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INTRODUCTION 

During embryogenesis, different systems and patterns evolve according to the 
developmental program of the organism. The spatial arrangement of organ 
development and embryonic patterns are established by gradients of signalling 
molecules. These molecules have higher concentration in the place of their 
synthesis or secretion, diminishing with distance. This drop in concentration 
creates a signalling gradient. The gradient provides positional information and 
determines the developmental fate of cells in a multi-cellular embryo. The idea 
that signalling gradients are responsible for providing positional information was 
developed by Wolpert already in 1969 and was named the French flag model 
(Wolpert 1969). Genetic or regulatory disruption of these signals can lead to 
developmental defects or miscarriage and to cancer development in adult 
animals. 

Sonic hedgehog is a secreted signalling molecule responsible for embryonic 
pattern formation and organ development. Sonic hedgehog binds to its 
transmembrane receptor and triggers an intracellular cascade of signalling 
events. Eventually, this leads to cell proliferation and differentiation. Gli 
proteins are the effector transcription factors of hedgehog signalling. They 
regulate the expression of pathway target genes. The repressor forms, Gli-
repressors, possess transcriptional repressor activity within their N-terminus. 
Gli-repressor binds to the target DNA and turns off the gene expression. 
 Disruption of Shh signalling has been associated with various developmental 
disorders and cancer types. 

The gradient of Sonic hedgehog and the opposing Gli-repressor gradient set 
the patterning in the embryonic neural tube and limb bud. These gradients 
establish the dorsoventral or anterior-posterior axes in the developing neural 
tube and limb bud, respectively. 

Gli proteins are transcription factors with many build-in functions. There is a 
Zn-finger DNA binding part and transcriptional activator and repressor functions 
represented by the domains containing binding motifs for interactions with other 
molecules. Identification of the Gli protein amino-acid sequence responsible for 
repressor-activity and its structural and functional characterisation is the scope 
of this thesis. 
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1. REVIEW OF THE LITERATURE 

The developmental role of Gli-repressor molecules is comprehensively 
demonstrated in development of the neural tube and limb bud. Accordingly, the 
literature review section begins with description of these embryonic systems. 
Further, the aspects known so far of Gli repressor formation are discussed. The 
Gli repressor-domain is intrinsically disordered, therefore, the last section of the 
literature review describes the properties of this protein group. 

1.1. Opposing Hedgehog and Gli-repressor gradients establish dorso-
ventral axis of the embryonic neural tube 

The neural tube is a vertebrate embryonic precursor for the central nervous 
system. It stretches the entire length of an embryo and forms brain structures 
anteriorly and the spinal cord posteriorly. The neural tube appears as an oval 
structure in embryo cross-sections. At dorsal and ventral poles, structures named 
the roof plate and floor plate, respectively, are located. 

At embryonic day 8.5 of mouse development the central mesodermal cells 
start to pack tightly and form the notochord that separates from the adjacent 
somatic mesoderm. At E9.5, the Shh is initially secreted by the notochord, which 
induces the secondary centre of Shh production from the floor plate (Chang et al. 
1994). There is the maximal concentration of Shh that diminishes towards the 
roof plate. So the Shh gradient is higher ventrally and drops dorsally. This 
gradient establishes the dorsoventral axis of the developing neural tube (Fig.1). 
The Shh gradient was revealed by visualisation of Shh protein in this neural 
tissue (Gritli-Linde et al. 2001; Huang et al. 2007; Chamberlain et al. 2008). The 
gradient determines the identity of different neurons, so that distinct neurons are 
generated from the respective neural domain. These domains are established in a 
correct spatial order along the dorsoventral axis of the neural tube (Fig. 1) 
(Jessell 2000). Ex vivo experiments are in line with the graded distribution of 
Shh, showing that the neural tissue incubation with recombinant Shh switches 
the identity of cells towards more ventral cell identities with increased Shh 
concentrations (Briscoe et al. 2000; Dessaud et al. 2007). The prolonged 
exposition to Shh also directs the cells to a more ventral identity (Ericson et al. 
1996). 
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Figure 1. Scheme of a transverse section of the neural tube and notochord. The floor 

plate (FP) is located at the ventral pole of neural tube. Shh is secreted initially from the 
notochord, then from the floor plate. The formation of Gli activity gradient is depicted 
on the left. Distinct subtypes of interneurons (pV0-pV3) and motor neurons (pMN) are 
generated along the dorsoventral axis shown on the right. Shh is a ventral fate 
determinant, whereas Gli repressor is a dorsal determinant. 

 
 
Shh binds to its cellular receptor Patched that in its turn regulates the activity 

of another transmembrane protein Smoothened (Briscoe and Therond 2013). The 
molecular cascade downstream of Smo is weakly understood but it has been 
shown to depend on the primary cilium and intraflagellar transport 
(Eggenschwiler and Anderson 2007). Ultimately Smo regulates the Gli family of 
transcription factors. The extracellular Shh activity gradient is converted into an 
integrated functional gradient of intracellular Gli proteins activity along the 
dorsoventral axis (Fig. 1). There are three Gli proteins: Gli1, Gli2 and Gli3. Gli1 
and Gli2 are transcriptional activators and act together to specify the neural tube 
two most ventral domains FP and pV3 (Matise et al. 1998; Park et al. 2000; Bai 
and Joyner 2001). Gli1 null mice have no phenotype, whereas Gli2 null embryos 
lack FP and most of pV3 domain. 

Gli3 is predominantly responsible for the Gli repressor function. Gli 
transcriptional repressor form is the dorsal fate determinant of progenitor 
domains in the neural tube (Hui et al. 1994). The Gli repressor formation is 
inhibited by Shh in ventral compartments of the neural tube. This inhibition is 
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lost in Shh null mice where, as a result, the Gli repressor is produced uniformly. 
In these mice only dorsal identities are developed and all ventral progenitors are 
missing (Chiang et al. 1996; Pierani et al. 1999). Removing of Gli3 in Shh 
mutant background restores the missing ventral progenitor domains: pV0, pV1, 
pV2 and pMN (Litingtung and Chiang 2000; Persson et al. 2002; Wijgerde et al. 
2002). In the double mutant the progenitor domains are restored but they are 
abnormally intermingled showing that the role of Shh and Gli repressor 
gradients is to determine the accurate patterning and positioning. 

It is the dynamic molecular dialog between the opposing Shh and Gli 
repressor gradients that establishes the correct spatial arrangement of neural 
progenitor domains. The two gradients have an active bilateral communication 
to refine each other. For instance, the production of Gli repressor in target cells 
is controlled by Shh (Ribes and Briscoe 2009). The cells are also actively 
reshaping the Shh gradient by producing Shh promoting or inhibiting 
membrane-proteins (Goodrich et al. 1996; Allen et al. 2007). Differential 
response to molecular dialog between the graded Shh signalling and the 
transcriptional network of the target cell is determined by the regulatory 
architecture of Shh signalling network and not by differences in sensitivity of 
gene expression to Shh signalling. In this view, the network can interpret the Shh 
gradient even when the genes are equally responsive to the signal (Balaskas et 
al. 2012). 

1.2. Opposing Hedgehog and Gli-repressor gradients establish 
anterior-posterior axis of the developing limb bud 

Mouse limbs start to develop at embryonic day 9.5. By that time symmetric 
swellings appear in the lateral body wall (Wanek et al. 1989). These buddings 
consist of lateral plate mesenchyme surrounded by ectoderm. Signalling from 
three organising centres controls the limb bud development (Zeller et al. 2009). 
These centres are: the apical ectodermal ridge (AER) responsible for the 
formation of proximodistal (shoulder to fingertips) limb axis; the zone of 
polarising activity (ZPA) establishing the anterior-posterior (thumb to little 
finger) limb axis, and the non-AER ectoderm driving the dorsoventral (knuckles 
to palm) patenting. 

Formation of the apical ectodermal ridge is induced by FGF10 expressed 
from the below lying mesoderm that signals to the surrounding ectoderm 
(Ohuchi et al. 1997). This signalling centre synthesises factors required for limb 
bud outgrowth and patterning. Removal of the AER results in truncation of limb 
development (Summerbell 1974). The earlier the AER was removed, the more 
proximal the level of limb truncation was observed. The factors needed for the 
limb outgrowth were identified to be FGF4 and FGF8 (Sun et al. 2002). Their 
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removal resulted in an absence of limb outgrowth. The proximal signal in limb 
development was identified to be the retinoic acid (Rosello-Diez et al. 2011). 

 

 
 
 
Figure 2. Scheme of a lateral section of the limb bud. The thicker line on the limb 

bud edge represents the apical ectodermal ridge (AER), the thinner line shows the non-
AER ectoderm. The filled ellipse represents the zone of polarising activity. The finger 
progenitors are shown and numbered beginning from the thumb. Formation of the 
opposing Gli-repressor and Shh gradients is presented below the limb bud scheme. 

 
 
Opposing action between Shh produced posteriorly and Gli-repressor 

expressed anteriorly sets up the anterior-posterior axis of the developing limb. 
Shh controls the processing of Gli3 to Gli repressor. Shh sets the precise ratio of 
Gli activator to Gli repressor. This ratio is essential for limb development (Wang 
et al. 2000). Hox genes activate the expression of Shh (Kmita et al. 2005; Galli 
et al. 2010). Shh is synthesised from E10.25 to E12.5 from mesodermal cells 
(Haramis et al. 1995). The cells producing Shh form a signalling centre named 
the zone of polarising activity (Riddle et al. 1993). Transplanting these cells or 
Shh soaked beads to the anterior border of a control limb produced a mirror-
image duplication of digits (Tickle et al. 1975; Lopez-Martinez et al. 1995). 
Mice mutant for Shh develop only digit 1 (thumb) in hind limbs and no digits in 
forelimbs (Kraus et al. 2001), whereas Gli3 null mice limbs develop polydactyly 
and lack digit identity (Johnson 1967). From these observations it can be 
concluded that Gli-repressor is to restrict the pattern formation of polydactylous 
digits, wheras Shh promotes the patterning of multiple digits. However, when 
removing the both genes, Gli3 and Shh, the resulting mouse limbs were 
surprisingly identical to the Gli3 null where the Shh gene was present 
(Litingtung et al. 2002). These observations indicate that the limb has in fact an 
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intrinsic ability to form digits, even in the absence of Shh. But for development 
of normal digit number and identity, a balanced counteraction between Shh and 
Gli repressor is established. 

Mutations in the Gli3 gene are associated also with rare human 
developmental disorders like the Greig syndrome (GCPS) and Pallister-Hall 
syndrome (PHS) (Biesecker 2006). These syndromes have distinct features, but 
shared finger/thumb polydactyly. Most of the disorder-causing mutations result 
in a truncated form of Gli3 protein. It appears that the place of mutation within 
the Gli3 gene correlates with the arising disorder phenotype (Biesecker 2006). 
GCPS is caused by mutations localised mostly in the first or last third of the 
gene. This results in a Gli3 variant with lost DNA-binding domain or with the 
affected transcriptional activation ability. On the other hand, the PHS causing 
mutations localises to the central third of Gli3. The Gli3-PHS protein variant is 
the N-terminal part of Gli3 including the DNA-binding domain. It has been 
shown that the variant acts as a strong transcriptional repressor (Shin et al. 
1999). This indicates that within the truncated protein there is an amino-acid 
sequence turning the Gli3-PHS construct into a transcriptional repressor. 

Shh and Gli3 control the both, proliferative expansion and differentiation of 
mesenchymal progenitors (Zhu et al. 2008). Gli3, through its interaction with the 
cell-cycle regulator Cdk6 (Vokes et al. 2008), acts as a regulator of S phase 
entry for digit progenitors in the anterior hand plate (Lopez-Rios et al. 2012). In 
addition, Gli3 repressor promotes proliferation exit and BMP-dependent 
condensation of skeletal elements and chondrogenic differentiation of 
mesenchymal progenitors. These observations show that Gli3 fulfils a dual role 
in limb development by regulating both cell-cycle entry and exit to chondrogenic 
differentiation (Lopez-Rios et al. 2012). 

Finally the third axis of the limb, the dorsoventral patterning, is established 
by the differential gene expression in dorsal and ventral non-AER ectoderm. For 
instance, the dorsal ectoderm expresses a dorsal fate determining genes like 
Wint7a (Parr and McMahon 1995), and the ventral ectoderm expresses ventral 
determinants like Engrailed (Loomis et al. 1996; Logan et al. 1997). 

1.3. The formation of Gli repressor is phosphorylation 
dependent proteasomal processing 

Most of the Hedgehog pathway proteins are localised into a cellular 
compartment named cilium (Haycraft et al. 2005; Rohatgi et al. 2007). This is a 
small outgrown organelle consisting of a cytoplasm and cytoskeleton covered by 
a cellular membrane. The Hedgehog receptor Pached1 and co-receptor 
Smoothened have been detected in cilia as well as Gli proteins and Sufu. It is 
likely that many of the pathway critical reactions occur in the cilium. Disruption 
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of this cellular structure results in a severe decrease of Gli repressor level 
(Haycraft et al. 2005; Cortellino et al. 2009) and failure of full-length Gli to 
translocate to the nucleus when the pathway is activated (Humke et al. 2010). 

In the cytoplasm of Hedgehog unstimulated cells, Gli transcription factors are 
in a complex with Sufu protein (Pearse et al. 1999; Humke et al. 2010). Sufu 
binding keeps Gli from translocating to the nucleus and protects Gli from 
degradation (Kogerman et al. 1999; Humke et al. 2010). In the absence of Sufu, 
in Sufu knock-out cells, the Gli protein level is drastically reduced and Gli 
proteins enter the nucleus (Chen et al. 2009; Jia et al. 2009). This results in the 
start of transcription and ectopic activation of Hedgehog pathway. In wild-type 
cells Sufu-Gli complex cycles in and out of cilia in a low rate (Tukachinsky et 
al. 2010). In the absence of Hedgehog signalling, Sufu-Gli complex is 
recognised by protein kinase A (PKA) on the base of the cilium (Tuson et al. 
2011). PKA phosphorylates Gli proteins and that initiates further phosphoryla-
tion by GSK3β and casein kinase 1 (CK1) (Pan et al. 2006; Tempe et al. 2006). 
The phosphorylated full-length proteins Gli3 (~190kDa) and Gli2 (~185kDa) 
bind to the ubiquitin ligase complex (Skp1/Cullin1/F-box) that targets Gli 
proteins for cleavage via the ubiquitin-proteasome pathway (Tempe et al. 2006). 
The proteins are cleaved after the zinc-finger domain to N-terminal repressor 
fragments, Gli3R ~83kDa and Gli2R ~78kDa (Wang et al. 2000). After the 
cleavage the Gli repressor form is no longer in a complex with Sufu and 
translocates to the nucleus to repress transcription of target genes (Humke et al. 
2010; Tukachinsky et al. 2010). The processing of Gli proteins is thus dependent 
on PKA and cilia. However, some Gli processing was detected also in PKA-null 
cells and in mutants lacking cilia (Huangfu et al. 2003; Liu et al. 2005; Tuson et 
al. 2011). These findings suggest that there is also a PKA and cilia independent 
mechanism for Gli repressor formation. The main form of Gli repressor is the 
Gli3 N-terminal fragment. The processing of Gli2 is less efficient and in the 
absence of Hedgehog signalling Gli2 is instead degraded (Pan et al. 2009). 

Gli1 is not processed and it functions only as a transcriptional activator (Dai 
et al. 1999; Kaesler et al. 2000). In the presence of Hedgehog, full-length Gli3 
and Gli2 are no longer processed and act as transcriptional activators (Wang et 
al. 2000; Pan et al. 2006). Pathway activation results in a quick accumulation of 
Sufu-Gli complex in the cilium. This complex cycles within the cilia also at 
unstimulated conditions, but upon stimulation its concentration rises quickly 
(Wen et al. 2010). Probably the pathway activation causes a modification of Gli 
proteins that takes place within the cilium (Wen et al. 2010). That modification 
is the likely cause of the dissociation of the Sufu-Gli complex. When released 
from Sufu, Gli proteins translocate into the nucleus (Tukachinsky et al. 2010). 
There Gli is activated by a nuclear kinase that renders it highly unstable (Humke 
et al. 2010). Hedgehog-activated full-length Gli transcription factors activate the 
target genes and are degraded in the nucleus by the nuclear SPOP/Cul3 complex 



16 

(Chen et al. 2009; Wen et al. 2010). Hedgehog signalling triggers the 
degradation of full-length Gli3, but it does not disappear completely. Pathway 
activation inhibits also the production of Gli repressor form so that it disappears 
completely but more slowly than the full-length Gli3 protein (Wen et al. 2010). 

The primary transcriptional activator of Hedgehog pathway is mostly Gli2 
and less so Gli3. They induce the expression of a secondary activator that is a 
Gli1 transcription factor acting in a positive loop manner (Ding et al. 1998; Dai 
et al. 1999; Bai and Joyner 2001). To be activated, the newly synthesised Gli1 
has to pass through cilia in a complex with Sufu. There, continuing Hedgehog 
signalling will cause a modification of Gli1. This would ensure that the 
Hedgehog pathway remains signal dependent (Tukachinsky et al. 2010). 

1.4. Intrinsically disordered proteins 

This is a large group of proteins, peptides and domains defined on the basis 
of what they do not have. These proteins are not restricted in a concrete three-
dimensional structure, but instead experience less limited spatial freedom, e.g. 
they are less structurally defined and more flexible. Although these proteins are 
not totally unstructured, some conformations are more preferable than others 
(Tompa 2010). Structural disorder is enriched among proteins involved in 
processes like gene regulation or signal transduction, and depleted in enzymatic 
and ligand binding reactions (Xie et al. 2007; Tantos et al. 2012). In some 
instances, the disordered proteins can undergo binding-coupled folding (Dyson 
and Wright 2005), whereas in others there is a large degree of spatial freedom in 
the complex (Fuxreiter et al. 2011). In the latter case, the partners contact each 
other by loosely defined and transient contacts, which do not bring about a well-
defined ordered structure even in the complex state (Fuxreiter 2012). The 
coupling of interaction to folding enables unstructured proteins to enhance 
specificity in expense of binding affinity (Spolar and Record 1994). Therefore 
the binding to their functional partner is weak, specific and dynamic. 
Intrinsically disordered proteins recognise their partners by a number of 
mechanisms. A predominant one utilises short sequence motifs named molecular 
recognition features – MoRFs (Mohan et al. 2006). In an unbound state these 
elements might be structured as well as unstructured and their folding can be 
initiated by complex formation. Intrinsically disordered proteins are stabilised 
more by interactions with the partner than from interactions with their own chain 
(Drobnak et al. 2013). On the contrary, ordered proteins establish more 
stabilising interactions with their own chain and their fold is self-driven. 

As binding can initiate the folding of disordered proteins, such structure 
induction can be used as a good indicator of interaction. CD-spectroscopy and 
NMR measurements are often employed in studying the binding of disordered 
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proteins (Libich and Harauz 2008; Chemes et al. 2012; Dasgupta et al. 2012). 
 On the other hand, since the binding of unstructured proteins to their partner is 
weak and dynamic, methods like immunoprecipitation and yeast two-
hybridisation are not immediately suitable for studying disordered proteins 
interactions (Tompa 2010). These methods are designed for studying stronger 
and more stable interactions. 

Intrinsically disordered proteins employ bigger capture radius for partner 
finding, which makes the scanning for the interactor more efficient (Shoemaker 
et al. 2000). The interaction surface of disordered proteins is bigger compared to 
a structured protein of a similar size (Gunasekaran et al. 2003). The complex 
formed by unstructured proteins is held together by weak, mostly hydrophobic 
contacts separated by linker sequences rather free to change (Meszaros et al. 
2007). The contacts between the partners are transient and a loss of individual 
contact will not disrupt the whole complex. This makes the intrinsically 
disordered proteins more tolerant to mutations and their complexes more 
resistant to the loss of the related function. Upon mutation, globular proteins lose 
their function suddenly, whereas intrinsically disordered proteins lose the 
function gradually. 

Structural disorder provides proteins with the ability to interact with multiple 
partners by making different contacts from the same interaction surface (Hegyi 
et al. 2007). The intrinsically disordered proteins and domains are more 
accessible to proteases. Their shorter life-time ensures quicker reaction to 
different extracellular signals. These and other advantages make structural 
disorder suitable for and enrich it in processes like transcription and signal 
transduction. Also, structural disorder of proteins is more frequent in 
multicellular organisms (Schlessinger et al. 2011). 

As Gli proteins are transcriptional regulators, it is not surprising that parts of 
these may have features of intrinsically disordered regions. Structural prediction 
programs will assign structural features to distinct amino-acid sequences within 
Gli proteins, but the actual degree of order/disorder can be reviled only 
empirically. The short sequence elements with high structural propensities might 
well represent the partner recognition motives – MoRFs. In the process of 
transcriptional regulation, Gli proteins will bind to their partner molecules 
probably in a transient and loose way. The resulting structure induction in the 
bound state could be a good indication for complex formation. The pursuit for 
Gli binding partners will help to comprehend in more detail the architecture of 
the molecule network used by Hedgehog pathway for the regulation of 
transcription. The knowledge gained can be used for better diagnosis and 
treatment of diseases like cancer. 
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2. AIMS OF THE STUDY 

The Hedgehog gradient provides positional information to cells during 
embryonic development. In organogenesis, this signalling pathway establishes 
the left-right asymmetry and determines the differentiation fate of the target 
cells. This is one of the major reasons to explore in more detail the regulation of 
the pathway. The Hedgehog pathway is active during embryogenesis, but it is 
mainly quiescent in adults. Inappropriate reactivation, however, contributes to 
various cancers, thus providing further requirement for research on the pathway 
inactivation. 

To elucidate the transcriptional repression function of the Hedgehog pathway, 
these main objectives were posed: 

1.    To generate an anti-Gli3 intrabody. 
2.    To identify the amino-acid sequence stretch within Gli proteins 

responsible for the transcriptional repression function. 
3.    To verify whether the Gli repressor domain binds to Ski co-repressor 

protein. 
  4.  To test the interaction of possible molecular partners with the Gli3 

repressor domain. 
5.    To analyse the mechanism of Gli3 repressor domain function. 
6.    To determine the 3D-structure of Gli3 repressor domain. 
7.    To identify functionally important amino-acid residues within the 

Gli3 repressor domain sequence. 
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3. MATERIALS AND METHODS 

A detailed description of materials and methods is provided in the publications 
of this thesis. Briefly, the following methods were used in the present study: 

 
 Cloning and mutagenesis (Publications I, II and III) 
 Cell culture and transfection (Publications II and III) 
 Luciferase assay (Publication II and III) 
 His pull-down and immunoprecipitation (Publication II and III) 
 Western blot (Publications II and III) 
 Bioinformatic analysis of protein sequence and structure prediction 

(Publication III) 
 Expression and purification of recombinant protein (Publication III) 
 MALDI TOF MS (Publication III) 
 Electrophoretic mobility shift assay (Publication III) 
 Circular dichroism spectroscopy (Publication III) 
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4. RESULTS 

 
These studies were performed in order to elucidate in more detail the nature 

of the transcriptional repression function of Gli proteins. As a result of the 
investigations, a single-chain Fv intrabody against Gli3 was generated (paper I), 
the minimal transcriptional repressor domain of Gli proteins was defined, and 
the repression mechanism was shown to be independent of HDACs (paper II). 
The Gli3RD was described as an intrinsically disordered region, performing 
autonomously, independent of binding to Ski, DNA and Zn2+ (paper III). The 
residues H141 and H157 were identified as constituting functionally important 
parts of the domain (paper III). 

4.1. Generation and characterization of a single-chain Fv antibody 
against Gli3, a Hedgehog signaling pathway transcription factor 
(publication I) 

Antibody engineering, i.e. construction of a single-chain variable fragment 
(scFv) intrabody can overcome the inaccessibility of intracellular antigens like 
transcription factors. For this purpose, the variable regions of the heavy (VH) and 
light (VL) chain of Gli3 MAb 5E1 were obtained by amplification of hybridoma 
transcripts. An inert flexible glycine-serine linker connected the isolated VH and 
VL fragments and the resulting construct was cloned into prokaryotic and 
eukaryotic expression vectors. The bacterially expressed anti-Gli3 scFv 
displayed a binding capacity more than seven-fold lower than that of the original 
MAb 5E1, when tested by dose-response ELISA. The eukaryotic His-tagged 
anti-Gli3 scFv showed diffuse cytoplasmic expression in Gli3 negative cell-
lines, Cos-1 and PK15. This diffuse expression changed to discrete perinuclear, 
when the anti-Gli3 scFv was co-expressed together with Gal4-tagged human 
Gli3RD in Cos-1 and PK15 cells. Furthermore, the expression pattern of anti-
Gli3 scFv was very similar to that of Gal4-tagged human Gli3RD in the tested 
cells. These results suggest that the intrabody may indeed target cytoplasmic 
human Gli3. Interestingly, while a weak Gal4-Gli3RD signal was also detected 
in the nucleus, the scFv showed no nuclear localization. 

The expression pattern of anti-Gli3 scFv was not altered when co-expressed 
with GFP-Gli2 in PK15 cells. Thus, the Gli3 intrabody does not cross-react with 
Gli2 and is specific for Gli3, despite the high similarity of the recognition 
epitopes within both proteins. To test the capacity of anti-Gli3 scFv to recognize 
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mouse Gli3, the anti-Gli3 scFv was over-expressed in the TM4 mouse cell line, 
containing endogenous Gli3. The anti-Gli3 scFv displayed a diffuse cytoplasmic 
localisation with a predominant perinuclear staining. This pattern was similar to 
that when the cells were stained by the parent Mab 5E1, suggesting that the anti-
Gli3 scFv indeed recognises the murine Gli3. In some TM4 cells, a dot stained 
by anti-Gli3 scFv was observed in a location distant from the nucleus, which 
may indicate a cilia staining of Gli3. 

4.2. Identification of the gene transcription repressor domain of 
Gli proteins (publication II and unpublished data) 

To analyse the Gli3 repressor function in detail, the primary task was to 
identify the minimal protein region responsible for the repressor activity. To this 
end, the Gli3-PHS peptide (residues M1-Q691), which is the N-terminally 
truncated form of full-length Gli3 (1580 residues), was shown to be a strong 
repressor of Gli1-induced transcription. The repressor effect of PHS was even 
stronger than that of the full-length Gli3. This was shown using a vector-based 
luciferase reporter system in HEK293 cells and in a more in-vivo like settings in 
Shh-Light2 cells. Shh-Light2 cells have a Gli-inducible luciferase reporter 
construct incorporated into the genome. 

The naturally occurring transcriptional repressor forms of Gli proteins are the 
N-termini of Gli3 and Gli2, whereas Gli1 does not function as transcriptional 
repressor. By comparing the amino acid sequences of N-termini of Gli proteins a 
region present in Gli2 and Gli3 but absent in GLI1 was identified. This region 
was deleted (residues R105-G246) in full-length Gli3 and Gli3-PHS and the 
resulting constructs were named Gli3ΔRD and Gli3-PHSΔRD, respectively. 
Removal of this part abolished the repressor function, more clearly seen in Gli3-
PHS. The full-length Gli3 behaves as a weaker repressor than Gli3-PHS and the 
loss of repression in Gli3ΔRD was not so pronounced. On the other hand, the 
transcription activator function of Gli3 was enhanced in Gli3ΔRD by the 
removal of the repressor domain (RD). 

To assess the minimal repressor domain of Gli3, constructs were made, 
containing this RD sequence or parts of it in frame with Gal4 DBD. The 
influence of these constructs to Gal4 binding site containing Luciferase reporter 
was assessed. There activity was compared to the activity of a mock, only Gal4 
DBD containing construct. Thus the minimal RD of Gli3 was mapped to 
residues G106-E236, in a Gla4 DBD responsive luciferase assay in HEK293 
cells. When the RD was shortened beyond these residues, the repression was 
reduced or lost. 
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The repressor domain of hGli2 is between residues G29 to G170
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Figure 3. Identification of the minimal repressor domain of human Gli2. Overlapping 
parts of Gli2 were expressed as Gal4 DBD fusion proteins in HEK293 cells. The 
repressor function of these constructs was assessed on Gal4 binding site containing 
Luciferase reporter. The activity of all constructs is relative to an empty, only Gal4 DBD 
containing vector (mock). 
 
 
The minimal protein region of Gli2, responsible for the repressor activity of Gli2 
was defined analogously to Gli3RD. Constructs containing overlapping parts of 
Gli2 with different length were fused in frame with Gal4 DBD. There activity 
was assessed in Luciferase reporter assay in HEK293 cells. Consequently the 
minimal RD of Gli2 was mapped to residues G29 to G170 (Fig. 3).  
The repressor domains of Gli2 and Gli3 display similar strength of activity (Fig. 
3). These two protein stretches are also very similar in their amino acid 
sequence. Still, the N-termini of Gli2 and Gli3 have significantly different 
activity (Fig. 3). Gli2 N-terminus performs as a weaker repressor because of the 
intensive degradation of this protein as revealed on a Western blot. 
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It has been published that HDACs are brought to Gli3 by interaction with 
Sufu or Ski. So the next question was whether the repressor function of Gli3RD 
depends on recruitment of HDACs. Thus, the effect of the HDAC inhibitor TSA 
was tested on the repression of both, Gli3RD and the repressor domain of REST 
(the latter serves as positive control since it represses transcription by recruiting 
HDACs). It was determined that the repressor activity of Gli3RD does not 
depend on recruitment of HDACs. 

As a further control, physical interaction between the minimal repressor 
domain and HDAC was not discernible in pull-down assay. 

4.3. The transcriptional repressor domain of Gli3 is intrinsically 
disordered (publication III) 

Here the structural propensities of Gli3RD and the interaction with its 
potential partners were studied. From the bioinformatic analysis several 
structured elements were predicted mainly in the C-terminal part of Gli3RD 
while the N-terminus was shown to be predominantly disordered. Additionally, 
two Anchor sites for potential partner interactions were identified. 

To evaluate the Gli3RD actual structure in native-like conditions, in-cell 
NMR was performed. This showed Gli3RD to be intrinsically disordered in an 
intracellular environment. Likewise the purified Gli3RD was intrinsically 
disordered in a solution environment. 

The interaction and structure induction of Gli3RD was tested with Ski, a 
known partner of Gli3. The NMR spectrum of Gli3RD remained unchanged in 
the presence of MBP-Ski indicating that the proteins did not interact. Interaction 
between Gli3RD and Ski was also not observed in a co-immunoprecipitation 
experiment. 

Some transcription factors bind to DNA in sequence unspecific way through 
their intrinsically disordered regions. So the Gli3RD interaction with DNA was 
also investigated. The CD spectrum of Gli3RD stayed unchanged in the presence 
of a 21 base-pair scrambled sequence oligonucleotide or a plasmid DNA, 
indicating no interaction or at least no structure induction. Then the Gli3RD and 
DNA interaction was investigated in an EMSA assay. This assay also did not 
elucidate any binding of DNA to Gli3RD. 

The Zn2+ binding of Gli3RD was studied in a functional assay by mutating 
certain histidines, resembling class I or II of Zn2+ ligands. Transcriptional 
repression was preserved in single histidine mutants and even in the double 
histidine mutant H121/147A, where both classes of Zn2+-ligands should be 
affected. By this analysis it was verified that Zn2+ binding is not involved in the 
repressor function. The loss of Gli3RD activity was observed in two variants, 
H141A and H157N. The reason for this might be the altered local structural 
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propensities, since both mutations significantly increased the predicted 
occurrence of helicity at their corresponding sites, whereas the non-function 
affecting mutant H157A leaves the helical propensity unchanged. 



25 

5. DISCUSSION 

The investigation of the Gli repressor domain led to the development of an anti-
Gli3 intrabody. This intrabody can be used for studying Gli3 protein amount, 
localisation and trafficking. The minimal repressor domain of human Gli 
proteins was defined to aa residues G29 to G170 in Gli2 and G106 to E236 in 
Gli3. The repression mechanism was characterised to be independent of 
HDACs. The in solution and in-cell structure of Gli3 repressor domain was 
shown to be intrinsically disordered, containing predicted sites for partner 
interaction. The repressor function of the Gli3RD was demonstrated to be 
independent from binding to Ski, DNA or Zn2+. Analyses of H141 and H157 
mutations identified these residues as being of functional significance or in a 
functionally important region of the domain. 

5.1. Generation of anti-Gli3 intrabody 

Intrabodies are antibody-derivates ectopically expressed inside the cell. As such, 
they can be used for modulating protein expression and trafficking or for protein 
inactivation. For gene inactivation, intrabodies operate at the protein level, 
whereas such techniques as mouse knockout or siRNA function at the DNA and 
RNA level, respectively. It means that an intrabody directed against a given 
protein’s domain could block only a certain biological function, leaving the 
other protein functions untouched (Li et al. 2007). 

The anti-Gli3 intrabody constitutes a tool for studying intracellular 
localization and trafficking of Gli3. The observed dotty staining of the anti-Gli3 
intrabody in TM4 cells suggests a ciliarly concentrated localization of 
endogenous Gli3 and the usefulness of the anti-Gli3 intrabody. Rinaldi and 
colleagues report the use of intrabodies for visualisation of lowly expressed 
oncoprotein, gankyrin, in living cells (Rinaldi et al. 2013). To this aim, they 
conjugated the intrabody with a green or red fluorescent protein and monitored 
the fluorescence resonance energy transfer (FRET) on the dual binding of the 
fluorescent intrabodies to gankyrin. This strategy can be an interesting option 
also for visualising endogenous Gli3 in living cells. It will be helpful for 
comparing Gli3 localisation and trafficking in cilia mutants and wild type cells 
that are exposed to cellular stimuli like Hedgehog or cyclopamine. 

In addition, it would also be interesting to know whether the intrabody is able 
to affect the function of Gli3. Since its epitope is within the repressor domain of 
Gli3, this might influence the repressor function. But it would be expected that 
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the intrabody alters the Gli3 repressor function if it was able to translocate to the 
nucleus. This can be achieved by adding an NLS-signal to the intrabody (which 
remains to be done). Then, if the intrabody alters the repressor function of Gli3, 
it will be intriguing to see whether this will have any impact on the activator 
function of Gli3. In the study of the repressor domain identification, it was seen 
that removal of the repressor domain increases the activator function of Gli3, 
and vice versa (Paper 2; Tsanev et al. 2009). It will be challenging to investigate 
whether and how the activator and repressor domains influence each other’s 
activity. 

Intrabodies have been used as a tool for turning off a gene function. Gal-
Tanamy et al. have blocked hepatitis C virus replication in infected liver cells by 
the use of intrabodies against NS3 protease (Gal-Tanamy et al. 2010). Butler and 
Messer report aggregate binding by intrabody in neurodegenerative disorders 
(Butler and Messer 2011). They have targeted the aggregates for proteasomal 
degradation with intrabody bearing a proteasomal PEST signal. 

Pallister-Hall syndrome is a developmental human disorder that is associated 
with an increased level of a Gli3 repressor form (Naruse et al. 2010). Using the 
anti-Gli3 intrabody to diminish the repression activity by sequestrating Gli3 in 
the cytoplasm is an attractive strategy. Alternatively, the intrabody could direct 
Gli3 to the proteasome if it bears a PEST-signal, resulting in Gli3 proteasomal 
degradation. On the other hand, the intrabody not localising to the nucleus is a 
useful reagent for visualising Gli3 trafficking without affecting its function as a 
transcriptional regulator. We have yet to study the influence of the intrabody on 
the GLI3 activator and repressor functions, but this work has been hampered by 
the termination of the laboratory. 

5.2. Defining the minimal repressor domain of Gli proteins  

In this study, the repressor domain of human Gli3 was determined to be between 
aa residues G106 and E236. The repressor domain of human Gli2 was shown to 
be between residues G29 to G170. Also, the transcriptional repressor function 
implemented by this domain was shown to be independent of histone 
deacetylation. 

To localise the repressor domain, first the amino-acid sequences of Gli 
proteins were compared. There are several conserved regions within N-termini 
of Gli3, Gli2 and Gli1 (Sasaki et al. 1999). The shared regions are responsible 
for functions common to all Gli proteins as Sufu or degron N binding (Dunaeva 
et al. 2003; Huntzicker et al. 2006). Sufu binding and degron N are parts of a 
negative regulatory mechanism shared among Gli proteins. These mechanisms 
are leading to degradation of the transcription factor that brings a termination of 
transcription. Thus the clearance of Gli signal and the resulting transcriptional 
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repression can be viewed as separate events, possibly combined by more than 
one mechanism. As this study focused on transcriptional repression, the 
contribution of other mechanisms could be avoided by defining the minimal 
amino-acid sequence bearing the repressor function. Previous studies have 
shown that the N-terminal halves of Gli3 and Gli2 are transcriptional repressors 
in the Hedgehog pathway and that Gli1 is a transcriptional activator (Sasaki et 
al. 1999; Lipinski et al. 2006). Based on this, the repressor domain should be 
present within Gli3 and Gli2 but missing in Gli1. Comparison between the 
amino-acid sequences of Gli proteins pointed to a conserved region within the 
N-terminus of Gli2 and Gli3 that was absent in Gli1. Deletion of this sequence 
abrogated the repressor function. This finding implied that the repressor function 
is encoded by this region. Shortening the sequence of the GLI3 repressor part in 
the Gla4 heterologous system defined the minimal transcriptional repressor 
domain of human Gli3 to be localised between residues G106 and E236. 

It has been published that histone deacetylases are recruited to the N-terminus 
of Gli3 as a result of interaction with Sufu or Ski protein (Cheng and Bishop 
2002; Dai et al. 2002). Accordingly, it can be concluded that the repressor 
activity of Gli3 depends upon histone deacetylation. This assumption was 
disproved here by showing the retained repressor activity in the presence of a 
deacetylase inhibitor. From this result it was concluded that Gli3RD uses an 
HDAC independent mechanism to repress transcription. It is more likely that the 
HDAC mechanism is part of a general negative regulatory path by which all 
three Gli proteins are regulated with the Ski binding site being conserved in all 
three Gli proteins. 

The repressor domain deletion within the Gli3 N-terminus resulted, as 
expected, in loss of repressor activity. However, it was a surprise to see a small 
transcriptional activation as a result of this deletion. Since this construct misses 
the C-terminal activation domain, it should have been transcriptionally silent. 
The deletion of the RD sequence within the context of the full-length Gli3, on 
the other hand, converted this construct to a better activator. The enhancement of 
Gli3’s activation ability by removing its repressor activity is anticipated. Also, 
this increase of activator function suggests that the activator and repressor 
domain might communicate with each other within the context of full-length 
Gli3. 

Signals for transcriptional regulation are gathered up by a molecular complex 
named the Mediator complex. Mediator is summing up signals coming from 
transcription factors and other inputs, and acts as a molecular rheostat, 
modulating the activity of RNA pol II. The function of this complex is to bridge 
the transcription factors and RNA polymerase II in gene regulation and RNA 
synthesis (Malik and Roeder 2010). The Mediator complex is interacting with 
the activator domain of Gli3 (Zhou et al. 2006). Also, it is likely that the 
Mediator complex receives signals from the repressor domain of Gli3. In this 
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way, the activation and repression functions of Gli proteins can be translated to a 
proper level of gene transcription. This might occur if Gli3 repressor domain 
influences the interaction between mediator and Gli3’s activator domain. This 
can happen by binding of the repressor domain to the activator domain or to the 
mediator complex itself. 

It was reported that the Mediator complex is interacting with Gli3 activator 
domain through its subunit Med12 (Zhou et al. 2006). However, the 
communication between Mediator and the repressor domain should proceed 
through a different subunit, since, in the absence of this subunit the pathway 
target genes were still repressed in Drosophila model (Janody et al. 2003). 

5.3. The repressor domain of Gli3 is intrinsically disordered  

To gain more information on the repressor domain’s function, its 3D structure 
was determined and binding sites for partner interaction predicted. Gli3 
repressor domain binding to different interaction candidates was tested. The 
domain’s functionally important amino acid residues were identified in a 
mutational analysis. 

The bioinformatical analyses of Gli3 repressor domain predicted it to be 
mostly disordered containing some short structural elements. The high 
probability for disorder, however, extends beyond the repressor domain’s border 
to the whole N-terminus of Gli3. Thus the lack of order is not a hallmark of the 
repressor domain only, but represents the structural state of the Gli3 N-terminus. 
It is common for proteins involved in transcription that they are entirely 
disordered or contain large unstructured regions (Tompa et al. 2006; Xie et al. 
2007). 

Most of the predicted structural stretches of the repressor domain are situated 
in its C-terminal part. This conditionally divides the domain into two halves: 
potentially more ordered C-terminus (residues L171–E236) and less ordered N-
terminus (residues G106–D170). The balance assessment of hydrophobici-
ty/charge, however, did not support the presence of strongly disordered regions, 
describing the domain as rather ordered. Thus, these algorithms display 
alternative results that describe different properties of the domain and 
characterise the domain’s functional features. 

To determine the repressor domain’s actual degree of order/disorder, it was 
expressed as a His-tagged recombinant protein in E. coli cells and its in-cell 
NMR spectrum was recorded. In this experimental setup the protein was in a 
state as close to in-vivo conditions as possible and was characterised to be 
intrinsically disordered. This is in line with other investigations describing the 
proteins or their domains involved in transcriptional regulation to be 
predominantly disordered (Tompa et al. 2006; Xie et al. 2007). 
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The short sequence stretches within the repressor domain that were predicted 
to be ordered, probably undergo disorder-to-order transition when in contact 
with a functional partner of the domain (Mohan et al. 2006; Hinds et al. 2007). 
The resulting complex is then usually stabilised by intermolecular interactions 
between the two partners. Therefore, the structure induction is a good indication 
when studying protein interactions. Although, there are also instances were the 
proteins stay disordered even in the complex state (Fuxreiter et al. 2011). 

A Gli3 binding partner has been published to be the transcriptional co-
repressor Ski (Dai et al. 2002). Therefore, the binding to and structure induction 
within the Gli3 repressor domain was tested firstly together with the Ski protein. 
Its binding site on Gli3 (residues M1-P397) overlaps potentially with the 
repressor domain (residues G106-E236). This made Ski a good candidate for 
testing interaction. The result, however, showed that the two proteins did not 
interact. Thus the Ski binding site on Gli should be outside the repressor domain. 
This also confirms our anticipation from the HDAC analyses (Tsanev et al. 
2009), since Ski utilises histone deacetylation for transcriptional repression 
(Nomura et al. 1999) and Gli3 repressor domain does not. Thus, we propose that 
Ski takes part in a general mechanism for ceasing the overall Gli signalling. This 
mechanism involves also Sufu and histone deacetylation. It is possible that in 
this process Ski will bind to Gli through the Sufu protein, and not directly. 

Some transcription factors bind DNA in a sequence unspecific manner 
through their intrinsically disordered region (Liu et al. 2006; Tafvizi et al. 2010). 
The DNA binding of RNA polymerase II (RNA pol II) is also sequence 
independent. It is facilitated by its predominantly disordered C-terminal domain 
(CTD) (Suzuki 1990; Bienkiewicz et al. 2000). This proline rich domain binds 
DNA by intercalating of the tyrosine aromatic ring into the DNA strands (Suzuki 
1990). In the amino-acid sequence of Gli3 repressor domain the spacing between 
some tyrosines and prolines is the same as in CTD of RNA pol II. Therefore, 
sequence unspecific DNA binding was the next guess for the repressor domain’s 
interaction. However, there was neither structure induction nor binding as 
measured by CD spectroscopy and EMSA, respectively. In the EMSA 
experiments, the repressor domain did not bind DNA, but its DNA-binding tag 
did. So the repressor domain did not interfere with the DNA binding of its tag. 
Accordingly the repressor domain does not repress transcription either by 
masking the target DNA or by preventing the binding of other factors to DNA. 
From this, it was concluded that the mechanism of transcriptional repression 
used by this domain is not at the DNA level. 

During the sequence analyses it was noticed that within the repressor domain 
the histidine-residues, H121/H157 and H141/H147, resembled class II and I of 
Zn-binding motifs, respectively (Karlin and Zhu 1997). To test whether zinc 
could be an interacting partner of the repressor domain, these histidines were 
mutated and the resulting effect on the domain’s function was examined. The 
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mutant variants had impaired zinc coordinating potential, but were still 
functional as long as structural dynamics of the surrounding protein region was 
preserved. Loss of function and significant alternation of structural propensities 
was observed in two variants – H141A and H157N, as indicated by the Agadir 
algorithm. This result highlights the great likelihood of these residues to 
comprise important functional parts of the domain. 

The analyses were performed using the repressor domain expressed alone 
(fused to a 6×His-tag) and not as part of the full-length Gli3 protein or as a 
larger part encompassing the repressor domain and the surrounding region. It 
cannot be ruled out that in the composition of the entire protein, this domain has 
a diminished spatial freedom due to stabilizing inter-domain connections and is 
therefore more folded than was observed (Batey and Clarke 2008). However, 
homologous domains are present in different proteins, meaning that the 
information about their function and folding is mainly coded within the domain 
sequence, and only to a minor extent by the surrounding context of the protein. It 
cannot be ruled out that although the domain appears disordered on its own, it 
can undergo structural changes upon interaction with a binding partner in the 
context of the full-length protein only. Nevertheless, as the Gli3RD domain on 
its own has repressor function, the latter is not likely. 
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CONCLUSIONS 

1. The anti-Gli3 single chain recombinant intrabody recognises 
cytoplasmic human and murine Gli3. 

2. The transcriptional repressor domain of human Gli proteins is 
located between aa residues G29 to G170 in Gli2 and G106 to E236 
in Gli3. 

3. The mechanism of transcriptional repression of this domain is 
independent of histone deacetylation. 

4. The 3D-structure of the transcriptional repressor domain of Gli3 is 
intrinsically disordered. 

5. Gli3 repressor domain performs autonomously, independent of 
binding to Ski, DNA and zinc. 

6. The residues H141 and H157 are situated within functionally 
important parts of the domain. 
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SUMMARY 

Gli proteins are the effector transcription factors of Hedgehog signalling. There 
are three Gli proteins – Gli1, Gli2 and Gli3 – that control the expression of the 
pathway target genes. Gli proteins regulate cell proliferation and specification 
during development of different embryonic systems and organs. In adults, 
reactivation of Gli transcription factors is associated with various types of 
cancer. Thus, studying the transcriptional regulation of this pathway will help to 
understand in more detail the complex processes of normal and aberrant 
organism development and also cancer formation. 

Gli transcription factors have many cellular functions including DNA-
binding, transcriptional activation and repression, localisation signals and more. 
The domain responsible for the transcriptional repressor activity of Gli proteins 
was defined in this thesis. 

The intracellular trafficking of Gli3 can be visualised with the recombinant 
anti-Gli3 intrabody generated in this study. In disease conditions, the 
transcriptional response of Hedgehog pathway could be guided with the help of 
this intrabody. 

Here, the repressor domain of human Gli proteins was localised to aa 
residues G29 to G170 of Gli2 and G106 to E236 of Gli3. This domain is 
conserved between Gli3 and Gli2, and is absent in Gli1. Deletion of this region 
within the context of full-length Gli3 converted the construct to a better 
transcriptional activator. This result suggests that the repressor domain of Gli3 is 
communicating with and influencing the activity of the activator domain. The 
mechanism of repression used by this domain was shown to be independent of 
histone deacetylation and not to involve binding to the Ski co-repressor protein. 
The site on Gli3 responsible for the interaction with Ski should be, thus, outside 
the repressor domain. The Ski binding site could be close to or overlapping with 
the Sufu binding site, which is conserved within all Gli proteins. Since both Ski 
and Sufu way of repression depend on histone deacetylation, they can be a part 
of a more general pathway for Gli regulation common to all Gli proteins. Thus, 
Ski binding will result in removal of all Gli proteins and the signal ceasing. 

The repressor domain of Gli3 was characterised to be intrinsically disordered. 
The disorder, however, was predicted to extend almost to the whole N-terminus 
of Gli3. It is common for proteins involved in transcriptional regulation to 
contain large unfolded regions. Structure prediction programs display short 
regions with higher structural propensities that can represent recognition 
elements for partner interaction – MoRFs. In a free, unbound state, these 
sequence elements of Gli3 repressor domain were shown to be disordered. Their 
folding will be induced and stabilised by intermolecular connections between the 
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binding partners. The interactions between intrinsically disordered proteins are 
usually weak and transient. Therefore, folding can be a good indication for 
complex formation when studying Gli3 binding partners. Still, there are also 
instances of fuzziness even in the bound, complex state. 

Gli3 repressor domain functions in the cell nucleus without binding to DNA 
itself. The mechanism of transcriptional repression is not at DNA level by 
masking DNA or by interfering with the binding of transcriptional activators to 
DNA. Instead, the Gli3 repressor domain presumably functions at the protein 
level, very likely by directly binding to or influencing the function of the 
Mediator complex. The Mediator complex is summing up signals coming from 
transcription factors to modulate the activity of RNA polymerase II to a proper 
level of gene transcription. 

Certain histidines within the amino-acid sequence of Gli3 repressor domain 
resemble zinc binding ligands. Mutation of these histidines provided evidence 
that zinc binding is not connected with the repression function of this domain. 
Instead, amino-acid residues H141 and H157 were found to constitute 
functionally important parts of Gli3 repressor domain. Changing the structural 
dynamics of the corresponding region by mutating these amino-acid residues, 
abolished the repressor function. 

Conclusively, the results presented in this thesis help to understand the 
process of transcriptional repression of Gli proteins. They are also the 
foundation for further studies into Gli protein function and gene regulation. It 
will be important to further characterize the repressor function in a cellular 
context and identify the interactions this domain has. An important deduction of 
the studies has been the separation of Ski and Sufu induced negative regulation 
of Gli proteins (probably involving HDACs) from the more acute repressor 
function defined by the studied domain. 
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KOKKUVÕTE 

Gli valgud on efektortranskriptsiooni faktorid hedgehog-signaalülekande rajas. 
Sellesse perekonda kuulub kolm valku: Gli1, Gli2 ja Gli3, mis kontrollivad raja 
sihtmärkgeenide ekspressiooni. Organismi embrüonaalse arengu käigus osalevad 
Gli valgud rakkude jagunemist ja spetsialiseerumist reguleerides. Mitmete 
vähihaiguste puhul on ilmnenud Gli transkriptsioonifaktorite taasaktiveerumine 
täiskasvanud organismis. Sellega seoses aitaks hedgehog-raja transkriptsioo-
nilise regulatsiooni uurimine paremini mõista organismi arengu keerukaid 
protsesse nii normaalse arengu kui ka patoloogia ja vähi puhul. 

Gli valkudel on palju rakulisi funktsioone, nagu DNA sidumine, geenide 
aktivatsioon või selle mahasurumine, erinevad seondumis- ning lokaliseerimis-
signaalid jms. Käesolevas töös defineeriti Gli valkude piirkond, domeen, mis 
vastutab transkriptsioonilise repressiooni eest. 

Gli3 valgu rakusisest liikumist on võimalik visualiseerida käesolevas töös 
väljatöötatud Gli3-vastase intrakeha abil. Haigusseisundi puhul oleks võimalik 
suunata selle raja transkriptsioonilist aktiivsust, kasutades nimetatud intrakeha. 

Töö käigus lokaliseeriti inimese Gli2 transkriptsiooniline repressordomeen 
aminohappe jääkide vahemikku G29 kuni G170 ja Gli3 repressordomeen 
vahemikku G106 kuni E236. See valgupiirkond on konserveerunud Gli3 ja Gli2 
vahel ning puudub Gli1’s. Selle domeeni eemaldamine täispika Gli3-valgu 
koosseisust muutis konstrukti paremaks aktivaatoriks. Siit lähtuvalt toimub Gli3 
aktivaator- ja repressordomeenide vahel kommunikatsioon, mille tulemusena 
repressordomeen mõjutab aktivaatordomeeni funktsioneerimist. Selles töös 
näidati, et transkriptsioonilise repressiooni mehhanism on sõltumatu histoonide 
deatsetüleerimisest ega vaja Ski repressorvalgu kaasamist. Seega peaks Ski 
seondumise koht Gli3’ga olema väljaspool repressordomeeni piire. Võimalik, et 
Ski seondumiskoht on Sufu seondumiskoha läheduses või isegi sellega kattuv. 
Kuna mõlemad valgud, nii Ski kui ka Sufu, kaasavad histoondeatsetülaase 
transkriptsiooni mahasurumiseks, siis on tõenäoline, et nad on osa ühtsest 
regulatsioonimehhanismist. See mehhanism kehtib ilmselt kõikide Gli valkude 
puhul, kuna Sufu’ga seonduvad kõik Gli valgud. Nii kutsuks Ski seondumine 
Gli valkudega esile nende eemaldamise ja sellega kaasneva signaalikatkestuse. 

Töös iseloomustati Gli3 repressordomeeni kui sisemiselt korrastamatut 
valgupiirkonda. Korrastamatust ennustati aga peaaegu kogu Gli3 N-terminusele. 
Transkriptsioonis osalevaid valke iseloomustab täielik korrastamatus või suurte 
korrastamatute regioonide olemasolu. Kõrgenenud korrastatusega lühikeste 
regioonide esinemine repressordomeeni järjestuses tuvastati struktuuriennustus-
programmide abil. Nimetatud lühikesed regioonid on suure tõenäosusega 
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partneri äratundmise elemendid – MoRF’id. Näidati, et vabas, sidumata olekus 
on need järjestuselemendid korrastamata. Nende pakkimist ajendatakse ja 
stabiliseeritakse molekulidevaheliste sidemete kaudu, mis tekivad kompleksis 
olevate partnerite vahel. Korrastamata valkude vahelised sidemed on tavaliselt 
nõrgad ja kiiresti mööduvad. Seega võib pakkimine olla heaks indikaatoriks 
kompleksi moodustumise tuvastamisel Gli3 repressordomeeni partnereid otsides. 
Siiski on ka näiteid valgu korrastamatuse säilimisest isegi seotud olekus, 
kompleksis. 

Gli3 täidab oma funktsiooni raku tuumas ise DNA külge otseselt 
seondumata. Seega ei ole transkriptsioonilise repressiooni mehhanism DNA 
tasemel, näiteks maskeerides DNA’d või takistades aktivaatorvalkudel DNA’ga 
seondumast. Selle asemel on Gli3 repressordomeeni toimemehhanism 
tõenäoliselt valgu tasemel. Väga võimalik, et see toimub otseselt seondudes või 
kaudselt mediaatorkompleksi aktiivsust mõjutades. Mediaatorkompleks 
summeerib transkriptsioonifaktoritelt tulevaid signaale ning mõjutab vastavalt 
RNA polümeraas II aktiivsust saavutamaks vajalikku geeni ekspressioonitaset. 

Teatud histidiinijääkide paiknemine Gli3 repressordomeeni järjestuses 
meenutab tugevalt tsinki siduvaid ligande. Nende jääkide muteerimine tõestas, et 
repressordomeeni talitlemiseks ei ole vaja tsinki siduda. Sellega seoses tuvastati, 
et aminohappe jäägid H141 ja H157 paiknevad funktsionaalselt olulistes 
piirkondades repressordomeeni järjestuses. Repressori funktsioon kadus, kui 
vastava regiooni struktuurne dünaamika muutus seoses nimetatud jääkide 
muteerimisega. 

Kokkuvõtvalt võib öelda, et siin esitatud tulemused aitavad paremini mõista 
Gli valkude transkriptsioonilise repressiooni protsesse. Need tulemused on ka 
aluseks edaspidistele Gli valkude toimimise ja geeniregulatsiooni uuringutele. 
Tulevikus oleks oluline veel detailsemalt iseloomustada repressori funktsiooni 
rakusiseses kontekstis ning tuvastada repressordomeeni koostoime partnerid. 
Oluline järeldus, mida saab teha antud tulemuste põhjal, on vajadus lahutada Ski 
ja Sufu ajendatud Gli-valkude negatiivne regulatsioon uuritava domeeniga 
määratud intensiivsemast repressorfunktsioonist. 
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