recruit NCoR corepressor on negatively regulated genes (YOU 

et al. 2010). This inverse recruitment of corepressors still remains unclear, however. 

Genome-wide studies have brought a new insight into this field. In contrast to 

positively regulated gene, it looks like only a minority of negatively regulated genes 

are located in vicinity of NR-binding site (LIN et al. 2007; SO et al. 2008). 

2.2.4 Crosstalk of TR and LXR signalization 

LXR and TR signalization seems to crosstalk at different levels, especially in 

regulation of target genes. Both TR and LXR were shown to play a role in overall lipid 

metabolism and cholesterol homeostasis. LXRα is highly expressed in lipid regulating 

organs like liver and intestine, which implicates its role in maintaining the cholesterol 

homeostasis. Indeed, it has been confirmed by independent studies that perturbation 

of cholesterol homeostasis occurs in LXRα but not LXRβ deficient mice when fed by 

cholesterol-rich diet (PEET et al. 1998; ALBERTI et al. 2001; EDWARDS et al. 2002).  

Furthermore, TRβ expression is dominant over TRα in the liver, and TRβ deficiency 

results in hypercholesterolemia in mice (FLAMANT and SAMARUT 2003; ZANDIEH-

DOULABI et al. 2003). 
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As summarized by Steffensen and Gustafsson (2004), a large percentage of 

TR-regulated gene is also regulated by LXR, interestingly. That implicates possible 

physiological convergence of TR- and LXR-linked signalling. Moreover, many of these 

dually regulated genes play an important role in cholesterol and lipid metabolism, for 

instance CYP7A1, SREBP-1c, and ABCA1 (reviewed in BERKENSTAM et al. 2004).  In 

addition, TR and LXR can regulate expression of each other. Isoform 1 of TRβ receptor 

was shown to recognize LXRα promoter and up-regulate expression of LXRα 

(HASHIMOTO et al. 2007), and TR-activation is proved to be regulated via the 

LXR/RXR pathway (CHRISTOFFOLETE et al. 2010). 

Disp3 expression seems to have a pronounced effect on cholesterol/lipid 

homeostasis. Taken together with previously mentioned facts, it would not be 

surprising if this gene was regulated both by TR and LXR. LXR might serve as a 

feedback regulator responding to cholesterol intermediates in this system. Therefore, 

identification of both TREs and LXREs within the Disp3 locus could help to clarify 

molecular mechanisms of Disp3 regulation. 
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2.3 Identification of regulatory elements 

Today, reporter assays might seem like an outdated technique, which reflects 

partially artificial conditions of plasmid DNA transfected into a cell and do not say 

much about the real occupancy of DNA elements; however, it is advantageous in many 

cases. These assays are used, for instance, to complement wide-context 

(i.e. whole-genome) projects of identification of responsive elements. In this study, 

we have used them in combination with in silico approach (bioinformatic prediction), 

so that we could identify potential hot-spots of regulatory elements, and their 

similarity to the consensus sequence easily. 

For the prediction we have chosen NHR-scan and NUBIScan, two tools that use 

different algorithms but share the same purpose – identification of nuclear hormone 

receptor binding sites. NUBIScan algorithm is based on weighted nucleotide 

distribution matrices. It combines scores from both half-sites necessary for NR dimer 

binding, so generally, it uses combination of single half-site models. On the other 

hand, NHR-scan uses Hidden Markov Model, which enables modelling of different 

half-site strengths and different half-site models for different configurations, which is 

not possible in NUBIScan. For scoring, NHR-scan uses Viterbi and Forward algorithm. 

NHR-scan was trained at almost tenfold more functionally validated sites than 

NUBIScan (PODVINEC et al. 2002; SANDELIN and WASSERMAN 2005). 

Significance of hormone-responsive elements prediction 

Nowadays, with modern techniques becoming more accessible, many groups start to 

investigate responsive sites in the whole genome using ChIP-on-Chip, which is a 

combination of chromatin immunoprecipitation with hybridization to promoter 

microarrays, or ChIP-Seq, which combines chromatin immunoprecipitation with 

sequencing of acquired fragments. This technique can locate sites that are specifically 

occupied by the receptor in the real situation. By CHIP-on-Chip identification of TRβ 

binding sites in developing mouse cerebellum within -8 kb to +2 kb from the 

transcription start site (TSS), roughly half of the identified sites were located within 

introns, 30% within 1 kb upstream of the TSS, almost 20% further than 1 kb 

upstream, and the rest in the 3’ downstream region (DONG et al. 2009). These 

findings indicate that there is a real chance of identification of TR-regulated 
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responsive element within 3 kb region around TSS. However, other genome wide 

analysis of estrogen receptor binding sites have shown that cis-regulating elements 

can be localized even very far upstream of the regulated gene (CARROLL et al. 2005; 

2006). 
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3. Materials and Methods 

3.1 Material 

3.1.1 Vectors and constructs 

pGL4.26 (Promega) 

pGL4.26 is a luciferase reporter vector that contains a multiple cloning region for 

insertion of a responsive element of interest upstream of a minimal promoter 

(TATA box) and the luc2 gene (Photinus pyralis). It is optimized for high expression 

and reduced anomalous transcription and enables ampicillin selection in E.coli and 

hygromycin selection in mammalian cells. Luc2 gene is a luciferase sequence with 

humanized codon optimization. Its advantage is a high yield in bacteria thanks to 

ColE1-derived replication origin. 

In this work, all regions of interest and corresponding control sequences were 

inserted into pGL4.26 and constructs were subsequently used for luciferase reporter 

assays. 
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pRL-TK_(Promega) 

This reporter vector contains Renilla luciferase gene under the control of HSV 

thymidine kinase promoter. It was used for normalization of Firefly luciferase signals 

in DUAL-Glo® assays. 

 

pcDNA3 

pcDNA3  is a mammalian expression vector with a CMV promoter and ampicillin and 

hygromycin resistance genes. In this work it is a destination vector of all expression 

vector used (TRα, TRβ, LXRα, LXRβ). Its benefit is the high yield in bacteria thanks to 

ColE1 (pBR322) replication origin. 
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RP24-346E22 clone (BACPAC Resource Center) 

This clone contains sequence of murine Disp3 locus (158 kb) cloned between BamHI 

sites of pTARBAC1 vector. pTARBAC1 vector carries chloramphenicol resistance. 

 

Nuclear receptor clones 

We obtained a set of human nuclear receptors FLcDNA (TRα, TRβ, LXRα, LXRβ) from 

Open Biosystems. Analysis of clone isoforms according to accession numbers was 

necessary before subcloning into expression vectors. Due to LBD-defective isoform of 

LXRα, another clone was ordered separately from the same company. 

T3RE-MoMLV 

This luciferase reporter contains a natural T3RE arranged as a direct repeat that 

occurs in the LTR of moloney murine leukemia virus. It was used to confirm function 

of expression vectors and as a positive control in luciferase reporter assays. 

Ladders 

For identification of DNA fragments size, 1 kb Gene Ruler ladder (Fermentas) or 

100 bp ladder (New England Biolabs) was used. 
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3.1.2 Enzymes 

Restriction enzymes and other enzymes for work with recombinant DNA – T4 DNA 

Ligase, T4 DNA Polymerase, Polynucleotide Kinase, and Shrimp Alkaline Phosphatase 

- have been purchased from Fermentas, New England Biolabs, and Finnzymes. 

3.1.3 Oligonucleotides 

All oligonucleotides used for cloning or priming have been synthesized by Metabion 

company and purchased from Eastport. 

3.1.4 DNA kits 

Sequencing kit Big DyeTM (Applied Biosystems – Life Technologies) 

This kit enables sequencing by the dideoxy chain-termination method. Big Dye 

premix contains DNA polymerase, buffer, precursors of nucleotides (dNTPs) and 

fluorescent dideoxynucleotides (ddNTPs), where each type (ddATP, ddCTP, ddGTP, 

ddTTP) is marked by one fluorescent colour. 

3.1.5 Buffers and solutions 

1M Tris: 12.1 g of Tris base dissolved in 100 ml of deionized water 

0.5xTE: 10 mM Tris pH 8.0, 0.5 mM EDTA pH 8.0 

0.5xTE+RNAse: 50 µg of RNase A in 1 ml of 0.5xTE 

TEG: 25 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 50 mM glucose 

1xPBS: 150 mM NaCl, 1.5 mM KH2PO4, 2.7 mM Na2HPO4, pH 7.4 

1xTBE: 89 mM Tris, 89 mM H3BO3, 2 mM EDTA, pH 8.3 

1xTAE: 40 mM Tris, 40 mM acetic acid, 1 mM EDTA, pH 8.0 

1xBFB: 500 µl glycerol, 200 µl 0.5M EDTA, 50 µl 1 M Tris pH 8.0, 250 µl H2O, 

1% bromphenol blue 

Lysis solution: 0.2 M NaOH, 2% SDS 

Neutralization solution: 3 M  K+, 5 M Ac- 
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Phenol-chloroform solution: 1:1 volumes; phenol equilibrated by 0.1 M Tris pH 8.0 

Polyethylenimine (PEI): 1 mg/ml solution in water; sterilized by filtration through 

0.22 µm filter. 

1x Trypsin-EDTA: 0.05 % trypsin, 0.02 % EDTA 

0.5xTrypsin-EDTA: 0.025 % trypsin, 0.01 % EDTA 

CASY®ton – ready-to-use isotonic dilution liquid used with CASY cell counter and 

analyser. 

3.1.6 Bacteria strains 

Escherichia coli TG1 {F' [traD36 proAB+ lacIq lacZΔM15]supE thi-1 Δ(lac-proAB) 

Δ(mcrB-hsdSM)5, (rK-mK-)} – this fast growing and easy to transform E.coli strain was 

used for amplification and isolation of plasmid DNA. It was purchased from 

Promega/Lucigen. 

Escherichia coli TOP 10 {F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 

nupG recA1 araD139 Δ(ara-leu)7697 galE15 galK16 rpsL(StrR) endA1 λ-} – this fast 

growing and easy to transform E.coli strain was used for amplification of plasmid 

DNA. It was purchased from Invitrogen. 

3.1.7 Bacterial growth media 

LB medium: 1% tryptone, 1% yeast extract, 1% NaCl 

LB agar: 1.5% agar in LB 

3.1.8 Eukaryotic cell lines 

HEK293 FT cell line 

This cell line was generated by transformation of human embryonic kidney cells with 

adenovirus 5. However, it has been suggested recently that these cells might be of 

neural origin. That is possible, as there is a mix of almost all cell types of the body in 

the embryonic kidney. Advantage of these cells is their fast growth and high 

transfection efficiency. 
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U2OS cell line 

This cell line was derived from human osteosarcoma. Cells are highly chromosomally 

altered (hypertriploid) and they are easy to culture and transfect. They were used 

predominantly for assays because results were more consistent with U2OS than 

HEK293, and also activation of the 3 kb region was observed only in U2OS cells. 

3.1.9 Media for eukaryotic cells 

HEK medium 

Dulbecco’s modified Eagle’s medium (DMEM), 1 g/l glucose, 10% FBS, 

4 mM glutamin, 100 U/ml penicillin, 0.1 mg/ml streptomycin 

U2OS medium 

Dulbecco’s modified Eagle’s medium (DMEM), 4.5 g/l glucose, 10% FBS, 

4 mM glutamin, 100 U/ml penicillin, 0.1 mg/ml streptomycin 

Starvation medium 

Dulbecco’s modified Eagle’s medium (DMEM) without phenol red, 4.5 g/l glucose, 

4% FBS Hyclone, 4 mM glutamin, no antibiotics 

3.1.10 Transfection reagents 

Polyethyleneimine, Linear (MW 25,000 Da) (Polysciences, cat. No 9002-98-6) 

Linear polyethyleneimine (PEI) is a polymer that contains secondary amines. It is able 

to form positively charged particles with DNA inside, which bind to cell surface and 

enter cells via endocytosis. 

3.1.11 Hormones, agonists, and inhibitors 

Triiodothyronine (Sigma-Aldrich cat. No T6397) 

Triiodothyronine (T3) is a thyroid hormone, which is a natural ligand of thyroid 

hormone receptors (TRs). In this project we used this hormone as a tool for 

measuring activity of studied DNA sequences upon receptor-ligand binding. 
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Triiodothyronine has been used in concentration range 1 µmol/l – 1 pmol/l. 

Physiological concentration of this hormone ranges from 12 nmol/l to 31 nmol/l. 

 

T0901317 (Sigma-Aldrich cat. No T2320) 

T0901317 is a synthetic agonist of the liver X receptors. In this project have used it as 

a tool for measuring activity of studied DNA sequences upon receptor-ligand binding. 

T0901317 was used in concentration range 10 µmol/l – 10 pmol/l. 

 

KB044146 (kind gift of M.R. Witt - KaroBio AB) 

KB044146 is a competitive TR inhibitor that was used in the 10 µM concentration for 

elimination of the effect of trace thyroid hormone in the serum that was added into 

the starvation medium.  
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3.1.12 Reagents for luminescence assays 

Dual-Glo® Luciferase Assay System (Promega) 

Dual-Glo® Luciferase Assay Reagent 

Dual-Glo® Luciferase Assay Reagent ensures lysis of cells cultured on 96- or 384-well 

plates and simultaneously provides substrate for firefly luciferase. For 96-well plates, 

25 µl of reagent was added to cells grown in 50 µl of medium. For 384-well plates, 

12.5 µl of reagent was added to cells grown in 25 µl of medium. 

Dual-Glo® Stop & Glo®Reagent 

Dual-Glo® Stop & Glo®Reagent induces quenching of luminescence from firefly 

reaction by 10,000-fold at minimum and contains the substrate for Renilla luciferase. 

For 96-well plates, 25 µl of reagent was added to cells grown in 50 µl of medium. For 

384-well plates, 12.5 µl of reagent was added to cells grown in 25 µl of medium. 

 

Figure 9 –  Bioluminescent reaction catalyzed by firefly and Renilla luciferase function 
(adapted from Promega resources) 
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3.2 Methods and equipment 

3.2.1 Nucleic acids 

Quantification of DNA 

Concentration and quality of double-stranded DNA was determined using absorbance 

reader SpectraMax PLUS 384 or Nanodrop ND 1000. 

Isolation of plasmid DNA 

Analytic isolation protocol (Miniprep) 

1) 1.5 ml of overnight bacterial culture (TOP10 or TG-1 cells) transferred into an 

eppendorf tube and centrifuged 2 min at 3,400 g 

2) Supernatant discarded and pellet resuspended in 50 µl of TEG buffer using 

vortex 

3) 50 µl of Lysis solution added; vortex; let stay 5 min at room temperature 

4) 50 µl of Neutralization solution added; vortex 

5) 150 µl of Phenol/chloroform solution added; vortex 

6) Centrifuged 5 min at 20,000 g 

7) 125 µl of upper (aqueous) phase transferred into a new eppendorf tube 

8) 100 µl of isopropanol added 

9) Centrifugation 10 min at 20,000 g 

10)  Supernatant discarded; pellet washed by 500 µl of 80% ethanol 

11)  Centrifuged for 5 min at 20,000 g 

12)  Ethanol removed; pellet dried at room temperature 

13)  Pellet resuspended in 20 µl 0,5xTE + RNase and incubated at 37°C for 1 hr 

14)  In most cases, 2 µl of this mixture were used for analytical digestion. 

Preparative isolation protocol (Midiprep) 

JetStar 2.0 Plasmid Midiprep kit (Genomed) 

This kit is based on an anion exchange resin supplied in disposable columns, which 

are used under gravity flow conditions. The procedure employs a modified 

alkaline/SDS method. Neutralized mixture is loaded on the JetStar column and 
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plasmid DNA is bound to the anion exchange resin. Elimination of impurities is 

ensured by two washing steps. Purified DNA is eluted and concentrated by 

isopropanol precipitation. DNA yield (recovery of 85-90%) and quality is very high; 

therefore, it can be further used for any common molecular biology application. 

Contains: 

Solution E1 (Cell Resuspending) – 50 mM Tris-Cl, 10 mM EDTA, pH 8.0 

RNase A must be added to this solution to achieve 100 µg/ml concentration 

Solution E2  (Cell Lysis) – 200 mM NaOH, 1% SDS (w/v) 

Solution E3 (Neutralization) – 3.1 M potassium acetate, pH 5.5 

Solution E4 (Column Equilibration) – 600 mM NaCl, 100 mM sodium acetate, 

0.15 % TritonX-100, pH 5.5 

Solution E5 (Column Washing) – 800 mM NaCl, 100 mM sodium acetate, pH 5.0 

Solution E6 (DNA Elution) – 1.25 M NaCl, 100 mM Tris, pH 8.5 

Procedure: 

1) Columns equilibrated by applying 10 mL of solution E4 

2) Overnight culture of E.coli cells pelleted by centrifugation; all traces of medium 

removed 

3) Pellet resuspended in 4 ml of E1 

4) Cell lysed by addition  of 4 ml of E2 and gentle inverting the tube several times 

5) Mixture neutralized by 4 ml of E3 and immediate multiple inverting of the 

tube 

6) Centrifuged at RT and 8,000 g for 15 min 

7) Supernatant applied to the equilibrated JetStar column and left to run through 

by the gravity flow 

8) Column washed twice by 10 ml of solution E5 

9) DNA eluted into a clean tube by applying 5 ml of solution E6 

10)  DNA precipitated with 3.5 ml of isopropanol 

11)  Centrifuged at 7,000 g and 17 °C for 30 min 

12)  Supernatant discarded;  pellet washed with 70% ethanol and recentrifuged 

13)  Pellet air-dried and resuspended in a suitable volume (100 – 200 µl) of 

0.5xTE buffer 
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DNA purification by phenol-chloroform extraction 

1) Prepared mixture of: 

• DNA solution of maximally 225 µl volume 

• Distilled water added up to 225 µl 

• 25 µl of 5 M NaAc – sodium acetate (final concentration of 0.5 M) 

• 250 µl of Phe/CHCl3 (mixture 1:1) 

2) Vortex; mixture centrifuged for 3 min at 20,000 g 

3) Supernatant transferred into a new tube 

4) 250 µl of chloroform added 

5) Vortex; mixture centrifuged for 3 min at 20,000 g 

6) Supernatant transferred into a new tube 

7) 250 µl of isopropanol added 

8) Optionally, 5 µg of glycogen added for better visibility of the pellet 

9) Vortex; mixture centrifuged for 10 min at 20,000 g 

10)  Isopropanol removed 

11)  250 µl of 80% ethanol added 

12)  Centrifuged for 5 min at 20,000 g 

13)  Pellet air-dried and re-suspended in a suitable volume of 0.5xTE 

PCR 

PCR was performed using Phusion® polymerase (Finnzymes). Usually, 20µl PCR 

mixture was prepared. 

1. Following mix prepared in a PCR tube: 

• 4 µl of 5x Phusion® HF Buffer 

• 0.4 µl 10 mM dNTPs 

• 1 µl primer forward (10 µM) 

• 1 µl primer reverse (10 µM) 

• 100 pg – 10 ng template dsDNA 

• 0.2 µl Phusion® DNA Polymerase 

• Up to 20 µl of Nuclease-Free Water 
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2. Cycling program: 

Cycle step 
2-step protocol 3-step protocol 

Cycles 
Temp. Time Temp. Time 

Initial denaturation 98 °C 30 s 98 °C 30 s 1 

Denaturation 98 °C 5-10 s 98 °C 5-10 s 

25-35 Annealing - - X °C 10-30 s 

Extension 72 °C 15-30s/1kb 72 °C 15-30 s/1 kb 

Final extension 
72 °C 

4 °C 

5-10 min 

hold 

72 °C 

4 °C 

5-10 min 

hold 
1 

A two-step protocol is recommended when Tm of primers exceeds 69 °C (> 20 nt) or 

72 °C (< 21 nt). Basically, annealing temperature in the three-step protocol should be 

Tm +3 °C of the lower-Tm primer if the primer exceeds 20 nt or Tm of the lower-Tm 

primer in the case of shorter primers. For calculating Tm of primers used with this 

polymerase, Finnzymes Tm calculator was used. 

DNA sequencing 

1. Following mix was prepared in a PCR tube: 

• 0.2 µl of primer (50 µM) 

• 1 µg of dsDNA template 

• 2 µl of Big Dye Terminator 

• Up to 10 µl of nuclease free water 

2. Cycling program: 

Cycle step 
3-step protocol 

Cycles 
Temp. Time 

Initial denaturation 96 °C 20 s 1 

Denaturation 96 °C 10 s 

25 Annealing 45-60 °C 5  s 

Extension 60 °C 4 min 

 4 °C hold 1 

Performed on XP cycler; model XP-D (BIOER) 
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3. Precipitation of DNA: 

1) 80 µl of nuclease free water, 10 µl of 5M NaAc, 300 µl of 96% ethanol, 

and the content of PCR tubes mixed 

2) 5 µg of glycogen added 

3) Vortex; centrifuged for 15 min at 20,000 g and 4°C 

4) Removed ethanol 

5) 250 µl of 80% ethanol added 

6) Vortex; centrifuged for 5 min at 20,000 g 

7) Pellet air-dried and brought to the sequencing service at the Institute of 

Microbiology AS CR 

Digestion by restrictional enzymes 

Conventional enzymes from Fermentas were used for analytical or preparative 

digestion according to the protocol. Typically, one tenth of a miniprep was used for 

analytical digestion of cloned insert. After reaction, enzymes were inactivated either 

by heat or by addition of EDTA – according to the protocol. 

Blunting by T4-DNA Polymerase 

1 U of T4 DNA polymerase (Fermentas) was used for blunting of 1 ug of linear DNA in 

a mixture containing also 5x Reaction Buffer and dNTP mix. Incubation lasted 10 min 

at RT; then enzyme was inactivated by heating at 75°C for 10 min. 

Dephosphorylation 

For dephosphorylation of digested vectors in order to prevent vector 

self-circularization Shrimp Alcaline Phosphatase (SAP, Fermentas) was used. Usually, 

1 pmol of DNA termini was incubated with 1 U of the enzyme for 60 min at 37 °C. 

Enzyme was then heat inactivated for 15 min at 65 °C. 

Phosphorylation of oligonucleotides and PCR inserts 

For phosphorylation of oligonucleotides and PCR inserts, T4 polynucleotide kinase 

from Fermentas was used. For phosphorylation of 1-20 pmol of 5’ termini, 10 U of the 

enzyme was used. Mixture was incubated at 37 °C for 1 hour and then it was heat 

inactivated at 75 °C for 10 min. 
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Ligation 

T4 DNA ligase by Fermentas was used for cloning. 

cohesive cloning mixture: 50 ng of vector, 3:1 molar excess of insert, 2 µl ligase 

buffer, 1 U ligase, to 20 µl nuclease-free water 

incubation 1 hr at RT; HI 70 °C, 5 min 

blunt cloning mixture: 50 ng of vector, 5:1 molar excess of insert, 2 µl ligase 

buffer, 5 U ligase, 2 µl 50% PEG 4000 Solution, to 20 µl nuclease-free water 

incubation o/n at 16 °C; HI 70 °C, 5 min 

10 µl of this mixture used for transformation of 100 µl of competent cells 

DNA electrophoresis in agarose gel 

Typically, 1% standard agarose gel was prepared in TBE. For DNA fragments shorter 

than 500 bp, 2- and more-percentage low-melting agarose gels (Nu-sieve, GTG) in 

TBE were used. Voltage was normally set maximally to 9V/cm; for low-melting gels 

voltage did not exceed 7V/cm. Time depended on the fragment size and gel 

percentage but usually it was 1 – 3 hours. 

DNA extraction from agarose gel 

QIAEX II Gel Extraction Kit 

This kit enables extraction and purification of  40 bp – 50 kb DNA molecules from any 

agarose gel in either TAE or TBE buffer. It is based on adsorbtion of DNA molecules to 

QIAEX II silica particles in the presence of high salt. Impurities such as salts, proteins, 

ethidium bromide, and agarose are removed during washing steps (buffers QX1 and 

PE). DNA is eluted in the presence of a low-salt solution such as Tris or water. Quality 

of eluted DNA is sufficient for subsequent enzymatic reactions (digestion, ligation, 

PCR, sequencing). 
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Contains: 

QIAEX II suspension – silica-gel particles 

Buffer QX1 (with a pH indicator) – solubilization of agarose and binding of DNA to 

silica particles; removes residual agarose 

Buffer PE – removes salt contaminants 

Procedure: 

1) DNA band excised from the agarose gel 

2) Excised agarose weighted; 300 µl of QX1 added to each 100 mg of gel 

3) QIAEX II resuspended by vortexing  for 30 s 

4) 10 µl of QIAEX II added 

5) Mixture incubated for 10 min at 50 °C to solubilize the agarose and bind the 

DNA; mixed by vortexing each 2 min to keep QIAEX in suspension. 

6) Mixture centrifuged for 30 s at 20,000 g; supernatant removed 

7) Pellet washed with 500 µl of Buffer QX1; resuspended by vortexing and 

centrifuged for 30 s at 20,000 g; supernatant removed 

8) Pellet washed twice with 500 µl of Buffer PE; resuspended by vortexing and 

centrifuged for 30 s at 20,000 g; supernatant removed 

9) Pellet air-dried for 15 min 

10) DNA eluted into 20 µl of 10 mM Tris-Cl, pH 8.5 by 5 min incubation with 

resuspended QIAEX II at 50°C 

11) Centrifuged for 30 s at 20,000 g; supernatant transferred into new tube 

(contains eluted DNA) 

3.2.2 Cells 

Transformation of bacterial cells by heatshock 

1) 10 µl of ligation mixture or 10 ng of plasmid DNA added to 100 µl of TG-1 or 

TOP10 competent cells; mixture incubated on ice for 10 min 

2) Mixture incubated at 42 °C (water bath or a heat block) for 45 s 

3) Mixture cooled down on ice for 20 min 

4) Mixture transferred into 1 ml LB in bacterial tube and shaken at 230 rpm 

and 37°C for 45 min 



 Materials and Methods 

45 

 

5) Culture centrifuged at 640 g for 5 min in eppendorf tubes 

6) Medium discarded and pellet resuspended in 50 µl of new LB medium 

7) Mixture spreaded on agar plate containing proper antibiotics (mostly 

ampicillin) 

8) Plates incubated at 37 °C for 12-18 hours 

For minipreps, single colonies were cultivated in 2 ml LB + proper antibiotic in 

37 °C shaker for 16 hours. For midipreps, single colonies were cultivated in 

2 ml LB + proper antibiotic in 37°C shaker for 2 hours and then this preculture 

was inoculated into 50 ml of LB + antibiotic and shaken for another 

14-16 hours at 37°C. 

Cell culture of HEK293 cells and U2OS cells 

Both cell lines were cultured in 5% carbon dioxide atmosphere at 37 °C. 

Protocol for subculturing: 

1) Culture medium removed from the dish. 

2) Cells washed with 1x PBS. 

3) PBS removed. 

4) 1xTrypsin-EDTA for U2OS and 0.5xTrypsin-EDTA for HEK 293 cells added 

and the dish placed into 37 °C incubator for 5 min. 

5) Cells in trypsin transferred into a tube, ½ volume of growth media was added, 

and centrifuged for 5 min at 150 g. 

6) Pellet resuspended in growth medium and desired aliquot transferred on a 

new dish with medium.  

Optimal subculturing ratio is 1:4 – 1:5 with a period of 2-3 days. Volumes of 

solution used for culturing cells were determined according to this table: 

Dish Seeding 
density 

Cells at 
confluency 

Surface 
(mm2) 

Trypsin 
(ml) 

Growth 
medium 
(ml) 

35 mm 0.3 x 106 1.2 x 106 962 1 2 

60 mm 0.8 x 106 3.2 x 106 2827 2 3 

100 mm 2.2 x 106 8.8 x 106 7854 3 10 

150 mm 5.0 x 106 20.0 x 106 17671 8 20 
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Cell counting 

Cell number was determined using Casy® Cell Counter and Analyser; model TTC 

(Schärfe System). As recommended, cell suspension (typically cells from one dish 

resuspended in 1ml of Starvation medium) was diluted 200x or 500x in CASY®ton. 

Transient transfection of HEK293 cells and U2OS cells 

Transient transfection of HEK293 and U2OS cells was performed using 

polyethyleneimine according to the following protocol. Semi-confluent cells are 

recommended for this type of transfection. 

Procedure 

1) The DNA and PEI mix prepared according to the following table. 

 10 cm dish 6 cm dish 3 cm dish 

DNA mix DNA 14 µg 5 µg 1.3 µg 

DMEM 500 µl 250 µl 100 µl 

PEI mix PEI 42 µl 15 µl 4 µl 

DMEM 458 µl 235 µl 24 µl 

2) Vortex each tube and incubated at RT for 5 min. 

3) DNA and PEI premix mixed together; vortex and incubated at RT for 15 min. 

4) The mixture instilled on cells cultured in Starvation medium. 

Hormone treatment of HEK293 cells and U2OS cells 

Typically, 5 µl of hormone diluted in starvation medium was added to cells cultured 

on 384-well plate in 20 µl of starvation medium or 5 µl of hormone diluted in 

starvation medium was added to cells cultured on 96-well plate in 45 µl of starvation 

medium. 
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DUAL-Glo® Luciferase Assay 

Day 1 

Cells were plated in seeding density on desired number of dishes. 

Day 2 - Transfection of cells 
Transfection of cells on the 3 cm or 6 cm dishes was performed using PEI according to 

the table above. Before transfection, medium was changed to Starvation medium. 

Day 3 – Cell counting and plating on a multiwell plate 

Cells were harvested, resuspended in starvation medium and counted using Casy® 

Cell Counter. Then, cells were resuspended in starvation medium and plated, so that 

there was 5,000 cells in 20 µl in each well of the 384-well plate or 20,000 cells in 45 µl 

in each well of the 96-well plate. 

Day 4 – Hormone treatment 

Cells were treated by ligand diluted so that there was 5 µl of ligand added to each 

well. Experiments were carried out in a dose-response manner and serial dilution of 

ligands was performed in an extra multiwell plate. 

Day 5 – Quantification of luciferase signal 

96- or 384-plates with cells as well as DUAL-Glo® reagents were equilibrated to room 

temperature, which ensures the highest activity of reagents. 

In the first step, 12.5 µl (384-well plate) or 25 µl (96-well plate) of Dual-Glo® 

Luciferase Reagent was added to each well. Plates were then incubated at RT on the 

shaker for 10 minutes and luminescence was measured. 

Then, again 12.5 µl (384-well plate) or 25 µl (96-well plate) of Dual-Glo® Stop & Glo® 

was added to each well. Plates were then incubated at RT on the shaker for 

10 minutes and luminescence was measured. 

The ratio of Firefly and Renilla luminescence and its normalization to the ratio of a 

control well or a series of wells determines the normalized relative light units (RLU) 

for each well. 
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For addition of DUAL-Glo® solutions to 384-well plates Multidrop Combi (Thermo 

Scientific) was used. All luminescence measurements were performed using EnVision 

2103 Multilabel Reader (Perkin Elmer). 

3.2.3 Software and internet tools 

DNASTAR Lasergene® 8 

DNASTAR Lasergene® 8 is a software for DNA and protein sequence analysis. In this 

project it was used for restriction analysis of sequences and primer design. 

Vector NTI AdvanceTM 11 

Vector NTI AdvanceTM 11 has similar possibilities as DNASTAR Lasergene 8. It was 

used for analysis of sequencing files and vector maps visualisation. 

GraphPad Prism® 5 

GraphPad Prism® 5 is a powerful tool for biostatistics, graphing and curve fitting. It 

was used for all statistics and graphing of final results of this project.  

SmartDraw 2010 

SmartDraw 2010 is a visual processor used for creating some of the schemes and 

figures. 

Adobe Creative Suite 4 

Adobe Photoshop® CS4, Adobe Illustrator® CS4, and Adobe InDesign® CS4 were used 

for various image-related work, especially for adjusting and overlaying photos, 

creating hit maps of predictions and assembly of output graphs with other graphics. 

PeakTrace 

PeakTrace is an excellent internet tool for improving both length and quality of  ABI 

sequencing traces, and it was used every time when the length or quality of the read 

was not sufficient, for instance due to a difficult-to-read nucleotide sequence of the 

analyzed DNA. 
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NUBIScan, NHR Scan 

These are both internet algorithms used for prediction of responsive elements within 

Disp3 locus. More on them can be found in the section Literature overview. 

http://www.nubiscan.unibas.ch 

http://asp.ii.uib.no:8090/cgi-bin/NHR-scan/nhr_scan.cgi 
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4. Results 

4.1 Prediction of nuclear receptor responsive elements 

4.1.1 Murine Disp3 locus 

For prediction of responsive elements, region of approximately 50 kb upstream and 

16 kb downstream of the first exon of Disp3, which also contains the exon 2, was 

analyzed. Primarily, DR4 elements were predicted; however, as both algorithms are 

able to identify many different nuclear receptor-responsive patterns in one scan, 

subsequently, also other arrangements were searched.  Murine exon 2 occupies the 

position of +15530/+16519 with respect to transcription start site. Feature start of 

elements present on the minus strand is given by position of the corresponding most 

5’ nucleotide on the plus strand, i.e. orientation is not regarded, only the position. 

This is true for annotation of results of all scans presented in this thesis. 

NUBIScan results 

Scan for DR4 elements was performed with the threshold for raw score of 0.7 and 

30 hits were found. Their distribution is shown in the Figure 10. In addition, Table 1 

lists all the hits with a brief annotation of their position and strand. Hits were ranked 

according to their raw score. 

 

Figure 10 – Graphical output of murine Disp3 DR4 scan. 
The x-axis represents position in basepairs; y-axis shows raw score on the sense (top) and 
antisense (bottom) strand. TSS corresponds to position 49568. 
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Table 1 – Overview of hits obtained from the NUBIScan analysis of murine Disp3 locus 
Feature start was determined with respect to TSS. Elements highlighted in colour are in vicinity of 
exon 1: green – conserved among human and mice; purple – identified by both prediction tools, 
grey – identified only by NUBIScan. The last column shows denomination of elements in the cluster 
around exon 1 according to their position among all six elements identified in this 3 kb long region. 

Position 
number 

Feature start Strand In NHR Raw score Rank In 3 kb reg. 

1 - 43572 -  0.722182 23  
2 - 43367 -  0.736553 17  
3 - 43210 -  0.776121 4  
4 - 39008 -  0.703469 27  
5 - 34893 +  0.736553 18  
6 - 34499 -  0.731655 19  
7 - 34083 +  0.700271 30  
8 - 33773 -  0.781263 3  
9 - 33588 -  0.736589 15  
10 - 33434 -  0.737189 14  
11 - 32491 +  0.729497 21  
12 - 32347 -  0.762901 6  
13 - 30523 -  0.728711 22  
14 - 25853 -  0.773357 5  
15 - 25792 -  0.938538 1  
16 - 23042 -  0.744277 8  
17 - 21265 -  0.744277 9  
18 - 20816 +  0.79283 2  
19 - 19778 -  0.738589 12  
20 - 19071 -  0.702393 29  
21 - 16989 +  0.702827 28  
22 - 16920 -  0.738863 11  
23 - 1932 -  0.716988 24 DR4-II  
24 - 1362 +  0.755463 7 DR4-III 
25 - 479 -  0.738989 10 DR4-IV 
26 + 720 -  0.738493 13  
27 + 5816 -  0.736589 16  
28 + 8578 -  0.729851 20  
29 + 9068 -  0.715139 25  
30 + 16541 -  0.707026 26  
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NHR-scan results 

NHR-scan of DR4 elements was performed using 0.0033 probability for entering 

match-state. NHR-scan offers two scan arrangements - either whole-at-once analysis 

or a sliding window. Although sliding window enables also identification of 

overlapping sites, it is time-consuming for long sequences. Whole sequence was 

analyzed at once, therefore, and 21 hits were found. Ranking of NHR-scan hits was 

done according to the two scorings obtained from NHR-scan. First, logarithm of 

Viterbi probability is listed in the “log (Viterbi)” column and the higher this value was, 

the better the corresponding ranking (“Rank Vit.”). Second, logarithm of the Forward 

probability reduced by logarithm of Background state probability is listed in the 

”Fwd-Back” column, and the higher this value is, the better the corresponding ranking 

(“Rank Fwd-Back”). 

Table 2 - Overview of hits obtained from the NHR-scan analysis of murine Disp3 locus 
Feature start was determined with respect to TSS. Elements highlighted in colour are in vicinity of 
exon 1: green – conserved among human and mice; purple – identified by both prediction 
algorithms, grey – identified only by NHR-scan. 

Position 
number 

Feature 
start 

Strand In 
NUBI 

log 
(Viterbi) 

Rank 
Vit. 

Fwd-back Rank 
Fwd-back 

In 3 kb reg. 

1 - 43597 -  - 25.1719 20 0.594 21  
2 - 43464 -  - 25.0547 18 0.865 18  
3 - 43210 -  - 23.0720 2 2.1945 2  
4 - 34499 -  - 23.8423 5 1.6791 6  
5 -34083 +  - 23.4263 3 2.0144 3  
6 -33913 +  - 25.1607 19 0.8461 20  
7 -33773 -  - 24.0369 6 1.3847 8  
8 -32347 -  - 24.3713 9 1.2587 13  
9 -32253 -  - 24.7307 15 1.0552 16  
10 -31511 +  - 23.8019 4 1.5989 7  
11 - 25853 -  - 24.5756 13 1.7735 4  
12 -25163 -  - 25.1947 21 0.8626 19  
13 -23042 -  - 24.6532 14 1.0442 17  
14 -21265 -  - 24.7902 16 1.0878 15  
15 -19778 -  - 24.4972 10 1.6903 5  
16 -2120 +  - 25.0293 17 1.3447 9 DR4-I 
17 -1362 +  - 23.0030 1 2.3323 1 DR4-III 
18 +563 +  - 24.3043 8 1.2937 11 DR4-V  
19 +6399 +  - 24.1681 7 1.3156 10  
20 +8376 +  - 24.5437 11 1.0967 14  
21 +8578 -  - 24.5497 12 1.2638 12  
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4.1.2 Human Disp3 locus 

For prediction of responsive elements within human Disp3 locus, sequence of 41 kb 

upstream of TSS and 23 kb downstream (contains exon 2) was analyzed and same 

settings were used as in the murine sequence scans. 

NUBIScan results 

Using NUBIScan with 0.7 threshold for raw score, 34 hits were found. Distribution of 

hits along the sequence is visualized in the Figure 11; all hits with annotation are 

listed in the Table 3. 

 

Figure 11 - Graphical output of human Disp3 DR4 scan. 
The x-axis represents position in basepairs; y-axis shows raw score on the sense (top) and 
antisense (bottom) strand. TSS corresponds to the position 40801. 
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Table 3 - Overview of hits obtained from the NUBI Scan analysis of human Disp3 locus 
Feature start was determined with respect to TSS. Green – element conserved among human and 
mice. 

 

Position 
number 

Feature start Strand In NHR Raw score Rank In 3 kb reg. 

1 -40364 +  0.773953 15  
2 -39425 +  0.714781 28  
3 -38204 +  0.791294 12  
4 -35320 +  0.708361 31  
5 -33824 +  0.725666 22  
6 -31637 -  0.770041 16  
7 -28423 -  0.702471 33  
8 - 27855 +  0.848471 4  
9 -26228 +  0.743855 20  
10 -25440 +  0.700244 34  
11 -22548 -  0.711659 30  
12 -21165 +  0.796705 9  
13 - 19091 +  0.909453 3  
14 -16842 +  0.806244 8  
15 -16133 -  0.796705 10  
16 -14863 -  0.770041 17  
17 -12325 +  0.716306 26  
18 - 9348 +  0.848471 5  
19 -8679 -  0.761024 19  
20 -7822 -  0.716888 25  
21 -7493 -  0.79283 11  
22 -7488 -  0.789926 13  
23 -5003 +  0.738863 21  
24 -4833 -  0.723119 23  
25 -3062 -  0.70594 32  
26 -1813 -  0.716988 24 DR4-II  
27 + 2221 -  0.920347 2  
28 + 7668 -  0.783044 14  
29 + 11258 -  0.938538 1  
30 + 11312 -  0.715581 27  
31 + 14045 +  0.767931 18  
32 + 18976 +  0.837415 6  
33 +20814 -  0.714644 29  
34 + 21210 +  0.815907 7  



 Results 

55 

 

NHR-scan results 

Using NHR-scan using 0.0033 probability for entering match-state 18 hits were found 

(Table 4). A conserved element corresponding to DR4-V in the murine sequence was 

found with a single nucleotide change from T to C in the position four. It was 

identified, in contrary to others, with 0.025 probability of entering match-state. 

Ranking of hits was done the same way as in the case of murine locus. 

Table 4 - Overview of hits obtained from the NHR Scan analysis of human Disp3 locus 
Feature start was determined with respect to TSS. Green – element conserved among human and 
mice. 

Position 
number 

Feature 
start 

Strand In 
NUBI 

log 
(Viterbi) 

Rank 
Vit. 

Fwd-back Rank Fwd-
back 

In 3 kb 
reg. 

1 -40364 +  - 25.1959 16 0.7674 16  
2 -34985 +  - 24.6976 12 0.9356 15  
3 -33933 -  - 23.4907 6 1.8702 6  
4 -31637 -  - 24.3350 9 1.1549 13  
5 -31121 -  - 24.5465 11 1.2228 11  
6 -28423 -  - 25.2015 17 0.6732 18  
7 -27855 +  - 22.3768 5 2.9100 5  
8 -25440 +  - 24.2280 7 1.2624 9  
9 -19091 +  - 19.9038 1 5.2514 1  
10 -18787 -  - 25.1465 15 0.6883 17  
11 -14863 -  - 24.2600 8 1.2334 10  
12 -14327 +  - 24.4989 10 1.1987 12  
13 -6749 -  - 24.7691 13 1.3268 8  
14 + 489 +  - 25.4148 18 1.0997 14 DR4-V  
15 + 2221 -  - 21.1405 2 4.0124 2  
16 + 11258 -  - 21.9416 4 3.2610 4  
17 + 12416 -  - 24.8434 14 1.4241 7  
18 + 18976 +  - 21.8034 3 3.3621 3  
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4.1.3 Obtained results in murine Disp3 locus 

Results from both scans are shown in the following map (Figure 12). Interestingly, 

around exon 1, a cluster of six DR4 elements was identified, two of which were found 

to be conserved between human and mice (Figure 13). Moreover, one of the elements 

was identified by both algorithms and was very well ranked. This region around 

exon 1 is 3 kb long and we decided to study it extensively by construction of various 

deletion variants cloned into luciferase reporter vector and measuring their activity. 

Moreover, oligonucleotides corresponding to conserved elements were synthesized 

and cloned into reporter vectors to test if these elements alone could significantly 

contribute to regulation of Disp3 expression. 

 

Figure 12 – Graphical representation of all hits obtained within the murine locus  
Positions are displayed with respect to TSS. Black lines represent hits identified by either one or 
the other algorithm; purple lines represent hits identified by both of them; green are elements 
conserved among human and mice. Grey rectangles stand for exons, darker part of exon 2 
represents the part that is translated into protein. Orange ovals represent CpG islands. 

 

Figure 13 – Overview of hits within the cluster around exon 1 
Position and orientation of elements and used prediction tools are displayed. Two conserved 
elements were identified in this region and one element (III) was predicted by both algorithms,  
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4.2 Design of oligonucleotides corresponding to conserved DR4 

elements 

Two conserved regions were denominated according to their position in the 3kb 

region, DR4-II and DR4-V. Monomeric oligonucleotides were designed with 6 bp 

flanking sequence both upstream and downstream according to the Disp3 sequence. 

Positive controls were designed with AGGTCA consensus instead of both half-sites, 

however, with identical sequence context (i.e. same spacing and flanking sequences). 

Negative controls were designed in agreement with the previously shown effect of the 

second and third guanine in the consensus half-site – AGGTCA – considered critical 

for the receptor binding. Thus, the second and third nucleotide of each half-site in the 

direction corresponding to element orientation were mutated to Ts, which are the 

least preferable nucleotides for DNA-receptor interaction. Sequences of negative 

controls are otherwise exactly the same as those of oligonucleotides derived from 

predicted elements.  

In the case of trimerized oligonucleotides, the logic of designing positive and negative 

controls remains the same. The distance between centres of monomers is 21 bp, 

which corresponds to elements “sitting” on the same side of the DNA double helix. 

Sequences between two elements consist of 3 bp of 3’ flanking region of the upstream 

element and 2 bp of 5’ flanking region of the downstream element, that means 

together 5 nucleotides between two elements. 5’ flanking region of the first 

responsive element and 3’ flanking region of the third one correspond to flanking 

regions described by oligonucleotides of monomeric responsive elements, i.e. to real 

flanking sequences of each conserved element. 

Very ends of each oligonucleotide were designed so that after annealing cohesive 

overhangs are created (KpnI upstream, XhoI downstream). They are highlighted in 

pink colour in the scheme. 
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4.2.1 Monomers and trimers of conserved DR4 elements 

DR4-II element 

This element is in reverse orientation in position -1932/-1947 with respect to TSS. It 

was shown that second and third position of consensus half-site is occupied by 

guanines that are critical for receptor binding. Third nucleotide of the predicted 

element of each half-site is not G but either C (first half-site) or A (second half-site). 

Sequences of oligonucleotides in monomerized and trimerized arrangement are 

shown in the Figure 14. 

TGCTCTCAGCTGGGCT 
ACGAGAGTCGACCCGA 

DR4-II monomer 

    5’-CAGCCTC DR4 CAGC DR4 TGGGAAC-3’ 

3’-CATGGTCGGAG DR4 GTCG DR4 ACCCTTGAGCT-5’ 
 

DR4-II trimer 

5’- DR4 CAGC DR4 TGGTC DR4 CAGC DR4 TGGTC DR4 CAGC DR4 -3’ 

3’- DR4 GTCG DR4 ACCAG DR4 GTCG DR4 ACCAG DR4 GTCG DR4 -5’ 

 
Figure 14 – Sequences of the conserved DR4-II element and corresponding oligonucleotides 
5’ and 3’ flanking regions and cohesive overhangs are not illustrated in the trimerized arrangement 
due to lack of space; however, they are identical with those in DR4-II monomeric oligonucleotides. 
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DR4-V element 

This element is in reverse orientation in position +563/+578 with respect to TSS. 

Third nucleotide of each half-site is not G but T, which is the weakest nucleotide 

considering the receptor binding. Sequences of oligonucleotides in monomerized and 

trimerized arrangement are shown in the Figure 15. 

GGTTCATAAAAGTTGA 
CCAAGTATTTTCAACT 

DR4-V monomer 

    5’-CTGTCTG DR4 TAAA DR4 GCGTCAC-3’ 

3’-CATGGACAGAC DR4 ATTT DR4 CGCAGTGAGCT-5’ 

DR4-V trimer 

5’- DR4 TAAA DR4 GCGTG DR4 TAAA DR4 GCGTG DR4 TAAA DR4 -3’ 

3’- DR4 ATTT DR4 CGCAC DR4 ATTT DR4 CGCAC DR4 ATTT DR4 -5’ 

 
Figure 15 - Sequences of the conserved DR4-V element and corresponding oligonucleotides 
5’ and 3’ flanking regions and cohesive overhangs are again not illustrated in the trimerized 
arrangement due to lack of space; however, they are identical with those in DR4-V monomeric 
oligonucleotides. 
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4.3 Cloning and subcloning 

4.3.1 3 kb region of Disp3 and deletion variants 

PCR of 3 kb region from a BAC clone and gel extraction 

Phusion polymerase (Finnzymes) was used because of its high processivity and 

fidelity, which was needed in this case – a single mutation in one of the responsive 

elements could result in misleading data. Amount of Disp3-pTARBAC1 template used 

for 20 µl PCR reaction was 250 pg. Primers were designed so that the forward one 

carried an additional NheI restriction site for easier cloning into the reporter vector 

(3 kb fwd, 3 kb rev; see Appendix for exact sequence). As it is almost impossible to 

create a primer pair that would give rise to only one specific product with that long 

template sequence, nested priming is often a solution. However, I managed to design 

primers, which generated additional products of different length than desired 

fragment and only in minor quantities. That enabled easy extraction of the desired 

band from gel (Figure 16). 

According to Finnzymes Tm calculator, Tm of the forward primer without the added 

sequence for NheI restriction was 62 °C and with it was 72.6 ° C. The Tm of reverse 

primer was 77.3 °C. For the first 5 cycles, annealing temperature of 65 °C was used 

(62 °C + 3 °C as recommended by Finnzymes) in a three-step protocol. For the next 

25 cycles, two-step protocol was used, as Tm of the lower-Tm primer increased by 

3 degrees was higher than 72 °C. 

Cycle step Temp. Time Cycles 

Initial denaturation 98 °C 3 min 1 

Denaturation 98 °C 30 s 

5 Annealing 65 °C 50 s 

Extension 72 °C 2 min 

Denaturation 98 °C 30 s 
25 

Extension 72 °C 2 min 

Final extension 
72 °C 

4 °C 

10 min 

hold 
1 
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Figure 16 – Amplification of 3 kb region from the Disp3-pTARBAC1 template 
Although there are several different products generated, the 3 kb region is the predominant one 
and it can be isolated easily without the need of nested priming.  

After extraction from gel, DNA was quantified and used in subsequent enzymatic 

reactions. 

Construction of deletion variants 

Suitable enzymes for promoter dissection were proposed (Figure 17) and using them 

and their combinations, four different truncated variants were prepared (Figure 18). 

The full-length variant was also digested by NheI at the very 5’ end, which facilitated 

subsequent ligation. All deletions that were prepared are listed in the scheme below.  

 

Figure 17 – Scheme 3 kb region digestion in preparation of deletion variants 
This scheme proposes several single-cutting enzymes that were used for preparation of truncation 
variants. 
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Figure 18 – List of all truncated variants of the 3 kb region. 
Region range is listed in the brackets (respectively to transcription start site). 

Extracted truncated variants of the 3 kb region were cloned into pGL4.26 vector that 

was digested either by NheI+EcoRV or by NheI+HindIII and extracted. Part of the 

pGL4.26/NheI+EcoRV extracted fragment was blunted and dephosphorylated. For 

overview of preparation of inserts and vector before ligation see Table 5. It was 

possible to clone the Δ2 insert into pGL4.26/NheI+EcoRV because XbaI creates an 

overhang that is compatible with NheI. 

Table 5 – Preparation of inserts and pGL4.26 vector for cloning of 3 kb truncation variants 
Length - length of the insert, (P) - phosphorylation of the insert, deP – dephosphorylated vector 

 

In total, one of the ligation was cohesive, two were “semi-cohesive” and two were 

blunt. “Semi-cohesive” and blunt ligations were performed with the addition of PEG 

and with prolonged incubation with ligase. After ligation, ligase was heat-inactivated 

and the mixture was used for transformation of bacteria.  

Deletio
n  

Digestion of 
3kb product 

Deleted 
elements 

Length (P) Blunted Into sites  
of pGL4.26 

FL NheI no 2882 bp YES NO NheI+EcoRV 

Δ2 XbaI I, II 2576 bp YES NO NheI+EcoRV 

Δ4 StuI I - IV 1206 bp YES YES NheI+EcoRV 

(blunted, deP) 

Δ5 NheI+HindIII V, VI 2619 bp NO NO NheI+HindIII 

CORE StuI+HindIII I - VI 832 bp NO YES NheI+EcoRV 

(blunted, deP) 
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Verification of inserts size and orientation 

For verification of correct clones, two different digestions of plasmid DNA were 

employed. For insert size, ScaI digestion of all different variants was used. For 

verification of insert orientation, HindIII digestion was used for FL, Δ2, and Δ4 

variants, KpnI+BamHI digestion was used for Δ5 variant, and KpnI+SmaI digestion 

was used for CORE verification (Figure 19). 

 

 

Figure 19 – Size of fragments after digestion of 3 kb deletion reporters 
Top – digestion used for verification of correct insert size. Bottom – digestions used for 
confirmation of correct orientation of inserts in the pGL4.26 vector.  
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In the case of digestion for insert size it was expected that all variants will have 

5011 bp, 378 bp and 92 bp bands with one specific band according to their size: 

3379 bp (FL), 2963 bp (Δ2), 1592 bp (Δ4), 2859 bp (Δ5) 1219 bp (CORE). The 92 bp 

band is, however, not visible on the gel, as it is very small and a longer run was 

needed for proper resolution of other bands (Figure 20). Digestion for insert 

orientation should give 398 bp band for FL, Δ2, and Δ4, 630 bp band for Δ4, and 

315 bp band for CORE. Although the 398 bp band looks smaller according to the 

ladder (Figure 20), all constructs were sequenced using pGL4.26 forward and reverse 

primers (see Appendix for exact primer sequence), and intactness of their 

end-sequences was confirmed. 

 

Figure 20 – Verification of insert size and orientation of 3kb region truncation variants 
0.5 µg of DNA of each of the final preps used for further experiments was digested according to the 
scheme above. Left – 3 kb deletion reporters digested for insert size; 1% agarose in TBE and 1 kb 
ladder. Right - deletion reporters digested for insert orientation; 2% Nu-Sieve low-melting agarose 
in TBE and 100 bp ladder. 

4.3.2 Reporters containing conserved DR4 elements 

Oligonucleotides of conserved elements were designed as described in the 

chapter 4.2. After annealing, there were 12 different inserts with cohesive KpnI and 

XhoI overhangs to clone into KpnI and XhoI sites of pGL4.26 vector. Six of them 

contained monomeric sequence – DR4-II and its positive and negative control, and 

DR4-V and its positive and negative control; and six of them contained trimerized 

sequence (same logic).  
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For verification of insert presence, KpnI+XhoI enzymes could have  been used, simply. 

However, as the inserts are very small (38 bp and 80 bp, respectively), SpeI+HindIII 

combination was more suitable to obtain proper resolution. Digested reporters were 

compared to the digested empty pGL4.26, and the difference was visible even in the 

case of monomeric sequence in the insert (Figure 21, Figure 22). 

In addition to the restriction analysis, all constructs were sequenced with pGL4.26 

forward and reverse primers to verify that there is no mutation in the insert 

sequence, which could again modify the results. In the end, only trimerized reporters 

were tested in the luciferase reporter assays. 

 

Figure 21 – Digestion strategy for verification of insert presence in the conserved elements 
constructs.  
Size of the cleaved-out fragment is in the red box. From left to right – empty vector, vector 
containing monomeric insert, vector containing trimerized insert. There is 23 bp difference between 
the empty pGL4.26 fragment and monomeric insert fragment, and 65 bp between empty pGL4.26 
and trimerized insert fragment. 
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Figure 22 – Digestion of conserved element-containing reporters used in assays 
Left – digested reporters containing monomeric sequences of conserved elements; numbers stand 
for: 1. DR4-II 2. positive DR4-II control 3. negative DR4-II control 4. DR4-V 5. positive DR4-V 
control 6. negative DR4-V control 
Left – digested reporters containing trimerized sequences of conserved elements; numbers stand 
for: 7. 3x DR4-II 8. 3x positive DR4-II control 9. 3x negative DR4-II control 10. 3x DR4-V 11. 3x 
positive DR4-V control 12. 3x negative DR4-V control 
There should be a 23 bp difference between the empty pGL4.26 fragment and monomeric insert, 
and 65 bp between empty pGL4.26 and trimerized insert. 
Both gels - 3% Nu-Sieve low-melting agarose in TBE. 

4.3.3 Expression vectors 

Sequences of TRα, TRβ, LXRα, and LXRβ nuclear receptor clones from a NR set by 

Open Biosystems were at first checked according to their Genbank accession number, 

as there are many different isoforms, which can vary in the level of transcriptional 

effects and, in extreme situation, be even transcriptionally inactive. Isoforms of our 

receptors are listed in the table below (Table 6). The only exception is LXRβ, which 

has no described isoforms that would differ from the canonical one. 

There was a discrepancy in nomenclature regarding TRα. According to literature, 

TRα-1 is the name of the canonical isoform and c-erbAα2/TRα-2 lacks the 

ligand-binding ability. However, Uniprot denominates the canonical isoform TRα-2. 

Isoform that we have can be found in Uniprot as TRα-1 but after entering its 

accession number into Genbank, it finds a chimeric TR isoform. Indeed, this isoform is 

not well-characterized in literature and it carries different amino acids in 371-410 
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region (LBD), and lacks amino acids 410-490 (C-terminus). However, its 

ligand-binding domain was cloned into expression vector to create chimeric receptor 

and it worked fine in screens.  

Also LXRα isoform is non-canonical. It lacks first 45 amino acids (N-terminal region), 

which results in approximately 40% transcriptional activity compared to the 

canonical isoform (CHEN et al. 2005).  

Table 6 – Overview of isoforms of nuclear receptors used for assays. 

Nuclear receptor Accession 

No. 

Canonical isoform Clone isoform 

TRα BC006560 isoform 2 (490 aa) chimeric (410 aa) 

TRβ BC106929 isoform 1 (461 aa) isoform 1 (461 aa) 

LXRα BC041172 isoform 1 (447 aa) isoform 2 (402 aa) 

LXRβ BC007790 460 aa 460 aa 

All receptor cDNAs were subcloned into pcDNA3 expression vector. Even LXRα cDNA, 

which was already cloned in an another expression vector, was subcloned because it 

was found to be inserted in reversed orientation. Due to internal splice sites, two 

cDNAs gained some extra nucleotides, as they could not be cleaved out with enzymes 

that cleave nearer. Specifically, this was the case of TRα (gained 93 bp of the pOTB7 

vector downstream of the 3’ XhoI site) and LXRβ (gained 86 bp of the pOTB7 vector 

upstream of the 5’ EcoRI site and 144 bp downstream of the 3’XhoI site). Except TRβ, 

all inserts had to be blunted. For overview of the cloning strategies see Table 7. 

Table 7 – Cloning strategies for different receptors. 

Receptor Parental vector Cleaved out by Blunted 
Cloned into 

pcDNA3 at 

TRα  
(3044 bp) pOTB7 5’EcoRI 

3’BglII YES EcoRV site 

TRβ  
(1610 bp) pCR-BluntII-TOPO EcoRI NO EcoRI site 

LXRα  
(1590 bp) pCMV-SPORT6 5’XhoI  

3’KpnI YES EcoRV site 

LXRβ 
(1934 bp) pOTB7 5’BamHI 

3’KspAI YES EcoRV site 
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Correct size of inserts was tested by HindIII+NotI digestion (Figure 24, left). This 

digestion adds 75 bp to inserts cloned into EcoRV site and 64 bp to inserts cloned into 

EcoRI. Taken together with extra nucleotides gained in cleavage from parental vector, 

expected fragment sizes were: 3212 bp (TRα), 1674 bp (TRβ), 1665 bp (LXRα), 2249 

bp (LXRβ). Insert orientation was verified by different digestion for each receptor 

(Figure 23). In the end, chosen clones were sequenced using SP6 and T7 primers. 

 
 
Figure 23 – Scheme of digestions of expression vectors for orientation specific fragment. 
Enzymes, cleavage sites, and lengths of orientation-specific fragments are displayed. 

 
Figure 24 – Digestions of expression vectors for verification of insert size and orientation 
Left – digestion for insert size. Right – digestion for insert orientation. Both gels were prepared from 
1% agarose in TBE. 
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4.4 Reporter assays 

4.4.1 Critical steps in the procedure 

Transfection 

For transfection, polyethyleneimine was used and it gave quite satisfactory outcomes 

(Figure 25). For a 3 cm dish, 1.3 µg of DNA mixture was needed. It was tested that for 

optimal results, the best composition of the transfection mixture is 25% (mass 

percentage) of the reporter vector, 25% of the expression vector, 10% of the pRL-TK 

vector, 1% of GFP expression vector and the remaining 39% of pBS-SK+, which has no 

specific effect and serves just as a filler of the transfection mixture.  However, in the 

case of truncation variants testing, input mass of reporter vectors was recalculated so 

that they would all be present in the same molar concentration as the longest 

reporter, FL-pGL4.26. This was done because of significantly different lengths of 

inserts in the pGL4.26 (ranging from 800 bp to 3000 bp), which would cause different 

molar concentrations and data incomparable among different reporters. In the case 

where the reporter vectors were tested alone without the presence of expression 

vectors, the mixture was supplied with pBS-SK+ up to 1.3 µg of DNA. Transfection 

efficiency was estimated the following day according to GFP expression. 

Figure 25 – Transfection efficiency according to the GFP expression. 
Left – U2OS cells 20 hours after transfection. Right – HEK293 cells 20 hours after transfection. 
Green cells are expressing GFP. Usually, about 30% of U2OS cells and 50% of HEK293 cells were 
GFP positive. Cell were observed with phase contrast and fluorescence and figures were then 
overlaid. 
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Hormone and inhibitor treatment 

Agonists and inhibitor were diluted serially in an extra plate prior to the treatment, 

which should reduce pipetting errors. After hormone treatment, plates were briefly 

spun and shaken for five minutes, so that the hormone, which was added in minor 

volume (5 µl to cells grown in 45 µl on 96-well plate, or 5 µl to cells grown in 20 µl on 

384-well plate) would diffuse well.  

The reason we used inhibitor of TR (KB044146) in some assays is because, based on 

previous experiments, we suspected that there was a small amount of thyroid 

hormone present in the Hyclone serum. However, no inhibitor was used for LXR, as it 

was not available to us.  

4.4.2 Controls 

To maintain assay comparability, positive and negative controls were present on each 

plate. Positive control luciferase reporter MoMLV-T3RE contains a naturally occuring 

TRE located in the LTR of Moloney murine leukemia virus (SAP et al. 1990). This TRE 

is arranged as a direct repeat; therefore, it could be used as a positive control for both 

TR and LXR.  

In our case, we used one control of MoMLV-T3RE in combination with a 

well-functioning expression construct of chicken TRα in pSG5 vector. This control has 

typically gained the highest response in the whole plate. Moreover, each of the 

expression vectors that were prepared was tested first with MoMLV-T3RE and this 

control was also included on every plate which contained experiments with that 

particular expression vector (Figure 26).  

As it is visible from Figure 26, TRα and TRβ respond very similarly to the increasing 

hormone concentration. In the case of LXRα, the curve is shifted towards higher 

concentrations (which was expected); however, LXRβ reaches only a very low 

activation level. Therefore, for testing of truncation variants TRα was chosen, as it is 

the protein, that was shown to regulate Disp3, and LXRα because it worked well with 

the positive control. For testing of isolated conserved elements, TRα and TRβ were 

used. 
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Figure 26 – Test of function of expression vectors  
Expression vectors were cotransfected with control MoMLV-T3RE reporter into U2OS cells and 
hormone treatment was performed in a dose dependent manner. Treatment of TR experiments: 
inhibitor (KB044146; 10 µM), no treatment (0), and thyroid hormone (10-11 – 10-6 M). Treatment of 
LXRs: no treatment (0), LXR agonist (T0901317, 10-11 – 10-5M). Folds were counted relatively to 
value after inhibitor treatment in the case of TR and to no treatment value in the case of LXRs. 
Values are plotted as mean ∓ SEM of three replicates. 

Cells cotransfected with the given expression vector and an empty pGL4.26 reporter 

vector were used as a negative control. In addition, also non-transfected cells were 

used as an indicator of basal cellular signal level, which would be subtracted from 

experiments if the signal was very low. 

4.4.3 Trimerized conserved DR4 elements 

Hormone-dependent activity of isolated conserved elements arranged as trimers was 

tested in U2OS cells both with TRα and TRβ. In HEK cells, trimers were tested with 

TRβ, and as results were very much in agreement to U2OS cells, data is not shown. To 

each conserved element, specific positive and negative controls were designed and 

used for testing (more on that in chapter 4.2). Results were for a better comparability 

shown as fold activation curves (Figure 27). 

After cotransfection of reporters with TRα, results indicated that the DR4-V element 

might be potent, as it reached levels of its positive control. DR4-II was activated on a 

level approximately in between positive and negative control. Intriguingly, TRβ 

cotransfection significantly increased activation of positive controls in both 

experiments. DR4-II is with TRβ activated minimally, DR4-V slightly more compared 
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to the TRα results. Activation of positive controls differs significantly among TRα and 

TRβ. Possible reasons for this difference will be discussed later. 

Additionally, reporters were tested also without cotransfected expression vector and 

dose-response was completely lost in that case (data not shown). 
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Figure 27 – Dose response curves of fold activation of 3xDR4-II and 3xDR4-V 
Top – DR4-II activation via TRα and TRβ. Bottom – DR4-V activation via TRα and TRβ. Hormone 
concentration ranged from 10-11 to 10-6M, with inhibitor treatment (10 µM) and no treatment 
included. Folds were counted relatively to the value of inhibitor treatment. Values are plotted as 
mean ∓ SEM of three replicates. 
Note the change in values on the y axis of the graphs on the right-hand side. 

4.4.4 Truncations of 3 kb promoter of Disp3 

Five variants of 3 kb promoter regions of Disp3 locus were transfected into U2OS 

cells together with either with TRα or LXRα. HEK293 cells were not used at all 

because in the preliminary testing, the FL variant was not activated by thyroid 

hormone, in contrary to U2OS cells. 
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Activation via TR 

Truncation variants were tested, with or without cotransfected TR to see, if there is 

any activation by endogenous receptor. They were treated with thyroid hormone at 

several concentrations. With expression vector, reporters responded in a dose 

response manner with rather low folds (1.6 maximally). Dose response was almost 

completely lost without the receptor (data not shown). For clarity, results were 

plotted into a bar graph of inhibitor treatment, no treatment, and 10 nM thyroid 

hormone treatment (Figure 28). 

 

Figure 28 – Truncation variants with and without TRα cotransfected 
Inh – 10 µM KB044146, No – no treament, T3 - 10 nM thyroid hormone. Values are plotted as mean 
+ SEM of three replicates. 

We found out that the deletion variant Δ5 has significantly higher basal level of 

activation, which might be a sign of a negative element residing in the last 373 bp of 

the 3 kb sequence. Without the TR expression vector, the dose-response is lost; 
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however, basal signal is still high above other variants. From that, we conclude that 

this negative element(s) is occupied by another transcription factor(s) than TR. 

Fold activation curves were used for dose-response graph so that the shapes of the 

curves and fold activation could be compared (Figure 29). No rapid signal decrease 

was observed for any of the deletions, so we cannot say that any of the elements 

within 3kb region plays a key role in the response of Disp3 expression to thyroid 

hormone. Also, the shapes are very similar and subtle changes in EC50 are probably 

not significant, as are not only the result of the missing DR4 but also other elements 

which reside in the deleted region. However, one more interesting phenomenon was 

observed. Even after deletion of all the predicted elements, the CORE variant did not 

lose the responsiveness to the thyroid hormone. To explain this surprising result, an 

additional search for responsive element was done. 

Folds of truncation variants + TRα

10-10 10-8 10-6
0.8

1.0

1.2

1.4

1.6

1.8
FL + TRα
∆2 + TRα
∆4 + TRα
∆5 + TRα
CORE + TRα

0Inh

T3 [M]

Fo
ld

 a
ct

iv
at

io
n 

a.
u.

 

Figure 29 – Activation of truncation variant-reporters by thyroid hormone 
Hormone concentration ranged from 10-11 to 10-6 M, with inhibitor treatment (10 µM) and no 
treatment included. Folds were counted relatively to the value of inhibitor treatment. Data points 
and error bars were omitted so that the graph would be clearer. Six replicates were used. 

Activation via LXR 

To check if there was any significant activation mediated by LXR, we tested the 

truncation variant-reporters again with and without the LXR expression vector in the 

transfection mixture. Generally, counts were lower than with TRα but the effect of 

basal signal increase was observed in Δ5 deletion again (Figure 30). 
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Figure 30 - Truncation variants with and without LXRα cotransfected 
Inh – 10 µM KB044146, T0901317 - 100 nM LXR agonist. Values are plotted as mean + SEM of 
three replicates. 

Reporters responded in a dose response manner if cotransfected with the expression 

vector. Without it, activation was completely abolished. Dose response curves were 

more divergent in this case. It seems like deletion of the regions upstream of the 

exon 1 shifts the curves towards higher concentration. Again, also CORE was 

regulated in a dose-response manner and its activation reached the highest folds 

(Figure 31).  
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Figure 31 - Activation of truncation variant-reporters via LXR 
Agonist concentration ranged from 10-11 to 10-5 M, with no treatment included. Folds were counted 
relatively to the value of no treatment. Data points and error bars were omitted so that the graph 
would be clearer. Three replicates were used. 
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4.5 Refinement of in silico predictions 

As a significant increase in the basal signal level of Δ5 variant compared to variants 

FL, Δ2, and Δ4 was observed, we hypothesize that there is a negative repressive 

element within the very end (last 373 bp) of the 3 kb region, which is not recognized 

by TR/LXR, though. It might be identified with the help of other prediction programs 

available on the internet but this issue was not further researched. 

An intriguing fact is that also the 832 bp CORE region alone responds to both 

agonists. Inspired by that, we have examined murine CORE sequence more 

thoroughly using NUBIScan and NHR Scan with less stringent thresholds. We 

searched primary for DR4 and IR0 sites that are recognized by both receptors, and 

ER6 sites recognized by TRs. 

NUBIScan 

Scan was performed with threshold of 0.5 and four hits were obtained (Table 8). 

Table 8 – Results of additional NUBIScan of the CORE region 
Position 
number 

Element 
type 

Feature start Strand In NHR Raw 
score 

Rank 

1 DR4 -368 +  0.679 1 
2 IR0 -358 +  0.634 2 
3 ER6 +199 +  0.573 3 
4 DR4 +201 +  0.505 4 

NHR-scan 

Scan was performed with respective probabilities of 0.025 for each arrangement (DR, 

ER, IR) and under sliding window conditions of 20 bp window size. Ranks are not 

included because there is no point in comparing scores of differently arranged 

elements using these algorithms. Six hits were obtained (Table 9). 

Table 9 – Results of additional NHR-scan of the CORE region. 
Position 
number 

Element 
type 

Feature 
start 

Strand In 
NUBI 

log (Viterbi) Fwd-back 

1 DR4 -368 +  -24.1019 2.6289 
2 IR0 -358 +  -17.9569 2.8536 
3 IR0 -352 +  -20.0937 1.3759 
4 ER6 -306 +  -27.6757 2.1938 
5 IR0 +281 +  -20.1094 1.6811 
6 IR0 +419 +  -19.1212 1.3004 
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Map of obtained results 

There is a cluster of three overlapping DR4 and IR0 responsive sites upstream of the 

CpG island and two of these sites were identified by both scans (Figure 32). We can 

hypothesize that these elements are be responsible for dose response of the CORE 

element. 

 

Figure 32 - Map of results obtained from an additional scan for TR- and LXR-responsive 
elements within CORE region. 
Element arrangement and prediction tools are displayed. Purple elements were identified by both 
algorithms. 
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5. Discussion 

Aim of this project was to identify a region of Disp3 locus that is fundamental for 

regulation of its expression by thyroid hormone receptor. Time that is available for a 

master’s project is not sufficient to resolve such a complex assignment with a 

full-featured approach; therefore, we decided for a timesaving method that consisted 

in identification of a hotspot region of responsive elements using prediction tools and 

dissection of that region into smaller parts for testing its response in luciferase 

reporter assays. This deletion analysis should have led to identification of the key 

regulatory region. 

Prediction of responsive elements showed interesting clustering; for instance, two 

clusters of predicted DR4 elements were found around -43 kb and -34 kb sites. Our 

attention was drawn by a cluster surrounding exon 1, which contained, among others, 

two conserved DR4 elements. This region, 3 kb in length, was examined both by 

deletion mutagenesis and by testing of isolated conserved sites.  

Deletion mutants were activated at rather low levels by both TRα and LXRα. Region 

upstream of the exon 1 seems to contain some elements, which might play a role in 

activation via LXR, as deletion of this region shifts the dose-response curve towards 

higher agonist concentrations. Although no substantial regulatory element was 

identified for TRα, repressive region recognized by another transcription factor(s) 

was revealed in the very end of the 3 kb sequence, strikingly.  

Another surprise was that even after deletion of all predicted sites, the remaining 

central part did not lose the ability to respond to thyroid hormone and LXR agonist. 

Therefore, we employed additional refined in silico prediction that identified a cluster 

of DR4 and IR0 sites right upstream of the CpG island and exon 1, which might explain 

this activation. 

As mentioned earlier, guanines in the position 2 and 3 of the TRE half-site sequence 

are considered critical for receptor binding. However, each half-site of predicted 

conserved elements contains only one critical G residue – the first one (Figure 33). 

That might be a sign of impaired receptor binding. On the other hand, receptor 

binding does not always correlate with transactivation levels (HARBERS et al. 1996). 
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Additionally, it is possible that the spacing sequence and flanking sequences help to 

compensate this “defect”.  

Furthermore, there is another half-site (Figure 33, in grey) immediately downstream 

of the second conserved element (DR4-V), which forms a DR0 element with the 

second half-site of the DR4. It is possible that this overlapping element is recognized 

by another nuclear receptor.  

DR4-II: 
TGCTCTCAGCTGGGCT 
ACGAGAGTCGACCCGA 

DR4-V 
GGTTCATAAAAGTTGAGCGTCA 
CCAAGTATTTTCAACTCGCAGT 
 
Figure 33 –Sequences of conserved DR4 elements 
Third nucleotide in each half-site is highlighted in red. DR4-II is in the reverse orientation. DR4-V is 
in the forward orientation and its 3’ flanking sequence contains another half-site (in grey). 

Conserved elements were tested in trimerized arrangement. Trimerization is a way to 

enhance response of short regions, which would alone reach low levels. However, 

spacing among monomers in trimerized arrangement is debatable. We used 21 bp 

distance between centres of two neighbouring elements, which should orient all the 

elements on the same side of the DNA double-helix, but as a matter of fact, there is no 

consensus regarding this issue in scientific literature. 

Trimerized DR4-V element was activated both by TRα and TRβ at relatively high 

levels. Surprisingly, a noteworthy difference between TRα and TRβ levels of 

activation of positive controls was measured. We hypothesize that this effect can be 

caused by different sensitivity of TRα and TRβ to spacing sequence or flanking 

sequences. An interesting paper was published by Harbers et al. (1996), where 

critical role of the spacing sequence in TRα-mediated transactivation was 

demonstrated. Nucleotide in position two and four of the spacer did not appear 

important but the receptor binding seems to be strongly dependent on pyrimidine in 

position 3 of the spacer. In the conserved elements we have identified, there is a 

purine in that position in both cases. No similar data is available for TRβ but it is 

possible that TRα and β, although recognizing the same consensus sequence of 
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half-sites, differ in the sensitivity to spacing sequence (or flanking sequences), which 

would clarify our results.  

Another point is that isoforms of TRα and LXRα we used are non-canonical. TRα 

isoform carries different amino acids in 371-410 amino acid region (LBD), and lacks 

amino acids in the position 410-490 (C-terminus). Although its LBD was proved 

functional in screens, changes in the C-terminal part of TRα might possibly contribute 

to the previously discussed effect of different positive control activation. LXRα 

isoform 2 we used lacks first 45 amino acids (N-terminal region), which results in 

reduced transcriptional activity compared to the canonical isoform. However, it is not 

known if there is any other effect of this truncation. 

In eukaryotes, transcriptional regulation can be very complex both considering  the 

number of DNA elements that are engaged and the number of different transcription 

factors required for a certain response. This also applies in the case of nuclear 

receptors. They often recognize several responsive elements, which can be located 

either within few kb of the transcription start site or very far away. Luciferase 

reporter assays are more suitable for identification of elements in vicinity of TSS as it 

is very complicated to prepare reporters containing DNA region exceeding several kb 

in length. In addition, testing them in vitro in different cellular and sequential context 

can make their activation difficult due to the lack of some tissue-specific transcription 

factors. 

As mentioned earlier, changes in the dose-response curve are in the case of deletion 

mutagenesis not very relevant. With each deletion, there is a plenty of potential 

transcription factor-binding sites removed. To show that an element is required for 

transcriptional regulation, it is more convenient to mutagenize the site by PCR. 

Question remains what is a better way to mutate a nuclear receptor-responsive 

element. Basically, there are two options – changing the half-site sequence or 

changing the spacing between half-sites, and again, it is not clear which one works 

better. We mutated half-site sequences in the negative control oligonucleotides and 

some response, although very low, still remained. 

RXR, the heterodimerization partner for TR and LXR, is expressed in U2OS cell line in 

high amounts according to the Human Protein Atlas (http://www.proteinatlas.org/). 
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In experiments described in this thesis we did not increase its level by transfection 

although it is possible that RXR was the limiting factor in our experiments. 

Co-transfection of RXR expression vector might improve responses in that case. On 

the other hand, increase of the RXR levels above physiological can decrease 

selectivity, as there are more heterodimers forming which can bind to lower affinity 

responsive elements than they would bind normally.  

RXR expression level might cause different results among different cell lines. Equally 

important are levels of TR and LXR expression within the cell line used and the effect 

of endogenous activation.  No published data is available on levels of these receptors 

in U2OS cell line; however, according to the Human Protein Atlas, there is a medium 

abundance of TR mRNA and low abundance of LXR mRNA. Activation of our reporters 

by endogenous TR or LXR was not significant. 

This project investigated promoter of a gene expressed mostly in neural tissues in the 

context of osteosarcoma cell line (U2OS). One must keep in mind that levels of 

expression of certain transcription factors can differ significantly from one cell type 

to another. This was the first battery of experiments aimed at mechanisms of 

regulation of Disp3 expression; anyway, next logical step is to test constructed 

reporters in a cell line that is as close as possible to the tissues with high Disp3 

expression. In our laboratory, we use NS5 (neural stem) cell line, which expresses 

TRα at high levels endogenously. Thus, reporters could be tested without 

cotransfection of expression vectors resulting in a less artificial system. As well as the 

cellular context, developmental context plays a significant role in many genes’ 

expression and it is presumably important also in regulation of Disp3 expression, as 

shown in a previous paper from our laboratory (ZIKOVA et al. 2009). 

Reporter assays are based on a situation, when a reporter vector is transfected 

transiently into cells. Thus, researched sequence is present as an episome and the 

chromatin context, which can be fundamental for element recognition, is missing. A 

way to identify elements occupied in the real situation is ChIP-seq with TR antibody 

and Disp3 locus specific primers. ChIP is often used for generating whole genome 

binding sites data and it also helped to demonstrate that many binding sites sit far 

upstream of the regulated gene. This distance can be overcome thanks to 
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scaffold/matrix attachment regions (S/MARs), which are sites of anchorage of DNA to 

nuclear scaffold that enable forming chromatin loops. Moreover, these S/MARs often 

carry important regulatory elements (HENG et al. 2004).  

Although this work has not fully answered all the questions and we did not identify 

the key regulatory element(s) required for Disp3 regulation by thyroid hormone, it 

has brought some other unexpected data that can be further investigated and 

extended. Our insight into the regulation of Disp3 expression has improved and the 

obtained results have directed us towards various different approaches of future 

research as described above. 
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6. Conclusion  

The main aim of this master’s project was to identify key regulatory region(s), which 

participate in regulation of Disp3 expression via thyroid hormone receptor. Although 

we did not manage to identify such a region, other interesting features of the 

investigated sequence were revealed and approaches for future research have been 

suggested. Here, the main outcomes of this thesis are summarized. All prepared 

constructs were verified by digestion and sequencing. 

 

 In silico prediction of DR4 sites of murine Disp3 locus was performed and a 

3 kb region (-2177/+815) surrounding exon 1 was selected for further analysis. 

Among others, also two conserved elements were identified in this region. 

 

 Expression vectors of TRα, TRβ, LXRα, and LXRβ were prepared. TRα, TRβ, and 

LXRα were used in luciferase reporter assays.  

 

 Reporters containing oligonucleotides corresponding to the conserved 

elements were constructed and verified by sequencing. Significant T3-dependent 

activation of the second element (DR4-V) was detected. 

 

 Reporters of truncation variants of the selected 3 kb region were constructed 

and tested. No key element for regulation by TR or LXR was identified. There is, 

however, a repressive region recognized by other transcription factor(s) residing in 

the very end of the 3 kb region. 

 

 Surprisingly, even the shortest variant (CORE) with all predicted elements 

deleted, retained its activation dependent on the agonist concentration. Additional 

in silico analysis revealed a cluster of putative responsive elements at the beginning of 

this truncation. 
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7. Appendix 

7.1.1 Sequencing Primers 
SP6:  5’-ATTTAGGTGACACTATAG-3’ 

T7:  5’-TAATACGACTCACTATAGGG-3’ 

pGL4.26 fwd: 5’-GAATCGATAGTACTAACATACGCTCTCCATC-3’ 

pGL4.26 rev:  5’-CGAGCTTCCATTATATACCCTCTAGTG-3’ 

7.1.2 PCR primers 
3 kb fwd: 5’-GCTAGCTAGCAAAGCAGGGAGAGTGTAATC-3’ 
   NheI 

3 kb rev:  5’-ATCAGGTCCTGGCTGGCACGCAG-3’ 

7.1.3 Oligonucleotides 

Monomers 

+ stands for consensus (positive control); – stands for mutated (negative control) 

DR4-IIa:  5’-CAGCCTCTGCTCTCAGCTGGGCTTGGGAAC-3’ 

DR4-IIb:   5’-TCGAGTTCCCAAGCCCAGCTGAGAGCAGAGGCTGGTAC-3’ 

(+) DR4-IIa:  5’-CAGCCTCTGACCTCAGCTGACCTTGGGAAC-3’ 

(+) DR4-IIb: 5’-TCGAGTTCCCAAGGTCAGCTGAGGTCAGAGGCTGGTAC-3’ 

(-) DR4-IIa: 5’-CAGCCTCTGCAATCAGCTGGAATTGGGAAC-3’ 

(-) DR4-IIb: 5’-TCGAGTTCCCAATTCCAGCTGATTGCAGAGGCTGGTAC-3’ 

DR4-Va:  5’-CTGTCTGGGTTCATAAAAGTTGAGCGTCAC-3’ 

DR4-Vb: 5’-TCGAGTGACGCTCAACTTTTATGAACCCAGACAGGTAC-3’ 

(+) DR4-Va: 5’-CTGTCTGAGGTCATAAAAGGTCAGCGTCAC-3’ 

(+) DR4-Vb: 5’-TCGAGTGACGCTGACCTTTTATGACCTCAGACAGGTAC-3’ 

(-) DR4-Va: 5’-CTGTCTGGTTTCATAAAATTTGAGCGTCAC-3’ 

(-) DR4-Vb: 5’-TCGAGTGACGCTCAAATTTTATGAAACCAGACAGGTAC-3’ 
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Trimers (HPLC purified) 

3DR4-IIa:  

5’-CAGCCTCTGCTCTCAGCTGGGCTTGGTCTGCTCTCAGCTGGGCTTGGTCTGCTCTCAGCT

GGGCTTGGGAAC-3’ 

3DR4-IIb: 

5’-TCGAGTTCCCAAGCCCAGCTGAGAGCAGACCAAGCCCAGCTGAGAGCAGACCAAGCCCA

GCTGAGAGCAGAGGCTGGTAC-3’ 

(+)3DR4-IIa: 

5’-CAGCCTCTGACCTCAGCTGACCTTGGTCTGACCTCAGCTGACCTTGGTCTGACCTCAGCT

GACCTTGGGAAC-3’ 

(+)3DR4-IIb: 

5’-TCGAGTTCCCAAGGTCAGCTGAGGTCAGACCAAGGTCAGCTGAGGTCAGACCAAGGTCA

GCTGAGGTCAGAGGCTGGTAC-3’ 

(-)3DR4-IIa: 

5’-CAGCCTCTGCAATCAGCTGGAATTGGTCTGCAATCAGCTGGAATTGGTCTGCAATCAGC

TGGAATTGGGAAC-3’ 

(-)3DR4-IIb: 

5’-TCGAGTTCCCAATTCCAGCTGATTGCAGACCAATTCCAGCTGATTGCAGACCAATTCCA

GCTGATTGCAGAGGCTGGTAC-3’ 

3DR4-Va: 

5’-CTGTCTGGGTTCATAAAAGTTGAGCGTGGGTTCATAAAAGTTGAGCGTGGGTTCATAA

AAGTTGAGCGTCAC-3’ 

3DR4-Vb: 

5’-TCGAGTGACGCTCAACTTTTATGAACCCACGCTCAACTTTTATGAACCCACGCTCAACT

TTTATGAACCCAGACAGGTAC-3’ 

(+)3DR4-Va: 

5’-CTGTCTGAGGTCATAAAAGGTCAGCGTGAGGTCATAAAAGGTCAGCGTGAGGTCATAA

AAGGTCAGCGTCAC-3’ 
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(+)3DR4-Vb: 

5’-TCGAGTGACGCTGACCTTTTATGACCTCACGCTGACCTTTTATGACCTCACGCTGACCT

TTTATGACCTCAGACAGGTAC-3’ 

(-)3DR4-Va: 

5’-CTGTCTGGTTTCATAAAATTTGAGCGTGGTTTCATAAAATTTGAGCGTGGTTTCATAAA

ATTTGAGCGTCAC-3’ 

(-)3DR4-Vb: 

5’-TCGAGTGACGCTCAAATTTTATGAAACCACGCTCAAATTTTATGAAACCACGCTCAAAT

TTTATGAAACCAGACAGGTAC-3’ 
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