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1. Introduction 
 

1.1. The Hedgehog-Gli Signaling Pathway 

 

The Hedgehog-Gli (Hh-Gli) signaling pathway is a highly conserved cellular mechanism for 

transducing the signals from the cell surface into the nucleus for stimulating expression of 

many genes that results in an appropriate physiological response to changes in the cellular 

environment (Fosset, 2013). Since the Hedgehog (Hh) was discovered in 1980 as a segment 

polarity gene in the fruit fly Drosophila melanogaster (Nusslein-Volhard and Wieschaus, 

1980), a great interest has been focused on elucidating its role in embryonic development of 

many multicellular organisms, throughout the animal kingdom (Ingham and McMahon, 2001; 

Huangfu and Anderson, 2006). Other cellular processes associated with the pathway include 

cell proliferation and migration, stem/progenitor cell renewal, and tissue regeneration and 

repair (Beachy et al, 2004). Because of its important role in many developmental processes, 

several human syndromes, involving congenital malformations, are caused by genetic 

alterations of Hh-Gli pathway genes (Nieuwenhuis and Hui, 2005). In the last decades, the 

greatest interest of both scientific research and pharmaceutical industry, is on exploration of 

Hh-Gli pathway's connection with cancerogenesis of an increasing number of different tumor 

types (Gould and Missailidis, 2011; Kiesslich and Neureiter, 2012). 

 

1.1.1. The Components of the Hedgehog-Gli Signaling Pathway and Mechanism of Action 

 

Although many aspects of the Drosophila Hh-Gli pathway are conserved through the 

evolution (Ryan and Chiang, 2012), many mechanistic differences in vertebrates have 

emerged and our study is primarily focused on the structure and functioning of the Hh-Gli 

pathway in mammals, more precisely in humans. 

The basic members of Hh-Gli signaling pathway (Figure 1) include the Hh family of three 

ligands coded by Sonic (SHH), Indian (IHH) and Desert (DHH) Hedgehog genes (Bürglin, 

2008). Hedgehog proteins are secreted from different tissues at various developmental stages 

and all three trigger a signaling cascade in target cells by binding the Hh receptor Protein 

patched homolog 1 (Ptch1) (Marigo et al, 1996), which relieves its catalytic inhibition of the 

G-protein-coupled receptor-like signal transducer Smoothened homolog (Smo) (Ayers and 

Thérond, 2010). De-repression of Smo triggers a cascade of downstream events in primary 
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cilia (Wilson and Stainier, 2010), which ends in the activation of glioma-associated oncogene 

family of zinc finger transcription factors Gli1, Gli2 and Gli3 (Lipinski et al, 2006), which 

initiate transcription of Hh-Gli target genes (Katoh and Katoh, 2009). Transcription is 

repressed by Suppressor of fused homolog (SuFu) protein which binds directly to the Gli 

transcription factors, thus affecting their nuclear entry and ability to transcribe DNA (Cheng 

and Yue, 2006). One of the Hh-Gli target gene is GLI1 itself, which further amplifies the 

initial signal and thus acts as a positive feedback loop (Lai et al, 2004). Other Hh-Gli target 

genes code for Ptch1 and Hedgehog interacting protein (Hhip) (Bak et al, 2001) that can also 

bind Hh, mediating a negative feedback loop by limiting the quantity of available unbound 

ligand required for pathway activation (Lai et al, 2004; Ribes and Briscoe, 2009). 

 

Figure 1. A schematic representation of Hedgehog-Gli signaling pathway in mammals. In the absence 

of Hh ligand, Ptch represses Smo and downstream signal transduction is blocked. SuFu sequesters Gli 

to the cytoplasm and inhibits Gli-mediated transcription by recruiting a histone deacetylase complex to 

Gli target genes (Cheng and Bishop, 2002). In the presence of Hh ligand, Hh binds to Ptch, which de- 

represses Smo and activates a signal transduction which leads to target gene expression. Hedgehog-

interacting protein (Hhip) also binds Hh and regulates ligand availability. Only basic components of 

pathway are illustrated. (figure from: Car et al, 2010) 
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The outcome of activated Hh-Gli signaling depends on the signal-receiving cell type, but it 

can include overexpression of a variety of cell-specific transcription factors which mediate 

different developmental fate responses (McMahon et al, 2003): expression of D-type cyclins 

results in cell proliferation (Duman-Scheel et al, 2002); expression of anti-apoptotic proteins 

such as B-cell lymphoma 2 (Bcl2) mediates cell survival (Bigelow et al, 2003); production of 

vascular endothelial growth factor (VEGF) and angiopoietins regulate angiogenesis (Pola et 

al, 2001), and transcription of Snail family of zinc-finger transcription factors initiates the 

epithelial-to-mesenchymal transition in metastasis (Talbot et al, 2012). In consequence, it is 

not surprising that deregulation of Hh-Gli signaling leads to a variety of cancers (Scales and 

de Sauvage, 2009). 

 

1.1.2. Human PTCH1 Gene and Ptch1 Protein 

 

Human PTCH1 gene (MIM 601309) is located on chromosome 9q22.32 and spans around 74 

kilobases (NCBI RefSeqGene ID NG_007664.1) (Hahn et al, 1996). There exist at least 7 

major PTCH1 transcript variants: 1a, 1a’, 1b, 1c, 1c’, 1d, and 1e. Each variant has 24 exons, 

of which 23 are coding and the first exon is specific for each variant (Kogerman et al, 2002; 

Shimokawa et al, 2004; Shimokawa et al, 2007) (Figure 2A). Since transcripts differ in the 

first exon, their protein products have different N-terminal region. These 7 transcripts code for 

4 different Ptch1 protein isoforms: isoform L (coded by transcript 1b, has 1,447 amino acids 

and weight of 161 kDa), isoform L' (transcript 1a’, 1,446 aa, 161 kDa), isoform M (transcript 

1a, 1,381 aa, 154 kDa), and isoform S (transcripts 1c, 1c', 1d, and 1e, 1,296 aa, 144 kDa) 

(Figure 2B). Functional analyses have revealed that PTCH1 alternative first exons affect 

protein isoform stability, expression pattern, as well as their capacity to inhibit Hh-Gli1 

signaling pathway (Kogerman et al, 2002; Nagao et al, 2005b; Shimokawa et al, 2004; 

Shimokawa et al, 2007). Transcript 1b and transcript 1c harbor in their promoter one active 

Gli-consensus binding site, which upon Hh stimulation affects their specific expression 

(Agren et al, 2004). Transcript 1b and its protein product are considered as the “canonical” 

forms, since the isoform L is the largest form of Ptch1 protein, with the highest repressing 

activity on Smo. Furthermore, the expression of the exon 1b is specifically induced in nodular 

basal cell carcinoma (BCC) (Kogerman et al, 2002; Suzuki et al, 2012). It was recently 

discovered that except alternative first exon there exists alternative exon 12b, which is 

expressed in heart and brain tissue (Nagao et al, 2005a; Uchikawa et al, 2006). 
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Figure 2. Transcript variants of human PTCH1 gene (NCBI RefSeqGene ID NG_007664.1). A) There are 7 major transcript variants consisted of 23 coding 

exons and each variant has alternative first exon. B) Seven PTCH1 transcript variants code for 4 different Ptch1 protein isoforms which differ in first 151 

amino acid residues in the N-terminal region. Transcript variant 1b and protein isoform L are considered as the “canonical” forms of PTCH1 gene and Ptch1 

protein.  
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Ptch1 protein is a cell membrane receptor, predicted to have 12 transmembrane domains, 2 

big extracellular loops where Hh ligand binding occurs, and a large intracellular loops (Figure 

3) (Marigo et al, 1996). Part of the Ptch1 protein from amino acid residue 438 to 598 shows 

high similarity to the sterol-sensing domain (SSD) of Niemann-Pick disease protein C1 

(NPC1) and HMG-CoA reductase, which play a role in cholesterol homeostasis and in 

intracellular trafficking (Loftus et al, 1997; Incardona and Eaton, 2000). It is therefore 

assumed that with this domain Ptch1 interacts with cholesterol molecule attached to the Hh 

(Ingham, 2000; Martin et al, 2001). Structurally, Ptch1 is also similar to the resistance-

nodulation-cell division (RND) family of prokaryotic permeases that transport small 

molecules across membranes (Ryan and Chiang, 2012). It has been therefore proposed that 

Ptch1 can function as a transporter of a small molecule which can act as Smo agonist or 

antagonist (Taipale et al, 2002). Several candidates for this small molecule have been 

proposed, such as oxysterols (Corcoran and Scott, 2006) and provitamin D3 (Bijlsma et al, 

2006). It has been demonstrated that addition of oxysterols causes Smo protein to move into 

the primary cilia and activate Shh signaling there (Rohatgi et al, 2009). Nevertheless, Ptch1 is 

not a typical transmembrane transporter since it lacks an ATP-binding domain (Goodrich et 

al, 1996; Levanat et al, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. A snake-like diagram of human Ptch1 protein. According to the UniProt accession ID 

Q13635, the protein has 12 transmembrane domains and 2 big extracellular loops used for binding Hh 

ligand. The second to sixth transmembrane regions show high similarity to the sterol-sensing domain. 
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There are two Ptch homologues in vertebrates, Ptch1 and Ptch2 (Smyth et al, 1999; 

Zaphiropoulous et al, 1999), and they both bind Shh, Ihh and Dhh with similar affinity and 

form a complex with Smo (Carpenter et al, 1998). Ptch1 is primarily expressed in Shh-

receiving mesenchymal cells, whereas Ptch2 is expressed in Shh-producing epithelial cells 

(Motoyama et al, 1998). Ptch1 is expressed in all major Shh target tissues, while Ptch2 

distribution is detected almost exclusively in the skin and testis (Hahn et al, 1996; Motoyama 

et al, 1998). Knockout models of PTCH1 and PTCH2 have revealed that even though the 

proteins are similar (Ptch2 has 57% identity to Ptch1 and 90% identity to mouse Ptch2 

(Carpenter et al, 1998; Kawamura et al, 2008), loss of PTCH1 leads to embryonic lethality 

while loss of PTCH2 only causes skin lesions and alopecia in male mice (Goodrich et al, 

1997; Nieuwenhuis et al, 2006). 

 

1.1.3. The Role of Ptch1 and Mechanisms of PTCH1 Inactivation 

 

Besides being a negative regulator of Hh-Gli signaling pathway, Ptch1 in interaction with Hh 

participate in the regulation of cell cycle in two ways (Fan and Khavari, 1999). In one way, 

Ptch1 without bound Hh can bind M-phase promoting factor (MPF), a complex consisted of 

cyclin B1 and cyclin-dependent kinase 1 (CDK1), and sequesters it to the cytoplasm, thus 

preventing progression into the M-phase of cell cycle. When Hh binds to Ptch1, it releases 

MPF and progression through cell cycle occurs (Barnes et al, 2001; Cross and Bury, 2004). 

Additionally, an active Hh-Gli pathway leads to the transcription of cyclin D and cyclin E, as 

well as promoting the progression through cell cycle (Duman-Scheel et al, 2002). 

Gene PTCH1 is suggested to be a tumor suppressor (Levanat et al, 1996), and inactivating 

germline mutations of PTCH1 cause the Basal Cell Nevus Syndrome (BCNS) (MIM 109400) 

(Gorlin and Goltz, 1960; Farndon et al, 1992; Hahn et al, 1996). Other names for this 

syndrome are Nevoid Basal Cell Carcinoma Syndrome (NBCCS), multiple basal cell 

carcinoma syndrome, Gorlin syndrome, and Gorlin-Goltz syndrome. Gorlin syndrome, thanks 

to which the Hh-Gli pathway was discovered in mammals (Johnson et al, 1997), is an 

uncommon autosomal dominant inherited disorder, which is characterized by multiple 

skeletal, dental, ophthalmic, and neurological abnormalities, and predisposition for 

developing multiple basal cell carcinomas (BCC) (Kimonis et al, 1997). Mutations in PTCH1 

are also found in sporadic BCC, medulloblastoma (MB), rhabdomyosarcoma, rhabdomyoma, 

meningioma, esophageal carcinoma, squamous cell carcinoma (SCC), trichoepithelioma and 

breast carcinoma (Scales and de Sauvage, 2009; Yang et al, 2010; Kar et al, 2012). 
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Polymorphisms in PTCH1 can modulate the risk for developing certain tumor types, such as 

BCC (Strange et al, 2004), ovarian cancer (Musani et al, 2013), or breast cancer in 

combination with oral contraceptives usage (Chang-Claude et al, 2003). In addition to the 

genetic mechanisms of PTCH1 inactivation, the epigenetic mechanisms of PTCH1 silencing, 

primarily by promoter hypermethylation, are also known (reviewed in Car et al, 2010). Recent 

studies have determined the PTCH1 promoter hypermethylation in dermoid and ovarian 

fibroma (Cretnik et al, 2007), as well as breast cancer (Wolf et al, 2007). 

 

1.1.4. A CGG-repeat Polymorphism in Five Prime Untranslated Region of PTCH1 Transcript 

Variant 1b 

 

The five prime untranslated region of transcript variant 1b (PTCH1b 5’ UTR), the main 

transcript of PTCH1 gene, is in two major nucleotide databases annotated with two different 

lengths. In the NCBI GenBank database (Benson, 2008) it is annotated as 188-nucleotide long 

(RefSeq ID NM_000264.3), while in the Ensembl (Flicek et al, 2011) it includes additional 

upstream 112 nucleotides (nts), giving the total length of 300 nucleotides (Transcript ID 

ENST00000331920.6). Agren and colleagues considered that PTCH1b 5’ UTR is even longer 

and includes 372 nucleotides (Figure 10) (Agren et al, 2004). 

In 2004, Nagao and colleagues have discovered a novel polymorphism involving a CGG 

repeat in the PTCH1b 5’ UTR (Nagao et al, 2004). It was located 4 nucleotides upstream of 

the translation initiation site, i.e., main AUG codon. The major allele contained 7 repeats, 

while the minor contained 8 (refSNP ID rs71366293), and no difference in the distribution of 

either alleles or genotypes between patients with basal cell nevus syndrome and healthy 

controls was initially observed. Pastorino and colleagues revealed that a frequency of minor 

(CGG)8 allele in Italian basal cell nevus syndrome patients was 18% (Pastorino et al, 2005). 

First association of certain repeat-number with a disease have been shown by Kawabata and 

colleagues, when they found a higher risk for developing ameloblastoma (rare, benign tumor 

of odontogenic epithelium) among the (CGG)8 allele carriers (Kawabata et al, 2005). In 2010, 

in addition to the (CGG)7 and (CGG)8, alleles with 5 and 6 CGG repeats have been found 

among the patients who developed BCC after organ transplantation and healthy control 

population, but again with no difference in their distribution (Begnini et al, 2010). The latest 

allele found includes 3 CGG repeats and in addition to (CGG)5, (CGG)7 and (CGG)8, it was 

found in both healthy controls and patients with head and neck squamous cell carcinoma 

(HNSCC). Surprisingly, in this research it was found that carriers of major (CGG)7 allele, 
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within either heterozygous or homozygous genotype, bear a higher risk for HNSCC (Ghosh et 

al, 2011). In our laboratory, a genomic screening of PTCH1b gene in the patients with 

fibroma, dermoid, ovarian carcinoma and healthy control population has established that 

(CGG)7 and (CGG)8 alleles are shared among all 4 groups, while (CGG)5 was found only in 

one control sample and (CGG)6 in one ovarian cancer patient. Unfortunately, we couldn’t 

establish any association between certain CGG-repeat number and ovarian neoplasms 

(Musani et al, 2013). 

In spite of the absence of a direct association of PTCH1b 5’ UTR CGG-repeat polymorphism 

with a disease, this polymorphism remains a very interesting topic for further research, 

especially in the potential context of triplet repeat disorders and mechanisms of their 

formation (Orr and Zoghbi, 2007).  

 

1.2. The Five Prime Untranslated Regions of mRNA Molecules 

 

The five prime untranslated region (5’ UTR) is a part of mature messenger RNA molecule 

(mRNA) from the transcription start site (TSS) to the translation initiation site (TIS), i.e., 

main AUG codon (Mignone et al, 2002). It is transcribed from a DNA but it is not translated 

into a protein product and thus, it is considered as a non-coding RNA (ncRNA). One of the 

main role of 5’ UTR is the post-transcriptional regulation of gene expression, starting from 

the initiation of protein translation to the tissue-specific, fine-tuned protein expression 

enabling developmental, physiological and pathological regulation (van der Velden and 

Thomas, 1999; Chamas and Sabban; 2002; Pickering and Willis; 2005). The 5’ UTRs can 

differ in length, nucleotide content, secondary structures, and the presence of different 

functional elements, important for performing their role in gene expression regulation (Araujo 

et al, 2012; Barrett et al, 2012). 

 

1.2.1. A 7-methylguanosine Cap and Cap-dependent Initiation of Translation 

 

Protein synthesis is the final step in the flow of genetic information, the process in which the 

nucleotide sequence encoded in an mRNA molecule is translated into a protein product. It is 

divided into three consecutive stages – initiation, elongation, termination – and it is 

considered that the initiation is the rate-limiting, highly regulated step in eukaryotes 

(Sonenberg and Hinnebusch, 2009). The mechanism of eukaryotic protein synthesis initiation 

relies on a complex interplay involving recognition of an mRNA by specific subset of 
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eukaryotic initiation factors (eIFs) followed by recruitment of the ribosome subunits, 

recognition of the translation initiation codon and initiation of protein synthesis (Marintchev 

and Wagner, 2004). 

The vast majority of eukaryotic mRNAs initiate translation by a mechanism that require a 

presence of the 7-methylguanosine structure (termed m7G-cap or merely cap), which is added 

to the 5'-end of most mRNAs shortly after the start of transcription (Figure 4A) (Banerjee, 

1980; Mitchell et al, 2010). The 5' cap is recognized by cap-binding complex eIF4F that is 

composed of eIF4E (cap-binding protein), eIF4A (an RNA helicase) and eIF4G (a scaffolding 

protein). The eIF4G further interacts with eIF3 and the poly(A)-binding protein (PABP) that 

is bound to the poly(A)-tail of the mRNA, leading to the functional circularization and 

activation of the mRNA molecule. Binding of eIF4F leads to the recruitment of 43S pre-

initiation complex that is composed of the 40S ribosomal subunit, eIF2, eIF3 and the initiator 

methionyl-transfer RNA (Met-tRNAi). The 43S complex with assistance of eIF1 and eIF1A 

scans the mRNA in 5' to 3' direction until the first start codon (AUG) within an appropriate 

sequence context termed Kozak consensus sequence (GCC[A/G]CCAUGG; Kozak, 1987) is 

found, which leads to the formation of the 48S initiation complex. At this step eIF1 is 

released, eIF5 mediates the hydrolysis of eIF2-bound GTP and eIF5B mediates the joining of 

60S ribosomal subunit with the 40S subunit into a mature, translationally capable 80S 

ribosome (Asano and Sachs, 2007). 

This cap-dependent translation initiation mechanism is predominantly used by eukaryotic 

cellular mRNAs to recruit and position the ribosome, and is controlled by the availability and 

the phosphorylation status of different initiation factors (Jackson et al, 2010). 
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Figure 4. Similarities and differences between cap-dependent and cap-independent internal initiation 

of translation. A) Cap-dependent initiation mechanism requires an mRNA molecule with an m7G-cap 

on its 5' end. A large number of proteins termed eukaryotic translation factors (eIFs) participate in the 

processes of recognition of the m7G-cap operated by cap-binding complex eIF4F (composed of eIF4E, 

eIF4A and eIF4G), but also in the binding of mRNA to the ribosomes (eIF4B), recruitment of a 43S 

pre-initiation complex (composed of 40S ribosomal subunit, eIF1, eIF1A, eIF2, eIF3 and initiator 

methionyl-transfer RNA), 5' to 3' directional scanning of the 43S complex along mRNA 5' 

untranslated region, recognition of start codon (AUG) in appropriate context, and joining of the 60S 

ribosomal subunit with 40S subunit into the 80S ribosome ready to translate an open reading frame 

(ORF). B) In cap-independent initiation, the main difference is that an element within an mRNA 

molecule named internal ribosome entry site (IRES) recruits 40S ribosomal subunit directly or close to 

the translation start codon, independently of m7G-cap and eIF4E. Molecular mechanisms behind cap-

independent initiation depend on the presence of an IRES element and may or may not require 

canonical eIFs and/or auxiliary proteins named IRES trans-acting factors (ITAFs). (figure from: 

Ozretić et al, 2012) 
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1.2.2. Internal Ribosome Entry Sites and Cap-independent Initiation of Translation 

 

Lack of oxygen (hypoxia), starvation and response to a DNA damage-inducing therapy 

represses cap-dependent translation and leads to reduced levels of overall protein synthesis 

(Sprigs et al, 2010). In parallel, inhibition of cap-dependent protein synthesis allows a subset 

of mRNAs to be translated in a cap-independent manner using mRNA elements termed 

internal ribosomal entry sites (IRESes), which are predominantly located in the 5’ UTR 

(Hellen and Sarnow, 2001). As suggested by the name, a cap-independent initiation does not 

require an m7G-cap to recruit a ribosome to an mRNA (Figure 4B) (Merrick, 2004). 

According to this mechanism, an mRNA sequence itself has the ability to bind and activate 

the translational machinery. There are many different mechanisms by which IRESes can 

initiate translation – some of them require canonical eIFs while the others can engage 

auxiliary proteins not normally associated with translation (Martínez-Salas et al, 2012). These 

RNA-binding proteins named IRES trans-acting factors (ITAFs) are thought to help in proper 

folding of the IRES region facilitating the recruitment of the translation machinery onto the 

mRNA (King et al, 2010). The ability of an RNA molecule to function as IRES is entirely 

encoded in its primary sequence but it is also apparent that higher order secondary and three-

dimensional structures are determinants of IRES activity (Plank and Kieft, 2012). 

The cap-independent mechanism was first discovered in the 5’ UTR of two picornaviruses – 

encephalomyocarditis virus (EMCV) and poliovirus (PV) (Jang et al, 1988; Pelletier and 

Sonenberg, 1988). Some picornaviruses can inhibit cap-dependent protein synthesis in 

infected host cells by virus-encoded proteases that are able to cleave eIF4G and PABP, the 

key components of cap-dependent translation initiation and its regulation (Willcocks et al, 

2004; Kuyumcu-Martinez et al, 2004). In that way a virus can block host anti-viral response 

and successfully translate its own proteins (Thompson et al, 2012). The first IRES motif 

found within eukaryotic mRNA molecule (so-call cellular IRES) was found in the mRNA 

coding for the immunoglobulin heavy chain-binding protein (BiP). It was discovered owing to 

its persisting activity in poliovirus-infected cells although the translation of majority of host 

mRNAs was stopped (Sarnow, 1989). There are at least 68 viral and 115 cellular mRNAs 

reported to contain an IRES motif (Mokrejs et al, 2009), of which the most interesting for our 

research are the cellular IRESes found in cancer-related genes (Table 1) (reviewed in Ozretić 

et al, 2012). 
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Table 1. Some of the internal ribosome entry site (IRES) elements identified in viral and cellular 

RNAs, including their known IRES trans-acting factors (ITAFs). (table from Fitzgerald and Semler, 

2009) 

 
 

 

1.2.3. The Elements of 5’ UTRs Involved in the Regulation of Gene Expression 

 

As previously mentioned, 5’ UTRs contain many different cis-regulatory elements that can be 

used for changing the stability or translational efficiency of mRNAs, resulting in rapid 

alteration of protein expression in response to internal and external stimuli, without the need 

for new mRNA transcription (Maier et al, 2009; de Sousa Abreu et al, 2009). The main 

regulatory elements in 5’ UTRs are secondary structures (including IRESes), upstream open 

reading frames and upstream AUG codons, as well as binding sites for RNA-binding proteins 

(Figure 5) (Huang et al, 2006; Grillo et al, 2010; Araujo et al, 2012; Barrett et al, 2012). The 

biological activity of 5’ UTR regulatory elements relies on a combination of primary and 

secondary structure (Wan et al, 2011). 
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Figure 5. Cis-regulatory elements present in 5’ UTR which participate in the initiation of protein 

translation and regulation of protein expression. m7GCAP, 7-methylguanosine cap; (u)AUG, 

(upstream) translation initiation site; RBP, ribosome binding protein; uORF, upstream open reading 

frame; Stop, translation termination site. (figure from: Araujo et al, 2012) 

 

1.2.3.1. Secondary Structure 

 

Secondary structure of an RNA molecule is defined by an intramolecular base-pairing 

between complementary and non-complementary base pairs (Holbrook, 2005). It is often 

computationally predicted by thermodynamic method, which assumes that a given RNA 

sequence will fold into the structure with the minimum free energy (MFE), and thus the most 

stable one (Mathews and Turner, 2006). Longer 5’ UTRs, with higher GC-content are 

expected to be highly structured, and consequently repress cap-dependent translation by 

inhibiting binding or scanning of the translational machinery (Hall et al, 1982; Kozak, 1991). 

A hairpin structure (Figure 6) with a free energy of -30 kcal/mol situated close to the cap 

would be sufficient to block the access of the pre-initiation complex to the mRNA (Vega Laso 

et al, 1993). When located further away in the 5’ UTR, hairpins require an MFE lower than -

50 kcal/mol to be able to block translation (Gray and Hentze, 1994; Pickering and Willis, 

2005). Stable secondary structures can resist the unwinding activity of the helicase elF4A, 

which can be partially overcome by the overexpression of elF4A, aided by eIF4B, and elF4E 

(Rozen et al, 1994; Koromilas et al, 1992). It has been determined that secondary structures 

are particularly prevalent among the mRNAs coding for transcription factors, proto-

oncogenes, growth factors and their receptors; or generally for proteins poorly translated 

under normal conditions (Kozak, 1991; Davuluri et al, 2000; Pesole et al; 2001). 
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Figure 6. The elements of RNA secondary structure defined as intramolecular base pairing. Each loop 

has at least one base pair. A stem consists of two or more consecutive stacks. An mRNA molecule 

with more base pairs is considered to be more stable with lower minimum free energy (MFE). (figure 

from: Ozretić et al, 2010) 

 

 

1.2.3.2. Upstream Open Reading Frames and Upstream AUG Codons 

 

Upstream open reading frames (uORFs) and upstream AUG codons (uAUGs) are considered 

as major regulatory elements in the 5’ UTRs (Araujo et al, 2012). As their names suggest, 

uORFs are sequences defined by a start and stop codons upstream of the main coding region, 

while uAUGs are start codons without an in-frame downstream stop codon located upstream 

of the main coding region (Figure 7). Both uORFs and uAUGs are extremely heterogeneous 

in their position in relation to the cap and main AUG, number per transcript and, in the case of 

uORFs, length (Morris and Geballe, 2000). Functional uORFs of lengths ranging from 3 

(Zhang and Dietrich, 2005) to 86 residues (Oyama et al, 2006) have been described, whereas 

the average length in humans is 17 residues (Iacono et al, 2005). The uORFs are present in 

nearly 50% of human 5’ UTRs and on average their presence reduces mRNA expression by 

30% and reduces protein level by 30-80% (Calvo et al, 2009). Even short reading frames 
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within 5’ UTR can inhibit translation by restricting the access of ribosomes to the correct start 

codon. Ribosomes bound to a uAUG may translate a uORF causing ribosome stalling and 

thus affecting the expression of the main ORF (Meijer and Thomas, 2002). Although some of 

proteins were identified, thousands of uORFs seem not to produce a detectable protein 

product. This indicates that either (a) proteins derived from uORFs are selectively proteolysed 

in the cells, (b) some of the uORFs are expressed but not in every cell type, or (c) many 

uORFs do not produce proteins (Oyama et al, 2007). Even though little is known about how 

exactly genes are regulated by uORFs in mammalian cells, uORFs and uAUGs are also 

overrepresented in genes such as transcription factors, proto-oncogenes, growth factors and 

their receptors (Kozak, 1991; Davuluri et al, 2000; Pesole et al; 2001). 

 

 
Figure 7. Three possible configurations of upstream open reading frames (uAUG) following an 

upstream AUG codon (uAUG). (figure from: Gebale and Sachs, 2000) 

 

 

1.2.3.3. Length of 5’ UTRs and Alternative 5’ UTRs 

 

The length of 5’ UTR in human mRNAs spans from minimum of 18 to the maximal 2,858 

nucleotides, with the average length of 210 nucleotides (Mignone et al, 2002). Even though 

the length of 5’ UTR is not a regulatory determinant per se, a longer 5’ UTR could be more 

structured and contain more different cis-regulatory elements (Pesole et al, 2001). Genes 

having alternative 5’ UTRs within their transcript are relatively common, and their alternative 
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5’ UTRs can arise from mechanisms such as utilization of multiple promoters, variation of 

transcription start site from the same promoter, or alternative splicing within the 5’ UTR 

(Trinklein et al, 2003; Zhang et al, 2004). These variations in 5’ UTRs can function as 

important switches to regulate gene expression, depending on the nature and the number of 

elements contained within each alternative 5’ UTR (Hughes, 2006). Slight changes in the 

arrangement of control elements between each alternative 5’ UTR can lead to major changes 

in target gene expression (Resch et al, 2009). As in the case of uORFs and secondary 

structures, transcription factors, proto-oncogenes, growth factors and their receptors are also 

more often regulated by expressing alternative 5’ UTRs (Huges 2006; Smith, 2008). 

 

1.2.3.4. Trans-acting Factors 

 

Trans-acting factors are usually considered as proteins that bind to the cis-regulatory elements 

within mRNA molecules, in order to control many processes related to mRNAs. It is 

predicted that human genome encodes for almost 1,000 RNA binding proteins (RBP), a large 

number of which is implicated in the translation (Hogan et al, 2008). They are categorized 

into two main groups: general RBPs that are part of basic translation machinery, e.g., 

eukaryotic initiation factors, and RBPs that are more specialized and function in a more 

selective way by recognizing specific UTR motifs and upon interacting with the translation 

machinery control either positively or negatively the translation level of specific target 

mRNAs, e.g., HuR, Musashi1 (Meng et al, 2005; MacNicol et al, 2008). One of the best 

characterized example of RBP-mediated regulation involving 5’ UTR is the iron regulatory 

proteins (IRP1 and IRP2), which recognize a highly conserved stem-loop structure known as 

the iron response element (IRE). A large number of genes connected to the iron metabolism 

have their expression regulated by this system (Goss and Theil, 2011). When cellular iron 

levels are low, IRP1 and IRP2 bind the IRE and block translation of the downstream ORF, 

while during high intracellular iron levels, the RNA-binding activity of both IRPs is reduced 

(Recalcati et al, 2010). 
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1.2.4. The Role of 5’ UTRs in Human Diseases 

 

As explained in previous sections, post-transcriptional gene expression regulation is very 

complex and for proper functioning it requires fine-tuning by many different regulatory 

elements (Mathews MB, 2002). It is evident that improper regulation of protein synthesis can 

leads to many different diseases, one of which is cancer (Le Quesne et al, 2010; Scheper et al, 

2007; Rugero et al, 2013). So far, many diseases are known to be caused by improper 

functioning of any of above mentioned cis-regulatory 5’ UTR elements (Figure 8) (Mendell 

and Dietz, 2001; Pickering and Willis, 2005; Smith, 2008; Chatterjee and Pal, 2009; Wethmar 

et al, 2010). 

 

 

Figure 8. Involvement of different 5’ UTR cis-regulatory elements in various human diseases. (figure 

adapted from: Chatterjee and Pal, 2009) 

 

 

One good example to present how differential expression patterns of one gene can be caused 

by many different 5’ UTR cis-regulatory elements is the tumor suppressor gene BRCA1. 

Besides being mutated in hereditary form of breast and ovarian cancer (HBOC) (Levanat et al, 

2012), it is also involved in sporadic form of those two cancer types, mainly through a 

reduced expression on both mRNA and protein level (Birgisdottir et al, 2006). BRCA1 can be 

transcribed from 2 different promoters, α and β, resulting in two transcript variants with 

alternative first exons, 1a and 1b. Since the main open reading frame starts in exon 2, 

alternative transcripts differ in 5’ UTR. BRCA1 transcript variant 1b was found to be 
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expressed in breast cancer tissues but not in normal mammary glands, where the transcript 

variant 1a is the predominant (Xu et al, 1995). Transcript 1b has longer, highly structured 5’ 

UTR with a couple of uAUGs, which all together contribute to a 10-fold reduction in 

translational efficiency of BRC1b compared to BRCA1a (Sobczak and Krzyzosiak, 2002). 

Such down-regulated expression of Brca1 protein accelerates tumor growth (Thompson et al, 

1995). Secondly, two point mutations have been found to affect optimal context for the 

initiation of translation (Kozak’s sequence) from the main AUG codon. Mutation c.-3G>C 

decreases the translation efficiency by 30-50% (Signori et al, 2001), while c.-2A>T mutation 

causes 5-fold reduction of Brca1 protein expression (Wang et al, 2007). 

Ever since it became evident that deregulated translation is behind many diseases, regulation 

of protein expression became an important therapeutic target and of great interest to the 

pharmaceutical industry (Dasgupta et al, 2004; Mavrakis and Wendel, 2008; Tain and 

Whitworth, 2009; Grzmil and Hemmings, 2012). 
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2. Aims 
 

It is well known that 5’ untranslated regions (5’ UTRs) can contain many different cis-

regulatory elements that have a role in regulating the expression of downstream coding 

region. Some of these cis-regulatory elements are: length and nucleotide content of 5’ UTR, 

secondary structure, upstream open reading frames (uORF), internal ribosome entry site 

(IRES), regulatory polymorphisms. Prior to our study, the only known element found in the 

PTCH1b 5’ UTR was the CGG-repeat polymorphism, which has been functionally analyzed 

but unfortunately not in the context of the complete PTCH1b 5’ UTR (Nagao et al, 2004). 

 

To thoroughly explore the regulatory role of different cis-regulatory elements present in the 

PTCH1b 5’ UTR, by combining experimental work and computational analysis, the main 

goals of our study were directed to: 

 

a) Computational analysis of the PTCH1b 5’ UTR sequence for the presence of known 5’ 

UTR cis-regulatory elements. 

b) Re-evaluation of the effect of CGG-repeat polymorphism on the transcription and the 

translation of downstream mRNA, now in more physiological context of the complete 

PTCH1b 5’ UTR sequence. 

c) Evaluation the effect of PTCH1b 5’ UTR size on the transcription and/or the 

translation of downstream mRNA, and by site-directed mutagenesis verification of the 

significance of potential upstream open reading frames found in longer versions of 

PTCH1b 5’ UTR. 

d) Revealing the expression patterns of two different-sized PTCH1b 5’ UTR in cancer 

cell lines under basal and endogenously activated Hedgehog-Gli signaling pathway 

conditions. 

e) Assessing the impact of 5’ UTR length and different number of CGG repeats on the 

computationally predicted PTCH1b 5’ UTR secondary structure, and relation to the 

experimental results. 

f) Exploring the PTCH1b 5’ UTR function as an internal ribosome entry site, precisely 

establishing its localization within the 5’ UTR, and revealing the cellular conditions 

under which it shows the activity in the initiation of translation. 
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g) Comparing the experimental results obtained from normal and malignant cell lines, for 

estimating the potential role of 5’ UTR-regulated PTCH1b expression in cancer 

etiology. 
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3. Materials and Methods 
 

3.1. Materials 

 

We used a genomic DNA from healthy and cancer patients (DNA sample collection from the 

Laboratory for Hereditary Cancer, Division of Molecular Medicine, Ruđer Bošković 

Institute); for bacteria transformation we used DH5α competent E. coli strain and the One 

Shot MAX Efficiency DH5α-T1R competent E. coli strain (Invitrogen, USA); in transfection 

experiments we used human colon cancer cell line HCT116, human breast cancer cell line 

MCF-7, and Human Embryonic Kidney HEK 293T cells; for constructing the luciferase 

reporter vectors, as a plasmid backbone we used the pGL3-Promoter Luciferase Reporter 

Vector (Promega, USA) and pRuF plasmid (Bisio et al, 2010); pRL-SV40 plasmid (Promega, 

USA) was used as a control vector and p4/TO-GLI1 expression vector (kind gift from Prof. 

Fritz Aberger, University of Salzburg, Austria) as endogenous activator of Hh-Gli signaling 

pathway. 

As a DNA template for the amplification of 5’ UTR of human PTCH1b gene we used a 

genomic DNA collected and genotyped in our previous studies (Cvok et al, 2008; Musani, 

2008; Musani et al, 2013) For the alleles harboring 5, 7 and 8 CGG repeats we used a 

genomic DNA from the samples encoded as BR17, BR3 and BR19, respectively, which were 

collected from a healthy control population and have (CGG)5/(CGG)7, (CGG)7/(CGG)7 and 

(CGG)8/(CGG)8 genotypes, respectively. For the allele with 6 CGG repeats we used a 

genomic DNA from a sample encoded as 1542, which was collected from an ovarian cancer 

patient with the (CGG)6/(CGG)8 heterozygous genotype. 

For the amplification, selection and extraction of cloned plasmids we used DH5α competent 

E. coli strain. Its genome harbors several mutations that inactivate different genes and thus 

contribute to the increased DNA-insert stability and improved quality of extracted plasmid 

DNA. 

In site-directed mutagenesis experiment, for the selection of only mutated plasmids we 

transformed the One Shot MAX Efficiency DH5α-T1R competent E. coli strain (Invitrogen, 

USA). This strain harbors a gene coding for the McrBC endonuclease which digests only 

methylated template DNA, thus leaving only unmethylated, mutated plasmids. 

In transfection experiments we used three different adherent human cell lines: HCT116 p53+/+, 

human colon cancer cells expressing wild type p53; MCF-7, human breast adenocarcinoma 
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cells and HEK 293T, Human Embryonic Kidney 293 cells transduced with the SV40 (virus) 

large T antigen. This permits the amplification of plasmids containing the SV40 origin of 

replication. Although we chose these three cell lines primary because of their technical 

characteristics (e.g., high transfection efficiency), we wanted to include both a normal and a 

malignant human cell line. HEK 293T cells have been also chosen for repeating the 

experiment performed by Nagao K et al (2004), but now in the context of complete PTCH1b 

5’ UTR.  

 

3.2. Methods 

 

3.2.1. Construction of Monocistronic Luciferase Reporter Vectors  

 

To quantitatively evaluate the effect of the CGG-repeat polymorphism and the different size 

of PTCH1b 5’ UTR on the expression of downstream mRNA, a series of plasmids based on 

the pGL3-Promoter Luciferase Reporter Vector (Promega, USA) was constructed. As a 

reporter gene this plasmid bears a modified coding region for firefly (Photinus pyralis) 

luciferase (luc+) that has been optimized for monitoring transcriptional activity in transfected 

eukaryotic cells. The pGL3-Promoter vector (pGL3-P) contains an SV40 promoter upstream 

of the luciferase gene and also ampicillin-resistance gene (AmpR) for easy selection. DNA 

fragments containing putative enhancer elements can be inserted using restriction sites either 

upstream or downstream of the promoter-luc+ transcriptional unit (Figure 9). 
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Figure 9. Circular map of pGL3-Promoter Luciferase Reporter Vector. It contains the following 

elements: luc+, cDNA for firefly luciferase; AmpR, gene for ampicillin resistance in E. coli; f1 ori, 

origin of replication derived from filamentous phage; ori, origin of plasmid replication in E. coli. 

Arrows indicate direction of transcription. PTCH1b 5’ UTR was cloned between HindIII and NcoI 

restriction sites. (figure from: pGL3 Luciferase Reporter Vectors technical manual, Promega) 

 

 

3.2.1.1. Polymerase Chain Reaction (PCR) 

 

To increase the specificity of PTCH1b 5’ UTR amplification by polymerase chain reaction 

(PCR), a nested PCR approach was used. First a slightly bigger part of PTCH1b gene was 

amplified, which subsequently served as a template for amplifying only the PTCH1b 5’ UTR 

(188-, 300- or 372-nucleotide long) and first 21 nucleotides of PTCH1b coding sequence 

(Figure 10). These additional nucleotides were included in the reverse primer because CGG-

repeat polymorphism resides only 4 nucleotides before the 3’ end of 5’ UTR. Since they are 

in-frame with the luc+ coding sequence, if translated, they are not expected to have any 

impact on the luciferase activity. For cloning PTCH1b 5’ UTR into the pGL3-P reporter 

vector, internal primers had non-complementary overhangs with one or more restriction sites 

at their 5’ ends (Table 2). All three internal forward primers bear restriction sites for three 

different endonucleases: HindIII, XbaI and EcoRI. The common internal reverse primer has 

only the restriction site for NcoI endonuclease. 



3 .  M A T E R I A L S  A N D  M E T H O D S  

24 
 

 
Figure 10. Part of PTCH1b genomic region that served as a template for amplifying PTCH1b 5’ UTR 

by two rounds of PCR. First PCR covered wider area of PTCH1 gene and served as a template for 

nested PCR: forward primer F1_EXT was used for 372- and 300-nt-long 5’ UTR, while F2_EXT 

primer was used for 188-nt-long 5’ UTR; and in all three cases R_EXT was used as a reverse primer. 

For nested primers (F_372, F_300, F_188; R_pGL3P and R_pRuF) only complementary part of the 

sequence is designated, while non-complementary overhangs with one or more restriction sites are 

omitted. Highlighted is the sequence of PTCH1b 5’ UTR annotated in 3 different lengths: blue, 188 bp 

(NCBI); green, 300 bp (Ensembl) and yellow, 382 bp (Agren et al, 2004). 
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Table 2. List of primers and their respective sequences used for PCR amplification of different sized 
5’ PTCH1b UTR. “F” sign denotes forward and “R” sign reverse primer. 

Primer 
Name 

Nucleotide Sequence of Primer Reference 

F1_EXT 5’ GAGCACAAGAAAGCAGAGTC 3’ 
 Musani, 

2008  

F2_EXT 5’ CCCCCGCGCAATGTGGCAATGGAA 3’ 
 Leovic et al, 

2012  

R_EXT 5’ CTCTGGAGCAGATTTCCAAGG 3’ 
 Musani, 

2008  

F_188 5’ AAAAGCTTCTAGAATTCGCGCCCGCCGTGTGAGCAGCAGCAG 3’ 
newly 

designed 

F_300 5’ AAAAGCTTCTAGAATTCGAACTGGATGTGGGCAGCGGCGGCC 3’ 
newly 

designed 

F_372 5’ AAAAGCTTCTAGAATTCGGGACCGCAAGGAGTGCCGCGGAAG 3’ 
newly 

designed 

R_pGL3P 5’ TTCCATGGTGGCGTTACCAGCCGAGGCCATGTTG 3’ 
newly 

designed 

R_pRuF 5’ AACTCGAGTGGCGTTACCAGCCGAGGCCATGTTG 3’ 
newly 

designed 
pRs-
SV40_F 

5’ CAGAAGTTGGTCGTGAGGCA3’ unpublished 

 

 

The PCR for bigger (“extensive”) amplicons was prepared in 20 µl reaction volume 

containing 1 µl (~300 ng) of genomic DNA, 12.5 µl of KAPA2G Robust HotStart ReadyMix 

(Kapa Biosystems, USA), 1 µl of each 10 mM primer and 9.5 µl of PCR water. The reaction 

was run in the Labcycler (SensoQuest, Germany) PCR machine according to the following 

protocol: first 7 min at 95°C followed by 35 cycles at 95°C for 30 s, 60°C for 30 s, 72°C for 

40 s, and then final extension at 72°C for 7 min. Five μl of the PCR product were analyzed on 

2% (w/v) agarose gel, and then this amplicon was used as a template in the second run of 

nested PCR. For cloning the plasmids with 372- and 300-nucleotide long PTCH1b 5’ UTR, 

F1_EXT and R_EXT primers were used for making the template 913 base pairs (bp) in size. 

For cloning the shortest PTCH1b 5’ UTR, F2_EXT and R_EXT primer pair was used for 

making the template which was 462 bp long. 

Nested PCR was prepared in 50 µl reaction volume containing 2 µl of DNA template 

amplified in the first PCR run, 2 µl of each 10 mM primer, 25 µl of KAPA2G Robust 

HotStart ReadyMix and 19 µl of PCR water. Nested PCR was run under the same conditions 

as for the first run. Five μl of PCR products were inspected on a 2% (w/v) agarose gel, and if 



3 .  M A T E R I A L S  A N D  M E T H O D S  

26 
 

proper sized, the remaining PCR products were purified using the QIAquick PCR Purification 

Kit (QIAGEN, USA), since enzymatic reactants can interfere with subsequent downstream 

application of PCR amplicons.  

The remaining 45 µl of PCR samples were complemented with 55 µl of dH2O in the 

centrifuge tubes and then 500 µl of Buffer PB were added and tubes mixed well. The PCR 

sample mixtures were applied to the QIAquick columns placed into a 2 ml collection tubes 

and centrifuged for 60 s at 17,900 x g. After the flow-through was discarded, the QIAquick 

columns were washed with 0.75 ml of Buffer PE and centrifuged for 60 s at 17,900 x g. 

Again, the flow-through was discarded and the QIAquick columns were centrifuged for an 

additional 1 min for completely removing the residual ethanol from Buffer PE. Purified PCR 

products were eluted from the QIAquick columns into 1.5 ml collection tubes by adding 30 μl 

of dH2O, incubation at room temperature for 1 min and then centrifugation for 1 min at 

17,900 x g. 

 

3.2.1.2. Digestion by Restriction Endonucleases 

 

For cloning a DNA fragment into a plasmid backbone, both plasmid and DNA fragment must 

be digested with the same restriction endonucleases. For cloning PTCH1b 5’ UTR upstream 

of luc+ gene into “empty” pGL3-P plasmid backbone we used double digestion with HindIII 

and NcoI. 

Double digestion was performed in a reaction volume containing either 2 µl of “empty” 

pGL3-P plasmid or 10 µl of purified PCR amplicon, 2 µl of HindIII (10 U/µl) (Thermo Fisher 

Scientific, USA) (10 U/µl), 1 µL of NcoI (10 U/µl) (Thermo Fisher Scientific, USA), 2 µl of 

10X Buffer Tango (Thermo Fisher Scientific, USA) and dH2O up to a volume of 20 µl. The 

digestion reaction took place for 3 h at 37°C. After digestion, the plasmid and the PCR 

amplicons were inspected on a 1% (w/v) agarose gel, and then purified using the QIAquick 

PCR Purification Kit (QIAGEN, USA) as previously mentioned. 

 

3.2.1.3. DNA Ligation 

 

To join "sticky”, cohesive ends of digested plasmid and PCR product DNA we used DNA 

ligase enzyme. First, 30 µl of eluted plasmid DNA were concentrated to the volume of 14 µl 

while 30 µl of eluted PCR products were concentrated to the 10 µl, using CentriVap DNA 

Vacuum Concentrator (Labconco, USA). Then 20 μl of ligation reaction volume was prepared 
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with 10 μl of digested PCR product, 7 μl od digested “empty” plasmid, 1 μl of 400 U/μl T4 

DNA Ligase (New England Biolabs, USA) and 2 µl of 10X T4 DNA Ligase Reaction Buffer 

(New England Biolabs, USA). The plasmid-PCR product ligation reaction was taking place 

overnight at 16°C, and then stored at -20°C for the afternoon bacteria transformation. 

 

3.2.1.4. Transformation of DH5α Competent E. coli Strain 

 

A tube of DH5α competent E. coli cells was taken from -80°C and thawed on ice for 10 min. 

Ten μl of plasmid-DNA insert ligate was mixed with 100 μl of cold 1X KCM buffer (100 mM 

KCl, 30 mM CaCl2, 50 mM MgCl2) in microcentrifuge tube and placed in ice for 5 min. A 

100 μl of competent cells were added to DNA/KCM mixtures, stirred gently and placed in ice 

for 20 min. Bacteria were heat-shocked 1 min in a 42°C water bath and 1 min in ice. For 

recovery, 800 μl of LB (Luria-Bertani or lysogeny broth) media were added to the tubes with 

bacteria and rolled in a table-top incubator shaker for 1 h at 37°C. Tubes were centrifuged for 

5 min at 1,700 g at room temperature and LB media were decanted. The pellets were 

resuspended in residual LB media and spread on LB agar plates with ampicillin (50 μg/ml). 

Plates were incubated at 37°C overnight, enabling forming colonies only to bacteria cells with 

plasmids harboring AmpR gene. 

 

3.2.1.5. Plasmid Preparations 

 

For checking the efficacy of plasmid cloning or for the transfection of human cell lines, 

higher quantities of cloned plasmids were prepared using mini- and midi-preparation 

methods. 

Mini-preparation method (miniprep) for the plasmid extraction from the bacteria cells was 

performed using QIAprep Spin Miniprep Kit (QIAGEN, USA) according to the 

manufacturer’s instructions. The QIAprep miniprep procedure is based on alkaline lysis of 

bacterial cells, lysate clearing followed by adsorption of plasmid DNA onto silica membrane 

in the presence of high salt, and elution in low-salt buffer or water. QIAprep miniprep 

procedure eliminates time consuming phenol–chloroform extraction and alcohol precipitation. 

Plasmid DNA prepared using the QIAprep system is suitable for a variety of routine 

applications including PCR, restriction enzyme digestion and sequencing. 

A single, well-isolated colony was picked from each overnight LB agar plate and inoculated 

in Falcon tubes containing 3 ml of LB media and 3 µl of ampicillin (50 µg/ml). One tube 
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without inoculated bacteria colony was prepared as a negative control. Tubes were incubated 

in a table-top incubator shaker at 37°C overnight. Afterwards, 2 ml of overnight E. coli 

cultures were poured in microcentrifuge tubes and centrifuged at room temperature for 3 min 

at 11,000 x g. A complete supernatant was decanted and cell pellets were resuspended in 250 

μl of Buffer P1, which contains RNase A to avoid RNA contamination and LyseBlue color 

indicator that provides visual identification of optimum buffer mixing. The 250 μl of Buffer 

P2 were added to the lysates and the tubes were mixed thoroughly by inverting 5 times until 

the solution became viscous and clear blue colored. Immediately 350 μl of Buffer N3 were 

added and tubes were mixed thoroughly by inverting 5 times, until the suspension became 

colorless. Then the tubes were centrifuged for 10 min at 17,900 x g at room temperature and 

the compact white pellets were formed. The supernatants were transferred to the QIAprep 

spin columns and centrifuged for 60 s at 11,000 x g. The flow-through solutions were 

discarded and the QIAprep spin columns were washed by adding 0.5 ml Buffer PB and 

centrifuging for 60 s at 11,000 x g. This step efficiently removes endonucleases to ensure that 

plasmid DNA is not degraded. After discarding the flow-through, QIAprep spin columns were 

washed by adding 0.75 ml of Buffer PE and centrifuging for 60 s at 11,000 x g. The flow-

through solutions were discarded, and QIAprep spin columns were centrifuged at 17,900 x g 

for an additional 1 min to remove residual wash buffer because residual ethanol from Buffer 

PE may inhibit subsequent enzymatic reactions. At the end, the QIAprep columns were put in 

a clean 1.5 ml microcentrifuge tubes and plasmid DNA was eluted by adding 50 μl of ddH2O, 

standing for 1 min, and centrifuging for 1 min at 17,900 x g. The QIAprep Spin Miniprep Kit 

enables purification of up to 20 μg molecular biology grade plasmid DNA. Since DNA may 

degrade in the absence of a buffering agent, when eluted with water, miniprep DNA is stored 

at -20°C. For future usage, 0.5 ml of remaining transformed E. coli cultures were mixed in 

plastic cryo-tubes with equal volume of autoclaved 40% (w/v) glycerol and stored at -80°C. 

To check if plasmids have inserted appropriate sized DNA fragment, miniprep plasmid DNA 

was digested with the same restriction endonucleases as used for cloning and the size of the 

bends was analyzed on an agarose gel. Plasmids that showed expected restriction patterns 

were sent for DNA sequencing. 

For plasmids that were confirmed by DNA sequencing, larger quantity of high-quality 

("transfection grade") plasmid DNA was obtained by midi-preparation method (midiprep) 

using PureYield Plasmid Midiprep System kit (Promega, USA) according to the 

manufacturer’s instructions. In essence, this system is very similar to the QIAprep Spin 

Miniprep in using a silica-membrane column for DNA purification and avoiding phenol–
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chloroform extraction and alcohol precipitation. The PureYield Midiprep System also 

incorporates a unique Endotoxin Removal Wash, designed for removing substantial amounts 

of contaminants such as endotoxins, proteins, RNAs and endonucleases from purified plasmid 

DNA, improving the robustness of sensitive downstream applications such as transfection of 

eukaryotic cells. 

Frozen bacteria cultures transformed with the desired plasmids were streaked on the LB agar 

plates with ampicillin (50 μg/ml) and incubated at 37°C overnight. A single, well-isolated 

colony was picked from each overnight LB agar plate and inoculated in the Erlenmeyer flask 

containing 100 ml of LB media and 100 µl of ampicillin (50 μg/ml). As for the miniprep, one 

Falcon tube without inoculated bacteria colony was prepared as a negative control. The 

Erlenmeyer flasks were incubated in a table-top incubator shaker at 37°C overnight. 

Afterwards, per 50 ml of overnight E. coli cultures were centrifuged twice in Falcon tubes at 

5,000 g for 18 min at 4°C. Supernatant was discarded and excess of media from tubes was 

removed with paper. Cell pellets were resuspended in 3 ml of Cell Resuspension Solution by 

micro-pipetting and vortexing. Three ml of Cell Lysis Solution were added to the 

suspensions; tubes were gently mixed by inverting 5 times, and incubated for 3 min at room 

temperature. Five ml of Neutralization Solution were added to the lysed cells, tubes were 

gently mixed by inverting 5 times and incubated for 3 min at room temperature in an upright 

position to allow a white flocculent precipitate to form. Neutralized lysates were poured in the 

PureYield Clearing Columns placed into a new 50 ml Falcon tubes and incubated for 2 min to 

allow the cellular debris to rise to the top. Uncapped tubes with the PureYield Clearing 

Columns were centrifuged at 1,500 x g for 5 min at room temperature. Uncapping of tubes 

ensures complete passage of solutions through columns. The centrifugation was repeated if 

not all the lysate has filtered through. The filtrated lysates were then poured in the PureYield 

Binding Columns placed into a new 50 ml Falcon tubes and centrifuged at 1,500 g for 3 min 

for binding of a plasmid DNA to a silica-membrane columns. Five ml of Endotoxin Removal 

Wash Solution containing isopropanol were added to the PureYield Binding Columns and 

uncapped tubes centrifuged at 1,500 x g for 3 min. The flow-through was removed; 20 ml of 

Column Wash Solution containing ethanol were added to the PureYield Binding Columns, 

and uncapped tubes centrifuged at 1,500 x g for 5 min. After removing flow-through, the 

tubes were centrifuged at 1,500 x g for an additional 10 min to ensure complete removal of 

ethanol. The PureYield Binding Columns were placed into a new 50 ml Falcon tubes and 

plasmid DNA was eluted by adding 600 μl of Nuclease-Free Water to the DNA binding 

membrane. The tubes were sealed with the parafilm and centrifuged at 2,000 x g for 5 min. 
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Subsequent pressing of a parafilm seal allows higher eluted volumes. The filtrates were then 

collected in the 1.5 ml microcentrifuge tubes, plasmid DNA concentration and purity was 

determined by measuring absorbance at 260 and 280 nm with ND-1000 Spectrophotometer 

(NanoDrop, USA) and midiprep plasmid DNA was stored at -20°C for further usage. The 

PureYield Plasmid Midiprep System enables purification of 100-200 μg of high-quality 

plasmid DNA. The size of midiprep plasmids was compared to corresponding minipreps and 

original “empty” plasmid used for cloning. The plasmids DNA was also linearized using one 

of the restriction endonuclease and uncut and cut plasmids where checked on agarose gel. 

 

3.2.2. Agarose Gel Electrophoresis 

 

The appropriate size of undigested and digested PCR amplicons, various plasmid constructs 

and mini- and midi-prep isolated plasmids was analyzed by electrophoresis in adequately 

dense agarose gel. For both agarose gel preparation and electrophoresis, 1X TAE buffer was 

used (50X TAE, 40mM Tris, 20mM acetic acid, 1mM EDTA, pH 8.0). For the sake of DNA 

visualization, ethidium bromide (1 µg/ml) (Sigma, USA) was added during gel preparation. 

For tracking and loading DNA samples into gel 6X DNA Loading Dye (10 mM Tris-HCl, 

0.03% bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM EDTA, pH 7.6) 

(Thermo Fisher Scientific, USA) was used. The size of DNA fragments bigger than 1,000 bp 

was estimated according to the GeneRuler 1 kb Plus DNA Ladder standard (0.5 μg/μl) 

(Thermo Fisher Scientific, USA) on 1% (w/v) agarose gels, while DNA fragments smaller 

than 1,000 bp were compared to the GeneRuler 100 bp DNA Ladder (0.5 μg/μl) (Thermo 

Fisher Scientific, USA) on 2% (w/v) agarose gels. Electrophoresis was run for approximately 

40 minutes at 80-90 V and DNA bands were visualized at 254 nm using BioDoc-It Imaging 

System (UVP, Canada). 

 

3.2.3. Site-directed Mutagenesis 

 

Two out of three upstream translation initiation codons present in the 300-nt-long PTCH1b 5’ 

UTR, uAUG2 and uAUG3 (Figure 29), were mutated using GENEART Site-Directed 

Mutagenesis System (Invitrogen, USA) resulting in AUG>AUU and AUG>UUG changes, 

respectively. Site-directed mutagenesis protocol includes the following steps: methylation of 

template plasmid DNA, amplification of plasmid with high fidelity DNA polymerase 

(AccuPrime Pfx) using two complementary mutagenic oligonucleotide primers each harboring 
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two mutated nucleotides, circularization of newly synthesized mutated plasmid by in vitro 

recombination, transformation of DH5α-T1R competent E. coli strain, digestion of methylated 

non-mutated parental plasmid DNA by bacterial McrBC endonuclease, selection of 

transformed bacteria cells with antibiotic, miniprep of mutated plasmid, confirmation of 

successful mutagenesis with Sanger sequencing and midiprep of appropriate mutated plasmid 

clone (Figure 11). 

Methylation and amplification were performed together in the 50 µl reaction volume 

containing 5 μl of 10X AccuPrime Pfx Reaction mix, 5 μl of 10X Enhancer, 1.5 μl of each 10 

μM primer (F_SDM 5' ACCCCCGCGCAATTTGGCATTGGAAGGCGCAGGGTCTGAC 

3’ and R_SDM 5’ GTCAGACCCTGCGCCTTCCAATGCCAAATTGCGCGGGGGT 3’, 

changed nucleotides are in bold), 10 ng of pGL3-P PTCH1 300/7 plasmid DNA, 1 μl of DNA 

Methylase (4 U/μl), 2 μl of 25X SAM (S-adenosine methionine), 0.4 μl of AccuPrime Pfx (2.5 

U/μl) and 32.6 μl of PCR water. Reaction was performed using the Labcycler PCR machine 

(SensoQuest, Germany) under the following conditions: methylation at 37°C for 20 min, 

initial DNA denaturation at 94°C for 2 min followed by 18 cycles at 94°C for 20 s, 57°C for 

30 s, 68°C for 2:30 min, and then final extension at 68°C for 5 min. Five μl of the PCR 

product were analyzed on 1% (w/v) agarose gel. Immediately after, the recombination 

reaction was performed in the 20 µl reaction volume containing 4 μl of 5X Reaction Buffer, 2 

μl of 10X Enzyme mix, 10 μl of PCR water and 4 μl of PCR sample. The tube was mixed 

well and incubated at room temperature for 10 min. The recombination reaction was stopped 

by adding 1 μl of 0.5 M EDTA; the tube was placed on ice and immediately carried on to the 

transformation. 

One tube with 50 μl of DH5α-T1R cells was thawed on ice for 10 min, and then 2 μl of the 

recombination reaction mix were added to the bacteria and mixed gently by tapping. The tube 

was capped and incubated completely covered with ice for 12 min. Bacteria were heat-

shocked in a 42°C water bath for exactly 30 s and then again covered with ice for 2 min. For 

recovery, 250 μl of pre-warmed SOC medium (2% tryptone, 0.5% yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) was added to the tube 

and then rolled in a table-top incubator shaker for 1 h at 37°C. At the end, 10 μl of the 

transformation reaction was diluted with 90 μl of SOC medium, spread on the LB agar plate 

with ampicillin (50 μg/ml) and incubated at 37°C overnight. After the miniprep DNA of 

mutated pGL3-P PTCH1 300/7 plasmid was verified by sequencing, the midiprep DNA was 

prepared for the transfection experiments. 
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Figure 11. The workflow of site-directed mutagenesis protocol. (figure from: GENEART Site-

Directed Mutagenesis System manual, Invitrogen) 

 

 

 

 

 

 



3 .  M A T E R I A L S  A N D  M E T H O D S  

33 
 

3.2.4. DNA Sequencing by Sanger Method 

 

For all newly constructed plasmids, miniprep or midiprep DNA was sent to BMR Genomics 

(Padua, Italy) for direct sequencing using Sanger’s dideoxy method (Sanger et al, 1977). They 

require 250-350 ng of DNA, if the plasmid is from 5,000 to 10,000 bases in size, and 3.2 pmol 

of primer per one sequencing reaction. We used to send plasmid DNA lyophilized at 70°C for 

30 min, sufficient for two reactions. For the pGL3-P-based plasmids the sequencing primer 

was 5’ AAACTAGCAAAATAGGCTGT 3’, while for the pRuF-type ones was 5’ 

GAATCGGACCCAGGATTCTT 3’. Electropherograms were visually inspected using 

BioEdit program version 7.1.11 (Hall, 1999) and the sequences were compared to the wild-

type ones using built-in ClustalW multiple sequence alignment algorithm (Thompson et al, 

1994). 

 

3.2.5. Construction of Bicistronic Dual-luciferase Reporter Vectors 

 

The generally accepted approach for experimentally testing if a certain mRNA molecule, 

more precisely a 5’ UTR, has an ability to initiate translation in an IRES-dependent manner is 

to construct a bicistronic dual-luciferase reporter vector and clone sequence of interest into the 

inter-cistronic region, i.e. between the two different reporter genes (e.g., firefly/Renilla 

luciferase) (Van Eden et al, 2004, Baird et al, 2006, Bert et al, 2006, Thompson, 2012). The 

rationale behind this approach is that transcription driven from an upstream plasmid promoter 

should give one bicistronic mRNA transcript, from which the expression of the upstream 

reporter should occur through the cap-dependent mechanism, whereas the downstream 

reporter should be translated only if the inserted sequence exhibits IRES activity, thus 

allowing ribosomes to be recruited to the mRNA internally (~1kb downstream from m7G-cap) 

(Figure 12). The same dual reporter vector without inserted fragment (“empty” vector) is 

often used as a negative control while a proven IRES sequence (e.g., c-Myc 5’ UTR) is used 

as a positive control. If activity of the downstream reporter is greater for the putative IRES 

element than non-IRES control, the candidate RNA is considered as a potential IRES-

containing sequence (Ozretić et al, 2012). 
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Figure 12. Schematic representation of bicistronic mRNA. In bicistronic vector constructs, the first 

cistron is translated in cap-dependent manner while the second cistron will be translated only if the 

inter-cistronic sequence can function as an internal ribosome entry site (IRES), which initiates 

translation independently from the 5’cap structure. (figure from: López-Lastra et al, 2005) 

 

 

For constructing the bicistronic dual-luciferase reporter vectors we used an “empty” pRuF 

plasmid (R, Renilla; u, 5’ UTR; f, firefly) as a backbone for cloning the PTCH1b 5’ UTR into 

the inter-cistronic region between Renilla and firefly luciferase gene. The “empty” pRuF 

plasmid was constructed by cutting out the firefly luciferase cDNA (luc+) from pGL3-P 

plasmid harboring 5’ UTR of p16 gene (Figure 9) (Bisio et al, 2010), its subsequent cloning 

into the pRL-SV40 plasmid (Promega, USA) (Figure 13), downstream of the Renilla 

luciferase cDNA (Rluc) (cloned from the marine organism Renilla reniformis, sea pansy). 

Multiple cloning site in the inter-cistronic region allows further cloning of DNA inserts of 

interest. 
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Figure 13. Circular map of the pRL-SV40 Luciferase Reporter Vector. It contains the following 

elements: Rluc, cDNA for Renilla luciferase; AmpR, gene for ampicillin resistance in E. coli; ori, 

origin of plasmid replication in E. coli; Λ, cryptic intron. Arrows indicate direction of transcription. It 

was used as an internal control reporter vector in combination with any experimental reporter vector 

for co-transfecting mammalian cells. (figure from: http://www.promega.com/~/media/images/

resources/figures/1300-1399/1353vaw4.gif) 

 

 

For the construction of pRuF-based reporter vectors, as a DNA template for PCR 

amplification of the PTCH1b 5’ UTR, we used 10 ng of pGL3-P plasmids with cloned 

PTCH1b 5’ UTR harboring corresponding number of CGG repeats. For forward primers we 

used the same ones as for the pGL3-P construction (Figure 10, Table 2), although this time as 

a reverse primer we used R_pRuF. It also amplifies the first 21 nucleotides of PTCH1b 

coding sequence in-frame with the luc+ cDNA, except its overhang contains a restriction site 

for XhoI endonuclease. The PCR conditions were the same as for the pGL3-P construction. In 

essence, all further steps in constructing the pRuF-type plasmids were exactly the same as for 

the pGL3-P construction, except both the “empty” pRuF plasmid and the PCR amplicon were 

double digested using EcoRI and XhoI endonuclease. Double digestion was performed in a 

reaction volume containing either 2 µl of “empty” pRuF plasmid or 10 µl of purified PCR 

amplicon, 1 µl of 10 U/µl EcoRI (Thermo Fisher Scientific, USA), 1 µL of 10 U/µl XhoI 

(Thermo Fisher Scientific, USA), 4 µl of 10X Buffer Tango (Thermo Fisher Scientific, USA) 

and dH2O up to a volume of 20 µl, and it took place for 3 h at 37°C. 

 

 

http://www.promega.com/~/media/images/resources/figures/1300-1399/1353vaw4.gif
http://www.promega.com/~/media/images/resources/figures/1300-1399/1353vaw4.gif
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3.2.5.1. Precise Localization of Putative IRES Motif within the PTCH1b 5’ UTR  

 

For more accurate localization of the putative IRES motif within the 5’ UTR of PTCH1b gene 

we have constructed three additional pRuF-based plasmids. UTRscan tool (Grillo et al, 2010) 

has predicted, based on a rule proposed by Le and Maizel Jr (1997), that first 76 nucleotides 

from a 3’ end of PTCH1b 5’ UTR (c.-1_-76) harbors potential internal ribosome entry site. 

For that reason we decided to remove those 76 nucleotides from pRuF plasmids harboring 

300- or 188-nucleotide long PTCH1b 5’ UTR. In addition, we built a pRuF plasmid which 

has only those 76 nucleotides cloned within the intercistronic region. To precisely remove or 

preserve those 76 nucleotides we used double stranded linkers with the cohesive ends that are 

complementary with the ends which remain after the original plasmids were treated with two 

endonucleases, as depicted in Figure 14. 
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Figure 14. Precise localization of putative IRES motif within the PTCH1b 5’ UTR. Three additional pRuF-based plasmids were constructed by A) preserving 

or B) removing 76 nucleotides from 3’ end of PTCH1b 5’ UTR, which were predicted by UTRscan software to have an internal ribosome entry site motif. 
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For constructing a pRuF plasmid which would contain only the first 76 nucleotides from 3’ 

end of PTCH1b 5’ UTR cloned into its intercistronic region, we first double digested 3 µl of 

pRuF PTCH1 300/7 plasmid with 1.5 µl of 10 U/µl Cfr9I (XmaI) (Thermo Fisher Scientific, 

USA) and 3 µl of 20 U/ml of EcoRI (New England Biolabs, USA) in 20 µl reaction mixture 

which also contained 1X of Buffer Cfr9I (Thermo Fisher Scientific, USA) and dH2O. During 

digestion reaction, which took place for 3 h at 37°C, we prepared linker molecules which will 

serve for re-circularization of digested plasmid (Figure 14A). 

Linker molecule was prepared by annealing two almost complementary oligonucleotides 

which at their 5’ and 3’ end have the same cohesive ends like digested plasmid. First the 

oligonucleotides were phosphorylated in a reaction mixture containing 500 ng of each 

oligonucleotide (forward 5’ AATTCCCGCAGCAGCGGCAGCAGCGCGCCGGGCCGC 3’ 

and reverse 5’ CCGGGCGGCCCGGCGCGCTGCTGCCGCTGCTGCGGG 3’), 1 µl of 10 

U/µl T4 polynucleotide kinase (PNK) (New England Biolabs, USA), 2 µl of 10X T4 DNA 

Ligase Reaction Buffer (New England Biolabs, USA) and dH2O to a total volume of 20 µl. 

Phosphorylation reaction took place at 37°C for 30 min, after which the phosphorylated oligos 

were annealed using the Labcycler PCR machine (SensoQuest, Germany) under the following 

conditions: first 2 min at 95°C, then the temperature was lowered to 50°C at a rate of 0.1°C/s, 

and at the end 4 min incubation at room temperature. 

After digestion, plasmid DNA has to be dephosphorylated to prevent a plasmid self-

circularization. Dephosphorylation was performed in a reaction volume of 11.5 µl containing 

10 µl of digested plasmid, 1.15 µl of 10X Antarctic Phosphatase Reaction Buffer (New 

England Biolabs, USA) and 0.35 µl of 5 U/ µl Antarctic Phosphatase (New England Biolabs, 

USA). Reaction took place at 37°C for 1 h, and was stopped by incubation in a 65°C water 

bath for 5 min. Dephosphorylated DNA was purified using the QIAquick PCR Purification 

Kit (QIAGEN, USA) and then the linker molecule was ligated into a plasmid. Ligation 

mixture was consisted of 10 µl of purified dephosphorylated plasmid DNA, 5 µl of linker 

molecule, 1.5 µl of 10X T4 DNA Ligase Reaction Buffer (New England Biolabs, 1 μl of 400 

U/μl T4 DNA Ligase (New England Biolabs, USA) and dH2O to a total volume of 20 µl. 

Ligation was taking place overnight at 16°C, after which all usual steps were taken for 

obtaining a midiprep plasmid DNA, required for the transfection experiments. 

For constructing the pRuF-based plasmids without the 76 IRES nucleotides, the same 

protocol was followed. Except this time both pRuF PTCH1 188/7 and pRuF PTCH1 300/7 

plasmids were remodeled, for double digestion AscI (SgsI) (Thermo Fisher Scientific, USA) 

and XhoI (Thermo Fisher Scientific, USA) enzymes were used, and linker molecule was built 
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with 5’ CGCGCCAGGAGCTAAC 3’ forward and 5’ AGCTCAATCGAGGACC 3’ reverse 

oligonucleotide (Figure 14B) 

 

3.2.5.2. Alternative Splicing of pRuF-based Plasmid mRNA 

 

One possible explanation for an increased firefly luciferase activity observed in pRuF-based 

luciferase assays could be due to an alternative splicing event occurring between the cryptic 

intron downstream of SV40 promoter and intercistronic DNA insert (Figure 13). This could 

result in capped firefly luciferase mRNA which is not translated by IRES-dependent 

mechanism. To rule this out, we performed two separate PCR reactions using pRuF-type 

plasmid cDNA as a template. Using a forward primer sitting upstream of the viral intron near 

the promoter and the specific reverse primers annealing at the two reporter ORFs, if there are 

no alternative splicing events there should be only two specific PCR amplicons: one sized 877 

bp and another one which should be 2,204 bp plus our cloned DNA in size (Figure 15). 

 

 

Figure 15. Activity of firefly luciferase can originate from an alternative splicing of bicistronic pRuF-

type plasmid mRNA, resulting in monocistronic, capped luciferase mRNA which will not be 

translated in IRES-dependent manner. 
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PCR amplification of Renilla luciferase cistron was performed in 20 µl reaction volume 

containing 25 ng of pRuF-type plasmid DNA, 1 µl of 10 mM pRs-SV40_F primer, 1 µl of 10 

mM REN_R primer, 10 µl of KAPA2G Robust HotStart ReadyMix and 6 µl PCR water. 

Conditions for PCR were: first 2 min at 95°C followed by 35 cycles at 95°C for 20 s, at 50°C 

for 30 s, at 72°C for 1 min, and final extension at 72°C for 7 min. The PCR reaction for firefly 

luciferase cistron was performed in 20 µl reaction volume containing 25 ng of pRuF-type 

plasmid DNA, 1 µl of same 10 mM pRs-SV40_F primer, 1 µl of 10 mM LUC_R primer, 10 

µl of KAPA2G Robust HotStart ReadyMix and 6 µl PCR water. Conditions for this PCR 

were: first 2 min at 95°C followed by 35 cycles at 95°C for 20 s, at 55°C for 40 s, at 72°C for 

2:30 min, and final extension at 72°C for 7 min. Both PCR reactions were performed in the 

Labcycler PCR machine (SensoQuest, Germany). At the end, amplicons were inspected on a 

1% (w/v) agarose gel. 

 

3.2.6. Transient Transfection of Human Cells 

 

HCT116 cells were cultured in RPMI (Roswell Park Memorial Institute) 1640 media 

supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM of L-glutamine and two 

antibiotics, penicillin (100 U/ml) and streptomycin (100 µg/ml). MCF-7 and HEK 293T cells 

were cultured in DMEM (Dulbecco's Modified Eagle's Medium) supplemented with the same 

additives. The cells were incubated at 37°C in humidified atmosphere with 5% CO2. Twenty-

four hours before the transfection experiment, cells were seeded in a 24- or 6-well plastic 

plate in an appropriate density (Table 3). 

Once reached 60-70% confluence, the cells were transiently transfected with plasmid DNA 

using TransIT-LT1 Transfection Reagent (Mirus Bio LLC, USA). It is a cationic lipopolyplex 

polymer able to form insoluble complexes with DNA that precipitate on the cell membrane 

allowing both high efficient and low toxic entrance of the DNA by endocytosis. The ratio 

between the TransIT-LT1 Reagent and the DNA used for the transfection is 3:1 (µl of 

reagent/µg of DNA). 
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Table 3. Number of the cells needed to be seed per well depends on both the cell type and the size of 
the plate and differed in two types of transfection experiments. 

EXPERIMENT TYPE OF PLATE HCT116 p53+/+ MCF-7 HEK 293T MEDIA VOLUME / WELL 

luciferase assay 24-well 1.5 x 105 8 x 104 2 x 105 0.5 ml 

RNA/DNA 

extraction 
6-well 6 x 105 3 x 105 6 x 105 2 ml 

 

 

3.2.6.1. Transfection for Luciferase Assay 

 

When the cells were transfected with the pGL3-Promoter-type plasmids, co-transfection with 

the pRL-SV40 plasmid (Promega, USA) (Figure 13) was used as an internal control. Activity 

of the “experimental” reporter is correlated with the effect of specific experimental 

conditions, while the activity of the co-transfected “control” reporter serves as the baseline 

response. Normalizing the activity of the experimental reporter to the activity of the control 

minimizes experimental variability caused by differences in cell viability or transfection 

efficiency (Sherf et al, 1996). 

For the luciferase assays, the cells were transfected in a 24-well plate and per one transfection 

reaction (one well) it is required 1.2 µl of room-temperature TransIT-LT1 Transfection 

Reagent, 400 ng of plasmid DNA and 50 µl of DMEM without serum. First, 1.2 µl of the 

transfection reagent were mixed with 18.8 µl of DMEM in the microcentrifuge tube, and 

incubated for 5 min at room temperature. Meanwhile, in another tube 350 ng of pGL3-P-type 

plasmid DNA and 50 ng of pRL-SV40 DNA were dissolved in 30 µl of DMEM. After mixing 

20 µl of transfection reagent solution together with 30 µl of plasmid DNA solution, the tube 

was incubated at room temperature for 30 min. This incubation period allows TransIT-LT1 

Reagent-DNA complex formation, after which the cells were transfected with 50 µl of this 

complex per well, and the transfection with each type of plasmid was performed in triplicate. 

Since dual-luciferase pRuF-type plasmids already code for two different reporters, there is no 

need for pRL-SV40 control co-transfection, and all 400 ng of required DNA come from 

pRuF-type plasmid. When pRuF-type plasmids were used for transfection, a pRuF plasmid 

with cloned 5’ UTR of MYC (c-Myc) gene was used as positive control (Carter et al, 1999). 

After the transfection, the plate with cells was gently shaken to evenly distribute the 

transfection reagent-DNA complex and put in the incubator at 37°C with 5% CO2. 
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3.2.6.2. Transfection for RNA/DNA Extraction 

 

The transfection for the purpose of total RNA and/or genomic DNA extraction requires both 

the higher number of cells (Table 3) and the DNA quantity per well (1.2 µg/well). This type 

of transfection is performed in a 6-well plate and each type of plasmid is used for the 

transfection only once. Also, there is no need for pRL-SV40 control co-transfection. 

At first, 3.6 µl of room-temperature TransIT-LT1 Transfection Reagent were mixed with 96.4 

µl of DMEM in the microcentrifuge tube, and incubated for 5 min at room temperature. 

Meanwhile, in another tube 1.2 µg of any type of plasmid DNA used were dissolved in 100 µl 

of DMEM. After mixing 100 ml of transfection reagent solution together with 100 µl of 

plasmid DNA solution, the tube was incubated at room temperature for 30 min. This 

incubation period allows transfection reagent-DNA complex to form, after which the cells 

were transfected with 200 µl of that complex per well, gently shaken and incubated at 37°C in 

humidified atmosphere with 5% CO2. 

 

3.2.6.3. Transfection for Hedgehog-Gli Signaling Pathway Activation 

 

Since 5’ UTR of PTCH1 gene, transcript variant 1b is annotated in two different sizes, we 

wanted to inspect if either sized 5’ UTRs even exist, individually or both in a particular cell 

line. We also wanted to inspect if an activated Hh-Gli signaling pathway preferentially 

increases the expression of one or both sized PTCH1b 5’ UTR. For that purpose we have 

endogenously activated the Hh-Gli pathway by transfecting two cancer cell lines with p4/TO-

GLI1 plasmid (Figure 16) and measured the expression of both sized PTCH1b 5’ UTR. The 

p4/TO-GLI1 is an expression vector for GLI1 transcription factor, the main transcriptional 

activator of Hh-Gli target genes (Kasper et al, 2006). 
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Figure 16. The p4/TO-GLI1 expression vector containing the coding sequence for Gli1 transcription 

factor (kind gift from Prof. Fritz Aberger, University of Salzburg, Austria). 

 

 

Transfection for the subsequent RNA extraction was performed as previously mentioned, 

except this time HCT116 p53+/+ and MCF-7 cells were transfected with 2 µg/well of either 

p4/TO-GLI1 or pCMV-NEO-BAM plasmid as a control, and the transfected cells were 

incubated for 48 hours at 37°C in humidified atmosphere with 5% CO2. 

 

3.2.6.4. Treatment of Transfected Cells with Hypoxia and Rapamycin 

 

To find out which cellular stress condition can activate the initiation of protein translation 

governed by the putative PTCH1b 5’ UTR IRES motif (Spriggs et al, 2008), we treated the 

transfected cells with rapamycin and hypoxia. 

Rapamycin (Figure 17) is a specific inhibitor of mTOR (mechanistic target of rapamycin), a 

serine/threonine protein kinase that phosphorylates the translation repressor 4E-BP1 (eIF4E-

binding protein-1), resulting in its inactivation and thus initiating the cap-dependent protein 

translation (Gingras et al, 2001, Ballou and Liz, 2008). When the global cap-dependent 

protein synthesis is blocked, it is presumed that mRNAs having IRES elements can be 

continuously translated by cap-independent mechanism. 
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Figure 17. Structure of rapamycin, a macrolide compound that forms a complex with the 

immunophilin FKBP12 which then inhibits the activity of mTOR protein kinase and thus blocking the 

cap-dependent initiation of protein translation. (figure from: http://upload.wikimedia.org/wikipedia/

commons/0/0f/Sirolimus.svg) 

 

 

It was suggested that hypoxic conditions activate the Hh-Gli signaling pathway, resulting in 

an increased expression of PTCH1 gene, among others (Bijlsma et al, 2009). Since it is 

known that several genes are being translated under the hypoxia by IRES-dependent 

mechanism (Thomas and Johannes, 2007), we wanted to explore if putative PTCH1b 5’ UTR 

IRES can be activated by oxygen deprivation condition. 

When the cell treatments were going to be applied, the transfection experiment using pRuF-

type plasmids was performed in triplicate. One 24-well plate was used as a control and 

handled as usual, another one was used for treating the cells with 50 nM/well of rapamycin 6 

hours after the transfection, and the third plate was put under strong hypoxic condition also 6 

hours post-transfection. For achieving a hypoxic condition the transfected cells were put in a 

GENbox jar (bioMérieux, France) together with a GENbag anaer (bioMérieux, France), a 

combination of oxygen-absorbing and carbon dioxide-releasing compounds which in very 

short time establishes a low-oxygen condition. The jar was hermetically closed and incubated 

at 37°C as usual (Figure 18). Twenty-four hours after the transfection, a dual-luciferase assay 

was performed according to the protocol described in the following section. 

 

 

 

 

http://upload.wikimedia.org/wikipedia/commons/0/0f/Sirolimus.svg
http://upload.wikimedia.org/wikipedia/commons/0/0f/Sirolimus.svg
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Figure 18. Device for incubation of transfected cells under the hypoxic condition. Low oxygen 

atmosphere in a hermetically closed plastic box is achieved by a combination of oxygen-absorbing and 

carbon dioxide-releasing organic and inorganic compounds. (figure from: https://static.

thermoscientific.com/images/F103563~wl.jpg) 

 

 

3.2.7. Dual-Luciferase Reporter Assays 

 

To investigate the influence of various types of DNA inserts (e.g., different sized PTCH1b 5’ 

UTR, number of CGG repeats, mutated uORFs, potential PTCH1b 5’ UTR IRES motif) on 

translation efficiency of the firefly luciferase reporter gene (Figure 9), the dual-luciferase 

reporter assays were performed to measure the firefly luciferase activity. Since Renilla 

luciferase activity was used as an internal control, the Dual-Luciferase Reporter (DLR) Assay 

System (Promega, USA) provides an efficient way for measuring the activity of both 

luciferase reporters, sequentially from a single sample. The firefly and Renilla luciferases, 

because of their distinct evolutionary origins, have dissimilar enzyme structures and substrate 

requirements (Figure 19). These differences make it possible to selectively discriminate 

between their respective bioluminescent reactions. Thus, using the DLR Assay System, the 

luminescence from the firefly luciferase reaction may be quenched while simultaneously 

activating the luminescent reaction of Renilla luciferase. Both enzymes do not require post-

translational modification for their activity, so the enzymes may function as a genetic reporter 

immediately following translation. The luminescent reaction catalyzed by both luciferases 

provides extreme sensitivity and shows very high linear correlation with enzyme 

concentration. 

 

https://static.thermoscientific.com/images/F103563~wl.jpg
https://static.thermoscientific.com/images/F103563~wl.jpg
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Figure 19. Bioluminescent reactions catalyzed by firefly and Renilla luciferases. (figure from: Dual-

Luciferase Reporter Assay System technical manual, Promega) 

 

 

3.2.7.1. Dual-Luciferase Reporter Assay Protocol 

 

Twenty-four or forty-eight hours post-transfection the 24-well plates were taken from the 

incubator and the medium was aspirated with the vacuum pump. The cells were rinsed with 

0.5 ml of 1X PBS (Phosphate Buffered Saline) buffer. After removing PBS, the cells were 

lysed directly in the plate by adding 75 µl/well of 1X PLB (Passive Lysis Buffer), provided 

with the DLR Assay System kit, and the plates were shaken for 15 min at room temperature. 

The cell lysates were then thoroughly mixed by pipetting and 20 µl of the lysate were 

transferred into a white opaque 384-well plate in order to measure the activity of both 

luciferases. Pursuant to the transfection, each type of plasmid was represented in triplicate. 

Two additional wells containing only 20 µl of 1X PLB were used as a negative control for 

measuring the background luminescence. The firefly luciferase reporter activity was measured 

first by adding 15 µl/well of Luciferase Assay Reagent II (previously prepared by 

resuspending provided lyophilized Luciferase Assay Substrate in 10 ml of the supplied 

Luciferase Assay Buffer II) to generate a stabilized luminescent signal. The luminescence of 

firefly luciferase was measured 3-4 times for each sample in order to obtain a statistically 

significant mean value of luciferase activity (technical variation). After quantifying the firefly 

luminescence, this reaction was quenched and the Renilla luciferase reaction was 
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simultaneously initiated by adding 15 µl of 1X Stop & Glo Reagent to the same well. The 1X 

Stop & Glo Reagent was prepared immediately before usage by dissolving the 50X Stop & 

Glo Substrate in the Stop & Glo Buffer. Since the Stop & Glo Substrate produces a stabilized 

signal from Renilla luciferase, which decays slowly over the course of the measurement, for 

calculating the mean value of Renilla luminescence, only 2-3 measurements for each sample 

were needed. Infinite 200 microplate reader (Tecan, Switzerland) was used for measuring the 

luciferase luminescence. 

 

3.2.7.2. Luciferase Assays Data Analysis 

 

First, the Renilla normalizing factor for each transfection experiment was calculated by 

subtracting the mean Renilla activity of the negative controls from each sample’s mean 

Renilla luminescence, and then dividing each difference by the minimum value of all 

differences. To calculate Relative Luciferase Unit (RLU), the mean firefly activity of the 

negative controls was first subtracted from each sample’s mean firefly luminescence, and then 

each of these differences were divided (“normalized”) by the corresponding Renilla 

normalizing factor. Since each type of plasmid was present in triplicate, mean value and 

standard deviation (SD) of three RLU values were calculated, and then relative fold of 

induction was calculated by dividing each mean and its SD by the mean RLU value of either 

pGL3-Promoter- or pRuF-empty vector (Jacobs and Dinman, 2004). In that way we were able 

to observe how much has the inserted PTCH1b 5’ UTR induced or reduced the activity of the 

downstream luciferase reporter. With the pRuF-based plasmids, we were able to observe if 

and to what extent the cloned DNA insert affects the translation of the downstream reporter 

cistron, presumably in the cap-independent manner. 

 

3.2.8. Total RNA and Genomic DNA Extraction 

 

Twenty-four or forty-eight hours post-transfection the plates were taken from the incubator 

and the medium was aspirated with the vacuum pump. The cells were rinsed with 1 ml of 1X 

PBS (Phosphate Buffered Saline) buffer and after removing PBS, trypsin was added to the 

cells (350 µl/well for both HCT116 and MCF-7 cells, and 200 µl/well for HEK 293T cells). 

Plates with trypsin were incubated for 5 min at 37°C and after addition of 1 ml of McCoy’s 

5A media the cell suspensions were collected with pipette into 1.5 ml microcentrifuge tubes. 
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The tubes were centrifuged for 6 min at 200 g, liquid supernatant was completely aspirated, 

and the cell pellets were stored at -80°C for further RNA/DNA extraction. 

Total RNA and genomic DNA were simultaneously isolated from cell pellets using AllPrep 

DNA/RNA Mini Kit (QIAGEN, USA). The procedure is based on the lysis of plasma 

membranes and organelles by guanidine‐ isothiocyanate‐containing buffer, in order to release 

all the nucleic acids. The 350 μl of Buffer RLT Plus were used for 5x106 pelleted cells. 

Before usage, 14.3 M β-mercaptoethanol was added to the RLT buffer (10 μl per 1 ml of 

buffer) to inactivate RNases released during cell lysis. Cell lysates were then homogenized by 

passing them five times through a 20‐gauge needle (0.9 mm in diameter) and vortexing in 

order to reduce the viscosity of the lysate and to allow more efficient binding of nucleic acids 

to the purification columns. Homogenized lysates are then transferred to AllPrep DNA spin 

columns and centrifuged for 30 s at 9,700 x g at room temperature. The flow-through is 

immediately used for RNA purification while AllPrep DNA spin columns, in combination 

with high-salt buffer, allows selective and efficient binding of only genomic DNA, which 

contains also a plasmid DNA. At this point AllPrep DNA spin columns were stored at 4ºC for 

later genomic DNA extraction. 

One volume of 70% ethanol (350 µl) were added to the flow-through from the AllPrep DNA 

spin columns and mixed well by pipetting to provide appropriate binding conditions for RNA. 

Mixtures were then applied to the RNeasy spin columns and centrifuged for 30 s at 9,700 x g 

at room temperature. Total RNA stays bounded to the membrane and contaminants are 

efficiently washed away. RNeasy spin column membranes were then washed with 350 μl of 

Buffer RW1 and centrifuged for 30 s at 9,700 x g, and the flow-through was discarded. To 

avoid any potential contamination with DNA, 10 μl of DNase I stock solution was dissolved 

in 70 μl of Buffer RDD (both provided in RNase-Free DNase Set, QIAGENE, USA) and 

these 80 μl of DNase I incubation mix were added directly to the RNeasy spin column 

membrane. After incubation for 15 min at room temperature, 350 μl of Buffer RW1 were 

added to the RNeasy spin columns and centrifuged for 30 s at 13,000 x g. The flow-through 

was discarded and the columns were washed twice with 500 μl ethanol-contained Buffer RPE 

and centrifuged at 13,000 x g for 30 s and 2 min, respectively. A second, longer centrifugation 

dries the spin column membranes, ensuring that no ethanol traces are present because residual 

ethanol may interfere with downstream reactions. High-quality total RNA was then eluted 

from RNeasy spin columns in 1.5 ml collection tubes by adding 40 μl of RNase-free water 

and centrifugation for 1 min at 13,000 x g, and stored at -80°C. 
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Subsequently AllPrep DNA spin columns were washed twice with 500 μl of ethanol-

containing Buffer AW1 and centrifuged at 9,700 x g for 30 s and 2 min, respectively. A 

second, longer centrifugation dries the spin column membranes, again ensuring that no 

ethanol traces are present. Genomic DNA was then eluted from AllPrep DNA spin columns 

by adding 90 μl of elution Buffer EB, incubation at room temperature for 1 min and then 

centrifugation for 1 min at 13,000 x g. Eluded genomic DNA was stored at ‐20°C for future 

usage. From the cells that were transfected with pRuF-type plasmids, only total RNA was 

extracted using the RNeasy Mini Kit (QIAGEN, USA), following the same procedure as 

previously mentioned. Quantity and purity of RNA and DNA were determined by measuring 

absorbance at 260 and 280 nm with ND-1000 Spectrophotometer (NanoDrop, USA). 

 

3.2.9. Quantification of Luciferase mRNA and PTCH1b 5’ UTR Expression by Quantitative 

Real-Time PCR 

 

To reveal whether the results of the luciferase assays performed after the transfection with the 

monocistronic pGL3-Promoter-based plasmids are related to transcriptional or post-

transcriptional effect of PTCH1b 5’ UTR insertion, we quantified the firefly luciferase (LUC) 

mRNA extracted from the transfected cells and compared it to the firefly luciferase mRNA 

expression of the cells transfected with the “empty” pGL3-Promoter plasmid. To take into 

account differences in transfection efficiencies, we also quantified a specific fragment of the 

firefly luciferase sequence on the plasmid DNA-containing gDNA extracts, thus obtaining the 

average plasmid copy number. 

From the cells transfected with the bicistronic dual-luciferase pRuF-based plasmids we 

quantified the mRNA of both Renilla (REN) and firefly luciferase (LUC). The relative ratio of 

firefly to Renilla luciferase mRNA equal to one would prove us that there is no cryptic 

promoter activity of PTCH1b 5’ UTR, when inserted into the intercistronic region of the 

pRuF vector. If there is a cryptic promoter activity, besides one bicistronic mRNA, there 

would exist another, monocistronic mRNA coding only for the firefly luciferase. In that case, 

the higher activity of PTCH1b 5’ UTR pRuF-based plasmids would be correlated not only to 

the firefly luciferase translated from the cap-independent manner, but also to the firefly 

luciferase translated in the cap-dependent manner from that monocistronic, capped mRNA. 

Since 5’ UTR of PTCH1 gene transcript 1b is annotated in two different sizes, we wanted to 

inspect if transcripts 1b containing one or both sized 5’ UTRs are evenly expressed in two 
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different cancer cell lines. Also, we wanted to see if endogenously activated Hh-Gli pathway, 

there will be a preferential changes of one or both sized 5’ UTR-containing transcripts.  

In two types of cancer cells, with their basal level of Hh-Gli activity and with endogenously 

activated signaling pathway, we quantified the expression of both 188- and 300-nucleotide 

long 5’ UTR. The forward primers (Table 4) are positioned at the very beginning of each size 

5’ UTR while the reverse primer spans exon 1/exon 2 boundary.  

Since RNA molecules are very easily degraded by omnipresent RNases, complementary DNA 

(cDNA) is a more convenient way to work with the coding sequence than mRNA. For this 

purpose, before quantification, total RNA (rRNA and mRNA) is usually converted to a cDNA 

using the reverse-transcriptase enzyme and random hexamer primer. 

 

3.2.9.1. First Strand cDNA Synthesis 

 

First strand cDNA from RNA templates was synthesized using RevertAid First Strand cDNA 

Synthesis Kit (Fermentas, USA). RNA extracted from the transfected cells was taken from -

80°C and thawed in ice. Into a sterile tube on ice 1 µg of total RNA, 1 µl of 100 µM random 

hexamer primer and nuclease-free water to a total volume of 12 µl were added. The tubes 

were gently mixed, briefly centrifuged and incubated at 65°C for 5 min in order to denature 

GC-rich or secondary structures containing RNA templates. The tubes were then chilled on 

ice, spun down and placed back on ice. After this, the following components were added in 

the indicated order: 4 µl of 5X Reaction Buffer, 1 µl of RiboLock RNase Inhibitor (20 U/µl), 

2 µl of 10 mM dNTP Mix and 1 µl of RevertAid M-MuLV Reverse Transcriptase (200 U/µl) 

to a final volume of 20 µl. The tubes were gently mixed and then incubated for 5 min at 25°C 

to achieve primer binding, followed by 60 min at 42°C for the cDNA synthesis. The reaction 

was terminated by heating at 70°C for 5 min. All these steps were performed in the Labcycler 

PCR machine (SensoQuest, Germany). Assuming that conversion was complete, the cDNA 

synthesized from 1 µg of total RNA will have a final concentration of 50 ng/µl. The working 

cDNA 1:4 solution (12.5 ng/µl) was prepared by adding 60 µl of nuclease-free water and 

directly used as a template in real-time PCR or stored at -20°C. 

 

3.2.9.2. Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

 

Quantitative real-time polymerase chain reaction (qPCR) is a method used to amplify and 

simultaneously quantify a targeted mRNA/cDNA molecule due to the fact that during the 



3 .  M A T E R I A L S  A N D  M E T H O D S  

51 
 

exponential amplification phase of PCR the amount of cDNA doubles with each cycle (Nolan 

et al, 2006).  

The exponential increase of cDNA product in a sample is monitored by the increase in a 

fluorescence intensity of a dye, such as SYBR Green, that fluoresces only when bound to the 

double-stranded (ds) DNA. The fluorescence increases with each cycle, and by this method it 

is measured the cycle at which there is enough cDNA whose fluorescence is above the 

detection threshold (Ct value). So if the starting amount of mRNA/cDNA in the sample is 

higher, it will sooner increase enough to cross the detection threshold and its corresponding Ct 

value will be lower, while the samples with less cDNA reach the detection threshold later and 

therefore have higher Ct values (Figure 20). In order to normalize for variations in the amount 

and quality of mRNA/cDNA between different samples, the method also includes one or 

more referent (“housekeeping”) genes as an internal control. All Ct values are normalized by 

the value(s) of the reference gene(s) because their expression is very stable over time in all of 

the tissues and under any conditions (Dheda et al, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Fluorescence curves of two samples with different starting mRNA/cDNA amounts. The 

fluorescence grows exponentially with each cycle until it reaches a plateau where there is a saturation 

of amplification reaction. Ct values indicate the number of PCR cycles in which the fluorescence of 

the corresponding sample exceeds the detection threshold. Higher starting amount of mRNA/cDNA 

leads to a lower Ct value and vice versa. (figure from: http://www.langfordvets.co.uk/images/

ct_values.jpg) 

 

 

http://www.langfordvets.co.uk/images/ct_values.jpg
http://www.langfordvets.co.uk/images/ct_values.jpg
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The qPCR was prepared in either 96- or 384-well plastic PCR plate (BIO-RAD, USA). In 

each well, 10 µl of the reaction mixture contained 2.2 µl of ddH2O, 0.4 µl of 10 µM forward 

and reverse primers (Table ), 5 µl of KAPA SYBR FAST Universal 2X qPCR Master Mix 

(Kapa Biosystems, USA) and either 25 ng of cDNA or 10 ng of gDNA. The KAPA SYBR 

FAST qPCR Master Mix contains the KAPA SYBR DNA Polymerase, the SYBR Green I 

fluorescent dye, MgCl2, dNTPs and stabilizers. Each cDNA/gDNA sample was prepared in 

triplicate and for each pair of primers two additional samples without the template were 

prepared as a negative, no-template control (NTC). In each qPCR reaction two common 

human referent genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Barber et al, 

2005) and beta-2-microglobulin (B2M) (Lupberger et al, 2002), were used as an internal 

control. 

 

 

Table 4. List of primers and their respective sequences used in qPCR experiments. “F” sign denotes 
forward and “R” sign reverse primer. 

Primer Name Nucleotide Sequence of Primer Reference 

B2M_F 5’ AGGCTATCCAGCGTACTCCA 3’ Bisio et al, 2010 

B2M_R 5’ ATGGATGAAACCCAGACACA 3’ Bisio et al, 2010 

GAPDH_F 5’ TCCAAAATCAAGTGGGGCGA 3’ unpublished 

GAPDH_R 5’ AGTAGAGGCAGGGATGATGT 3’ unpublished 

LUC_F 5’ TCTGAGGAGCCTTCAGGATT 3’ Bisio et al, 2010 

LUC_R 5’ AGATGGAACCTCTTGGCAAC 3’ Bisio et al, 2010 

REN_F 5’ TTGAATCATGGGATGAATGG 3’ Bisio et al, 2010 

REN_R 5’ GGACGACGAACTTCACCTTT 3’ Bisio et al, 2010 

qPTCH1_188_F 5’ GCGCCCGCCGTGTGAGCAGCAGCAG 3’ newly designed 

qPTCH1_300_F 5’ GAACTGGATGTGGGCAGCGGCGGCC 3’ newly designed 

qPTCH1_EX1_2_R 5’ ATTTCCAAGGGGAAGGCTACTGGCC 3’ newly designed 

 

 

The efficiency of new pairs of primers, i.e., primers for quantifying PTCH1b 5’ UTR 

expression, was calculated from a standard curve which was generated by running qPCR on 

serial dilutions of MCF-7 cDNA. 
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The qPCR reaction was run in either CFX96 or CFX384 Touch Real-Time PCR Detection 

System (BIO-RAD, USA) according to the following cycling protocol: at first 3 min at 95°C 

for enzyme activation and complete denaturation of template DNA, followed by 39 cycles of 

15 s at 95°C, 20 s at 60°C and 5 s at 72°C, and recording the fluorescence after each step. 

Finally, the melting curve was obtained by heating each amplified sample from 72 to 95°C. 

These melting curves help us to assess the specificity of qPCR quantification. For every PCR 

amplicon, i.e., each set of primers, melting curve shape must be known and specific. Only 

experiments with specific melting curve are taken into account when calculating the Ct 

values. 

 

3.2.9.3. qPCR Data Analysis 

 

Cycle threshold (Ct) values were obtained from the Bio-Rad CFX Manager software version 

2.1 (BIO-RAD, USA). Relative mRNA quantity was expressed as a fold change, using 2‐ΔΔCt 

formula (Livak and Schmittgen, 2001). At first, for calculating ΔCt values, each Ct value of 

an “empty” plasmid replicate was subsequently subtracted from the triplicate Ct value of the 

plasmid with inserted DNA. Since two reference genes were used as an internal control, for 

each type of plasmid (each being presented with three Ct values) the geometric mean between 

B2M and GAPDH Ct values was calculated (Vandesompele et al, 2002). Then the geometric 

mean value of an “empty” plasmid was subtracted from each geometric mean value of 

plasmids with inserted DNA. To calculate ΔΔCt values, the corresponding geometric mean 

difference of the referent genes was subtracted from each ΔCt value. So in that way ΔCt 

values were “normalized” with the reference genes expression. Finally, fold change was 

calculated using 2‐ΔΔCt formula, and for each type of plasmid used for the transfection, mean 

fold change and SD of three replicates were calculated. The “empty” plasmid has a fold 

change equal to 1 and its SD was calculated from its original Ct values. 

When the luciferase mRNA was quantified from the cells transfected with the pGL3-P-based 

plasmids, the average plasmid copy number was calculated using 2-ΔCt formula, where ΔCt 

was calculated by subsequently subtracting each gDNA Ct value of an “empty” plasmid from 

the triplicate gDNA Ct value of the plasmid with inserted DNA. Then each mRNA mean fold 

change and its SD were divided (“corrected”) by the average plasmid copy number. For the 

cells transfected with the pRuF-based plasmids, both the firefly (LUC) and the Renilla (REN) 

luciferase mRNA fold change was calculated, and the results were presented as the ratio of 

the firefly to the Renilla luciferase mRNA (LUC/REN). When quantifying different sized 
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PTCH1b 5’ UTRs, ΔCt values were calculated by subtracting Ct values of the non-activated 

cells from the corresponding Ct values of GLI1-transfected cells, so in that case the fold 

change is relative to the expression of PTCH1b 5’ UTRs in the cells with their basal activity 

of Hh-Gli signaling pathway. Since part of longer PTCH1b 5’ UTR was also amplified when 

qPTCH1_188_F primer was used, the actual expression of 188-nt-long PTCH1b 5’ UTR must 

be calculated by subtracting the fold change of 300-nt-long 5’ UTR from the fold change of 

the 188-nt-long 5’ UTR. 

  

3.2.10. In Silico Analysis of PTCH1b 5’ UTR 

 

SpliceMiner web-application (Kahn et al, 2007; http://projects.insilico.us/SpliceMiner/) was 

used for aligning and drawing PTCH1 transcript variants. Web-servers UTRscan (Grillo et al, 

2010; http://itbtools.ba.itb.cnr.it/utrscan) and RegRNA 2.0 (Huang et al, 2006; 

http://regrna2.mbc.nctu.edu.tw) were used to analyze the sequence of PTCH1b 5’ UTR for the 

presence of any known cis-regulatory element. The secondary structure of different sized 

PTCH1b 5’ UTR and structural impact of different number of CGG repeats were predicted 

using the mfold web-server (Zucker, 2003; http://mfold.rna.albany.edu/?q=mfold/RNA-

Folding-Form). Potential upstream open reading frames were predicted using ATGpr 

(Salamov et al, 1998; http://atgpr.dbcls.jp/) and NetStart 1.0 (Pedersen and Nielsen, 1997; 

http://www.cbs.dtu.dk/services/NetStart/) web-based tools. Blastx algorithm from the NCBI 

BLAST web tool (McGinnis and Madden, 2004; http://blast.ncbi.nlm.nih.gov/) was used to 

find if any known protein exists with an amino acid sequence similar to the peptides 

potentially translated from the predicted PTCH1b uORFs. IRESite (Mokrejs et al, 2009; 

http://iresite.org/) and IRSS2 IRES search system (http://140.135.61.250/irss2/) were used to 

find if there exist any experimentally proven viral or cellular IRES motif similar in sequence 

to the PTCH1b 5’ UTR. Since very few species have accurately annotated 5’ UTR of PTCH1 

gene, nucleotide blast from the NCBI BLAST web tool (McGinnis and Madden, 2004; 

http://blast.ncbi.nlm.nih.gov/) was used to collect genomic sequences homologous to the 372-

nucleotide-long 5’ UTR of human PTCH1b gene. MUSCLE web tool (Edgar, 2007; 

http://www.ebi.ac.uk/Tools/msa/muscle/) was used to perform multiple PTCH1 sequence 

alignment for assessing evolutionary conservation of potential PTCH1b 5’ UTR cis-

regulatory elements. 
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3.2.11. Statistical Analysis 

 

All calculations for analyzing the luciferase assays and qPCR results were performed in 

Microsoft Excel 2010 application (Microsoft, USA). Differences in luciferase activity and 

mRNA expression between various plasmids were analyzed by one-way analysis of variance 

(ANOVA), followed by Tukey’s post-hoc test for multiple comparisons. Spearman’s rank 

correlation coefficient (ρ) was used to assess the correlation between the number of CGG 

repeats and the luciferase activity for pGL3-P plasmids harboring 188-nt-long PTCH1b 5’ 

UTR. Expression of different sized PTCH1b 5’ UTR under basal level and endogenously 

activated Hh-Gli pathway was compared using unpaired t-test. Effects of hypoxia and 

rapamycin treatments on the activity of pRuF-type plasmids were analyzed by two-way 

ANOVA, followed by Tukey’s post-hoc test. Two-tailed P-values less than 0.05 were 

considered statistically significant. Statistical analyses were performed using Prism 6 for 

Windows software, version 6.01 (GraphPad Software, USA). 
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4. Results 
 

4.1. Monocistronic Luciferase Reporter Vectors with Cloned PTCH1b 5’ UTR 

 

In total, 9 different monocistronic plasmids were constructed using an “empty” pGL3-

Promoter plasmid as a vector backbone (Figure 21). For the 188-nt-long 5’ UTR we 

constructed 4 different plasmids harboring an allele with 5, 6, 7 or 8 CGG repeats that were 

named “pGL3-P PTCH1 188/5”, “pGL3-P PTCH1 188/6”, “pGL3-P PTCH1 188/7” and 

“pGL3-P PTCH1 188/8”, respectively. For the 300-nt-long 5’ UTR we constructed 3 different 

plasmids harboring an allele with 5, 7 or 8 CGG repeats, named “pGL3-P PTCH1 300/5”, 

“pGL3-P PTCH1 300/7” and “pGL3-P PTCH1 300/8”, respectively. For the 372-nucleotide 

long 5’ UTR we constructed one plasmid harboring the “wild type” allele with 7 CGG 

repeats, and named it “pGL3-P PTCH1 372/7”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21. Circular map of monocistronic pGL3-P-based plasmids with different sized PTCH1b 5’ 

UTR harboring different CGG-repeat allele, cloned upstream of the firefly luciferase gene. Potential 

impact of PTCH1b ‘5 UTR on the transcription and/or translation of downstream gene could be 

indirectly deduced from activity/mRNA quantity of the firefly luciferase. 
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Starting from the “pGL3-P PTCH1 300/7” plasmid, an additional one was constructed which 

harbors 2 point mutations within the 300-nt-long PTCH1b 5’ UTR, c.-248G>T and c.-

242A>T (Figure 22). These two mutations abolish 2 out of 3 upstream uAUGs found within 

the 112 nucleotides at the 5’ end of the 300-nucleotide-long PTCH1b 5’ UTR (Figure 28). 

This plasmid was named “pGL3-P PTCH1 300/7 SDM”. 

 

 

 
Figure 22. Electropherograms of “pGL3-P PTCH1 300/7” and “pGL3-P PTCH1 300/7 SDM” 

plasmids. In “pGL3-P PTCH1 300/7 SDM” two point mutations, c.-248G>T and c.-242A>T, were 

introduced into the 300-nt-long PTCH1b 5’ UTR to diminish 2 out of 3 upstream AUG codons. 

 

 

Since we obtained a DNA sample harboring (CGG)6 allele in the late phase of our research, 

we constructed just the “pGL3-P PTCH1 188/6” plasmid, and the results with this plasmid 

proved that there was no need for additional plasmids harboring the 6 CGG repeats. Likewise, 

since computational analyses haven’t found any addition regulatory elements within the 72 

nucleotides at the 5’ end of the 372-nucleotide-long 5’ UTR, only “pGL3-P PTCH1 372/7” 

plasmid was constructed, and the results using that plasmid were consistent with the results 

obtained for the “pGL3-P PTCH1 300/7” plasmid. 
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4.2. Impact of Different PTCH1b 5’ UTR Size and CGG-repeat Number on Translation or 

Transcription of Luciferase Reporter Gene 

 

4.2.1. Results of Dual-Luciferase Reporter Assay in HCT116 p53+/+ Cell Line 

 

Results of luciferase assay performed in transfected HCT116 p53+/+ cells showed that cloning 

of PTCH1b 5’ UTR caused significant changes in luciferase activity compared to the “empty” 

pGL3-P plasmid [F (6, 14) = 173.0, P<0.0001] (Figure 23). Cloning of 188-nt-long 5’ UTRs 

caused on average more than 2-fold increase in activity, while cloning of 300-nt-long 5’ 

UTRs decreased luciferase activity around 5-fold. A CGG-repeat number showed to have a 

significant impact only in the context of 188-nt-long 5’ UTR, where (CGG)5 allele led to 

slightly increased activity compared to both (CGG)7 and (CGG)8 alleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase activity in 

HCT116 p53+/+ cells. Cloning of 188-nt-long 5’ UTR caused more than 2-fold increase in activity, 

while cloning of 300-nt-long 5’ UTR decreased luciferase activity around 5-fold, both compared to the 

“empty” pGL3-P plasmid. 
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4.2.2. Results of Firefly Luciferase mRNA Quantification in HCT116 p53+/+ Cell Line 

 

Results of luciferase mRNA quantification performed in transfected HCT116 p53+/+ cells 

showed that cloning of PTCH1b 5’ UTR caused significant changes in firefly luciferase 

transcription compared to the “empty” pGL3-P plasmid [F (5, 12) = 27.33, P<0.0001] (Figure 

24). Cloning of 188-nt-long 5’ UTR generally caused more than 4-fold increase in luciferase 

mRNA expression, while cloning of 300-nt-long 5’ UTR increased luciferase transcription 

around 6-fold. A CGG-repeat number showed not to have a statistically significant impact on 

luciferase mRNA level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase mRNA 

transcription in HCT116 p53+/+ cells. Cloning of 188-nt-long 5’ UTR caused more than 4-fold increase 

in luciferase mRNA expression, while cloning of 300-nt-long 5’ UTR increased luciferase 

transcription around 6-fold, both compared to the “empty” pGL3-P plasmid. 
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4.2.3. Results of Dual-Luciferase Reporter Assay in MCF-7 Cell Line 

 

Results of luciferase assay performed in transfected MCF-7 cells showed that cloning of 

PTCH1b 5’ UTR caused significant changes in firefly luciferase activity compared to the 

“empty” pGL3-P plasmid [F (6, 14) = 181.3, P<0.0001] (Figure 25). Cloning of 188-nt-long 

5’ UTR caused on average more than 7-fold increase in luciferase activity, while cloning of 

300-nt-long 5’ UTR decreased luciferase activity around 2-fold for (CGG)5 and (CGG)8 

alleles. A CGG-repeat number showed only to have a statistically significant impact in the 

context of 188-nt-long 5’ UTR, where (CGG)5 allele led to slightly increased activity 

compared to both (CGG)7 and (CGG)8 alleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase reporter 

activity in MCF-7 cells. Cloning of 188-nt-long 5’ UTR caused on average more than 7-fold increase 

in activity, while cloning of 300-nt-long 5’ UTR decreased luciferase activity around 2-fold for 

(CGG)5 and (CGG)8 alleles, when compared to the “empty” pGL3-P plasmid. 
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4.2.4. Results of Firefly Luciferase mRNA Quantification in MCF-7 Cell Line 

 

Results of luciferase mRNA quantification performed in transfected MCF-7 cells showed that 

cloning of PTCH1b 5’ UTR caused significant changes in firefly luciferase transcription 

compared to the “empty” pGL3-P plasmid [F (5, 12) = 80.74, P<0.0001] (Figure 26). Cloning 

of 188-nt-long 5’ UTR caused more than 5.5-fold increase in luciferase mRNA expression, 

while cloning of 300-nt-long 5’ UTR increased luciferase transcription around 8-fold, 

compared to the “empty” pGL3-P plasmid. A CGG-repeat number showed only to have a 

statistically significant impact in the context of 188-nt-long 5’ UTR, where (CGG)5 allele led 

to increased luciferase mRNA transcription compared to both (CGG)7 and (CGG)8 alleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase mRNA 

expression in MCF-7 cells. Cloning of 188-nt-long 5’ UTR caused more than 5.5-fold increase in 

luciferase mRNA expression, while cloning of 300-nt-long 5’ UTR increased luciferase transcription 

around 8-fold, compared to the “empty” pGL3-P plasmid. 
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4.2.5. Results of Dual-Luciferase Reporter Assay in HEK 293T Cell Line 

 

Results of luciferase assay performed in transfected HEK 293T cells showed that cloning of 

PTCH1b 5’ UTR caused significant changes in firefly luciferase activity compared to the 

“empty” pGL3-P plasmid [F (6, 14) = 27.91, P<0.0001] (Figure 27). Cloning of 188-nt-long 

5’ UTRs caused on average only 1.5-fold increase in luciferase activity, of which an increase 

(around 2-fold) was statistically significant only for (CGG)5 allele. Meanwhile, cloning of 

300-nt-long 5’ UTR on average caused 2-fold decrease in luciferase activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase reporter 

activity in HEK 293T cells. For cloned 188-nt-long 5’ UTR, only (CGG)5 allele caused statistically 

significant increase in luciferase activity (around 2-fold), while cloning of 300-nt-long 5’ UTR on 

average caused 2-fold decrease in luciferase activity. 
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4.2.6. Results of Firefly Luciferase mRNA Quantification in HEK 293T Cell Line 

 

Results of luciferase mRNA quantification performed in transfected HEK 293T cells showed 

that cloning of PTCH1b 5’ UTR caused significant changes in firefly luciferase transcription 

compared to the “empty” pGL3-P plasmid [F (5, 12) = 21.23, P<0.0001] (Figure 28). Cloning 

of 188-nt-long 5’ UTR harboring different number of CGG repeats caused from 3.7- to 5.6-

fold increase in luciferase mRNA expression, while cloning of 300-nt-long 5’ UTR caused 

6.4- and 4.2-fold increase in luciferase transcription for (CGG)7 and (CGG)8 alleles, 

respectively. A CGG-repeat number showed a statistically significant impact only in the 

context of 300-nt-long 5’ UTR, where (CGG)7 allele lead to the higher luciferase mRNA 

expression compared to the (CGG)8 allele. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 28. Impact of PTCH1b 5’ UTR size and CGG-repeat number on firefly luciferase mRNA 

expression in HEK 293T cells. Cloning of 188-nt-long 5’ UTR caused from 3.7- to 5.6-fold increase in 

luciferase mRNA expression, while cloning of 300-nt-long 5’ UTR caused 6.4- and 4.2-fold increase 

in luciferase transcription for (CGG)7 and (CGG)8 alleles, respectively. 
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4.3. Upstream Open Reading Frames and Upstream AUG Codon in PTCH1b 5’ UTR 

 

Two web tools that were used predicted 2 upstream open reading frames (uORFs) and one 

upstream AUG codon within the first 112 nucleotides from the 5’ part of the 300-nucleotide 

long PTCH1b 5’ UTR (Figure 29). The uORF1 and uORF2 share the same TGA stop codon, 

while the open reading frame for uAUG2 start codon overlaps with the main PTCH1b reading 

frame, meaning that its stop codon lies downstream from the main PTCH1b start codon. 

Among those three ORFs, this overlapping one codes for the longest peptide product (88 

amino acids), but nevertheless there are no known proteins with amino acid sequences similar 

to any peptide potentially translated from the predicted PTCH1b uORFs. 

 

 

 

Figure 29. Predicted upstream open reading frames and upstream AUG codon within the 372-

nucleotide-long PTCH1b 5’ UTR. First and third start codons (uAUG1 and uAUG3) share the same 

STOP codon (“TGA”/”UGA” in brown color) while STOP codon for the second upstream AUG 

codon (uAUG2) lies within the main PTCH1b open reading frame (underlined nucleotides), thus 

creating an overlapping open reading frame. There is no known protein with an amino acid sequence 

similar to any peptide potentially translated from the predicted uORFs. 
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4.3.1 Site-directed Mutagenesis of Two Upstream AUG Codons in pGL3-P PTCH1 300/7 

Plasmid 

 

Two out of three upstream AUG codons, uAUG2 and uAUG3, were mutated in the pGL3-P 

PTCH1 300/7 plasmid resulting in c.-248G>T and c.-242A>T point mutations within the 300-

nt-long PTCH1b 5’ UTR. Luciferase assay showed that removing those 2 uAUGs restored 

activity of the reporter gene to the level equal to the activity of pGL3-P PTCH1 188/7 plasmid 

which does not harbor either uAUG or uORF within cloned PTCH1b 5’ UTR (Figure 30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Effect of nullification of the two upstream AUG codons from pGL3-P PTCH1 300/7 

plasmid on luciferase reporter activity in MCF-7 cell line. Two point mutations within 300-

nucleotide long PTCH1b 5’ UTR, c.-248G>T and c.-242A>T, restored luciferase activity to 

the level equal to the activity of pGL3-P PTCH1 188/7 plasmid. 
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4.4. Impact of Mutated pGL3-P PTCH1 300/7 Plasmid, 6 CGG Repeats and 372-nucleotide-

long PTCH1b 5’ UTR on Translation or Transcription of Luciferase Reporter Gene 

 

4.4.1. Results of Dual-Luciferase Reporter Assay in MCF-7 Cell Line 

 

Results of luciferase assay performed in transfected MCF-7 cells showed that the nullification 

of 2 uAUGs in pGL3-P PTCH1 300/7 plasmid, cloning of 372-nt-long PTCH1b 5’ UTR and 

(CGG)6 allele within the 188-nt-long 5’ UTR caused significant changes in firefly luciferase 

activity compared to the “empty” pGL3-P plasmid [F (7, 16) = 176.7, P<0.0001] (Figure 31). 

For completeness, (CGG)5,7,8 were included again in the experiment (see also Figure 25). 

When 188-nt-long 5’ UTRs were cloned, on average 3-fold increase in luciferase activity was 

observed. Cloning of 300-nt-long 5’ UTR caused 2-fold decrease in activity, while cloning the 

longest 5’ UTR caused even higher, 4-fold reduction in reporter gene activity. Two mutations 

present in pGL3-P PTCH1 300/7 SDM plasmid restored luciferase activity to the level similar 

to the activity of pGL3-P PTCH1 188/7 plasmid. Regarding a number of CGG repeats in the 

context of 188-nt-long 5’ UTR, only (CGG)6 allele caused slight but statistically significant 

increase in activity compared to the “wild-type” (CGG)7 allele, while in general the number of 

CGG repeats showed a negative correlation with the luciferase activity (ρ=-0.76, P=0.0034). 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Impact of 372-nt-long PTCH1b 5’ UTR, (CGG)6 allele, and nullification of 2 upstream 

AUG codons on firefly luciferase reporter activity in MCF-7 cells. Cloning of the longest PTCH1b 5’ 

UTR caused 4-fold reduction in luciferase activity while (CGG)6 allele caused slight but statistically 

significant increase in luciferase activity compared to the “wild-type” (CGG)7 allele. 
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4.4.2 Results of Firefly Luciferase mRNA Quantification in MCF-7 Cell Line 

 

Results of luciferase mRNA quantification performed in transfected MCF-7 cells showed that 

nullification of 2 uAUGs in pGL3-P PTCH1 300/7 plasmid, cloning of 372-nt-long PTCH1b 

5’ UTR and (CGG)6 allele within 188-nt-long 5’ UTR caused significant changes in firefly 

luciferase transcription levels when compared to the “empty” pGL3-P plasmid [F (5, 12) = 

194.4, P<0.0001] (Figure 32). Cloning of 188-nt-long 5’ UTR harboring either (CGG)6 or 

(CGG)7 allele caused around 4-fold increase in the luciferase mRNA expression, the same as 

cloning of 300-nt-long 5’ UTR. Cloning of 372-nt-long 5’ UTR or introduction of two 

mutations present in pGL3-P PTCH1 300/7 SDM plasmid caused even higher, more than 5-

fold increase in firefly luciferase transcription. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 32. Impact of 372-nucleotide long PTCH1b 5’ UTR size, (CGG)6 allele, and removing 2 

upstream AUG codons on firefly luciferase transcription in MCF-7 cells. Cloning of 188-nt-long 5’ 

UTR harboring either (CGG)6 or (CGG)7 allele caused around 4-fold increase in luciferase mRNA 

expression, the same as cloning of 300-nt-long 5’ UTR. Cloning of 372-nt-long 5’ UTR or removing 2 

upstream AUG codons from pGL3-P PTCH1 300/7 plasmid caused more than 5-fold increase in 

firefly luciferase transcription. 
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4.4.3. Results of Dual-Luciferase Reporter Assay in HEK 293T Cell Line 

 

Results of luciferase assay performed in transfected HEK 293T cells showed that the 

nullification of 2 uAUGs in pGL3-P PTCH1 300/7 plasmid and cloning of (CGG)6 allele 

within the 188-nt-long 5’ UTR caused significant changes in firefly luciferase activity 

compared to the “empty” pGL3-P plasmid [F (6, 14) = 19.82, P<0.0001] (Figure 33). For 

completeness, (CGG)5,7,8 alleles were included again in the experiment (see also Figure 27). 

Cloning of the 188-nt-long 5’ UTRs on average caused 2.5-fold increase in the luciferase 

activity, with no statistically significant difference among a different CGG-repeat number. In 

general, the number of CGG repeats showed a strong negative correlation with the luciferase 

activity (ρ=-0.67, P=0.0134). Cloning of 300-nt-long 5’ UTR showed luciferase activity 

similar to the activity of “empty” pGL3-P plasmid, while two mutations present in pGL3-P 

PTCH1 300/7 SDM plasmid restored luciferase activity to the level similar to the activity of 

pGL3-P PTCH1 188/7 plasmid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Impact of the PTCH1b 5’ UTR (CGG)6 allele and the nullification of 2 upstream AUG 

codons on the firefly luciferase reporter activity in HEK 293T cells. No statistically significant 

difference in firefly luciferase activity was observed regarding the number of CGG repeats within the 

188-nucleotide-long 5’ UTR. Two mutations present in pGL3-P PTCH1 300/7 SDM plasmid restored 

luciferase activity to the level similar to the activity of pGL3-P PTCH1 188/7 plasmid. 
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4.4.4. Results of Firefly Luciferase mRNA Quantification in HEK 293T Cell Line 

 

Results of luciferase mRNA quantification performed in transfected HEK 293T cells showed 

that nullification of 2 uAUGs in pGL3-P PTCH1 300/7 plasmid and (CGG)6 allele within 

188-nt-long 5’ UTR caused significant changes in firefly luciferase transcription when 

compared to the “empty” pGL3-P plasmid [F (4, 10) = 44.06, P<0.0001] (Figure 34). Cloning 

of 188-nt-long 5’ UTR harboring (CGG)7 allele caused around 1.5-fold increase in luciferase 

mRNA expression, while (CGG)6 allele caused more than 2-fold increase. Cloning of 300-nt-

long 5’ UTR showed the highest, 2.5-fold increase in reporter gene transcription, while 

introduction of two mutations which are present in pGL3-P PTCH1 300/7 SDM plasmid 

caused an increase in firefly luciferase transcription similar to the pGL3-P PTCH1 188/7 

plasmid. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 34. Impact of the PTCH1b 5’ UTR (CGG)6 allele and the nullification of 2 upstream AUG 

codons on the firefly luciferase mRNA expression in HEK 293T. Cloning of 188-nt-long 5’ UTR 

harboring (CGG)6 or (CGG)7 allele caused more than 2-fold or 1.5-fold increase in luciferase mRNA 

expression, respectively. Cloning of 300-nt-long 5’ UTR showed 2.5-fold increase in reporter gene 

transcription, while two mutations present in pGL3-P PTCH1 300/7 SDM plasmid caused an increase 

in firefly luciferase transcription similar to the pGL3-P PTCH1 188/7 plasmid. 
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4.5. Expression Patterns of 188- and 300-nucleotide-Long PTCH1b 5’ UTRs in Cancer Cells 

under Basal and Endogenously Activated Hedgehog-Gli Signaling Pathway 

 

Quantification of the expression of PTCH1b containing the 188- and 300-nucleotide-long 5’ 

UTR under basal level and endogenously activated Hh-Gli signaling pathway showed that in 

both HCT116 and MCF-7 cells the longer transcript is preferentially expressed after pathway 

activation with Gli1 transcription factor, [t(4) = 3.142, P=0.0348] and [t(4) = 15.47, 

P=0.0001], respectively. It could be also seen that an activation of the Hh-Gli pathway caused 

much higher expression of PTCH1b 5’ UTRs in MCF-7 breast cancer cells compared to the 

HCT116 cells (Figure 35). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 35. Quantification of 188- and 300-nucleotide-long PTCH1b 5’ UTRs in 2 cancer cell lines 

under basal level and 48 hours after endogenously activated Hedgehog-Gli signaling pathway. In both 

cell lines activation of Hedgehog-Gli signaling resulted in preferential expression of longer 5’ UTR. 

Under activated Hh-Gli pathway, expression of PTCH1b 5’ UTRs is much higher in MCF-7 cells 

compared to HCT116 cells. 
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4.6. Prediction of Secondary Structure of PTCH1b 5’ UTR 

 

4.6.1. Prediction of Secondary Structure of 188-nucleotide-long PTCH1b 5’ UTR 

 

For 188-nucleotide-long PTCH1b 5’ UTR harboring 5, 6, 7 or 8 CGG repeats the mfold server 

has predicted the secondary structures with the corresponding minimum free energy of -91.9 

kcal/mol, -94.4 kcal/mol, -96.4 kcal/mol, and -100.3 kcal/mol, respectively (Figure 36). It can 

be seen that one additional CGG triplet on average gives more stable secondary structure by 

just -2.8 kcal/mol, which is insufficient for a significant impact on the translational efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Predicted secondary structures of 188-nucleotide-long PTCH1b 5’ UTR with A) 5, B) 6, 

C) 7 and D) 8 CGG repeats. One additional CGG triplet on average gives a more stable secondary 

structure by -2.8 kcal/mol. 
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4.6.2. Prediction of Secondary Structure of 300-nucleotide-long PTCH1b 5’ UTR 

 

For 300-nucleotide-long PTCH1b 5’ UTR harboring 5, 6, 7 or 8 CGG repeats the mfold server 

has predicted the secondary structures with the corresponding minimum free energy of -148.9 

kcal/mol, -152.9 kcal/mol, -153.9 kcal/mol, and -157.7 kcal/mol, respectively (Figure 37). It 

can be seen that one additional CGG triplet on average gives more stable secondary structure 

by just -2.93 kcal/mol, which is insufficient for a significant impact on the translational 

efficiency. 

 

Figure 37. Predicted secondary structures of 300-nucleotide-long PTCH1b 5’ UTR with A) 5, B) 6, 

C) 7 and D) 8 CGG repeats. One additional CGG triplet on average gives a more stable secondary 

structure by -2.93 kcal/mol. 
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4.7. Bicistronic Dual-luciferase Reporter Vectors with Cloned PTCH1b 5’ UTR 

 

In total, 9 different bicistronic plasmids were constructed using an “empty” pRuF vector as a 

vector backbone (Figure 38). For 188-nucleotide long 5’ UTR we constructed 3 different 

plasmids, harboring an allele with 5, 7 or 8 CGG repeats, that were named “pRuF PTCH1 

188/5”, “pRuF PTCH1 188/7” and “pRuF PTCH1 188/8”, respectively. For 300-nucleotide 

long 5’ UTR we constructed 3 different plasmids harboring an allele with 5, 7 or 8 CGG 

repeats, and named them “pRuF PTCH1 300/5”, “pRuF PTCH1 300/7” and “pRuF PTCH1 

300/8”, respectively. Two additional pRuF-based plasmids were constructed by removing the 

predicted PTCH1 IRES motif from the “pRuF PTCH1 188/7” and “pRuF PTCH1 300/7” 

plasmids (Figure 14B), and they were named “pRuF PTCH1 188ΔIRES” and “pRuF PTCH1 

300ΔIRES”, respectively. On the other side, plasmid with a DNA insert containing only 76 

nucleotides predicted to be an IRES motif (Figure 14A) was named “pRuF PTCH1 IRES”. 

 

 

Figure 38. Circular map of bicistronic pRuF-based plasmids with different sized PTCH1b 5’ UTR 

harboring different CGG-repeat allele, cloned in the inter-cistronic region between Renilla and firefly 

luciferase gene. If PTCH1b 5’ UTR contains an internal ribosome entry site (IRES), firefly luciferase 

would be translated in cap-independent manner. 
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4.8. Impact of Different PTCH1b 5’ UTR Size and CGG-repeat Number on Cap-independent 

Translation of Firefly Luciferase Gene 

 

4.8.1. Results of Dual-Luciferase Reporter Assay in MCF-7 Cell Line 

 

Results of luciferase assay performed in transfected MCF-7 cells showed that cloning of 

PTCH1b 5’ UTR into the bicistronic region caused significant increase of firefly luciferase 

activity compared to the “empty” pRuF plasmid [F (7, 16) = 36.50, P<0.0001] (Figure 39). 

Cloning of both sized PTCH1b 5’ UTRs, harboring either (CGG)5, (CGG)7 or (CGG)8 alleles, 

caused on average 8.5-fold increase in firefly luciferase activity. The results also showed that 

neither number of CGG repeats nor length of 5’ UTR caused any difference on the extent of 

firefly reporter induction, which could be interpreted as a lack on effect on the extent to which 

PTCH1b 5’ UTR affect cap-independent translation of firefly luciferase mRNA. More 

interestingly, the levels of an increased firefly luciferase activity for all 6 pRuF PTCH1 

plasmids used were similar to the activity of pRuF plasmid with cloned 5’ UTR of c-Myc 

gene that is known to harbor an internal ribosome entry site (IRES) (Carter et al, 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39. Impact of different PTCH1b 5’ UTR size and CGG-repeat number on cap-independent 

translation of firefly luciferase gene in MCF-7 cells. Cloning of both sized PTCH1b 5’ UTRs, 

harboring either (CGG)5, (CGG)7 or (CGG)8 allele, caused on average an 8.5-fold increase in firefly 

luciferase activity, the same as pRuF plasmid harboring 5’ UTR of MYC gene with known internal 

ribosome entry site. 
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4.8.2. Results of Dual-Luciferase Reporter Assay in HEK 293T Cell Line 

 

Results of luciferase assay performed in transfected HEK 293T cells showed that cloning of 

PTCH1b 5’ UTR into the bicistronic region caused significant increase in firefly luciferase 

activity compared to the “empty” pRuF plasmid [F (7, 15) = 238.5, P<0.0001] (Figure 40). 

Cloning of both sized PTCH1b 5’ UTRs, harboring either (CGG)5, (CGG)7 or (CGG)8 allele, 

caused on average 4.5-fold increase in firefly luciferase activity. In this cell line, the activity 

of pRuF plasmid with c-Myc 5’ UTR was significantly higher, causing about 5.5-fold increase 

in firefly luciferase activity. Regarding the number of CGG repeats, only (CGG)8 allele in the 

context of 300-nt-long 5’ UTR has shown slight, but significant increase in firefly luciferase 

activity compared to (CGG)5 and (CGG)7 alleles. Visually it seems that higher number of 

CGG repeats gives a trend for higher activity of firefly luciferase.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 40. Impact of different PTCH1b 5’ UTR Size and CGG-repeat number on cap-independent 

translation of firefly luciferase gene in HEK 293T cells. Cloning of both sized PTCH1b 5’ UTRs, 

harboring either (CGG)5, (CGG)7 or (CGG)8 allele, caused on average 4.5-fold increase in firefly 

luciferase activity. Activity of pRuF plasmid with c-Myc 5’ UTR was significantly higher compared to 

pRuF PTCH1-type plasmids. 
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4.9. Ruling-out the Presence of Cryptic Promoter within PTCH1b 5’ UTR 

 

4.9.1. Results of Firefly and Renilla Luciferase mRNA Quantification in MCF-7 Cell Line 

 

The Renilla and firefly luciferase mRNA quantification performed in transfected MCF-7 cells 

showed that the relative ratio of firefly to Renilla luciferase mRNA for pRuF PTCH1 188/5 

and pRuF PTCH1 300/7 plasmids was slightly but significantly higher than 1.0 [F (7, 16) = 

11.8, P<0.0001] (Figure 41). This could potentially indicate that for these 2 plasmids there 

was a cryptic promoter within PTCH1b 5’ UTR insert, and that higher activity of the firefly 

reporter gene could arise at least in part from the firefly luciferase translated in a cap-

dependent manner from capped firefly luciferase mRNA. However, since the firefly luciferase 

activity for those two plasmids didn’t differ compared to the other pRuF-type PTCH1 

plasmids (Figure 39), and that the mRNA quantification showed at best a 40% increase in 

firefly/Renilla mRNA ratio, while the reporter activity increased at least 8 fold, the 

involvement of cryptic promoter is not likely. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 41. Firefly (LUC) to Renilla (REN) luciferase mRNA ratio in transfected MCF-7 cells. The 

ratio for pRuF PTCH1 188/5 and pRuF PTCH1 300/7 plasmids was higher than 1.0 what could 

indicate a potential cryptic promoter activity of a DNA insert cloned into these two plasmids. 
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4.9.2. Results of Firefly and Renilla Luciferase mRNA Quantification in HEK 293T Cell Line 

 

The Renilla and firefly luciferase mRNA quantification performed in transfected HEK 293T 

cells showed that the relative ratio of firefly to Renilla luciferase mRNA for all pRuF-type 

PTCH1 plasmids was not significantly different from 1.0 [F (5, 12) = 1.634, P=0.2249] 

(Figure 42). These results ruled-out the presence of a potential cryptic promoter within 

PTCH1b 5’ UTR inserts, and indicate that the higher activity of the firefly reporter gene 

(Figure 40) arose from the firefly luciferase translated from a bicistronic pRuF mRNA in a 

cap-independent manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 42. Firefly (LUC) to Renilla (REN) luciferase mRNA ratio in HEK 293T cells. The ratio for 

all pRuF-type PTCH1 plasmids was not significantly different from 1.0 what additionally supported 

the assumption of IRES motif presence within the PTCH1b 5’ UTR. 
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4.10. Precise Localization of IRES Motif within PTCH1b 5’ UTR 

 

The UTRscan software has predicted that the first 76 nucleotides from the 3’ part of PTCH1b 

5’ UTR (Figure 43) shares a structural similarity with the common RNA structural motif 

involved in an internal initiation of translation of cellular mRNAs (Figure 44), as proposed by 

Le and Maizel (Le and Maizel, 1997). 

 

Figure 43. Precise localization of putative internal ribosome entry site (IRES) motif within PTCH1b 

5’ UTR. UTRscan software has predicted an IRES element within the first 76 nucleotides from the 3’ 

part of PTCH1b 5’ UTR. 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. A common RNA structural motif involved in the internal initiation of translation of cellular 

mRNAs. This motif is used by UTRscan software for predicting the putative IRES motifs within the 5’ 

UTR sequences. (figure from: Le and Maizel, 1997) 
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4.11. Impact of Putative PTCH1b IRES Motif on Cap-independent Translation of Firefly 

Luciferase Gene 

 

4.11.1. Results of Dual-Luciferase Reporter Assay in MCF-7 Cell Line 

 

Results of luciferase assay performed in transfected MCF-7 cells showed that remodeled 

pRuF-type plasmids, constructed by removing or preserving the putative PTCH1b IRES 

motif, caused significant changes in firefly luciferase activity compared to the complete pRuF 

PTCH1 plasmids [F (6, 13) = 97.28, P<0.0001] (Figure 45). Removing 76 nucleotides from 

pRuF PTCH1 188/7 plasmid caused a decrease in firefly luciferase activity by 29%, while 

removing those nucleotides from pRuF PTCH1 300 plasmid caused a decrease by 71%. 

Plasmid having only putative PTCH1b motif cloned within a bicistronic region achieved just 

47% of the activity obtained by either pRuF PTCH1 188/7 or pRuF PTCH1 300/7 plasmid, 

indicating that those 76 nucleotides alone are not sufficient for the complete IRES activity of 

intact PTCH1b 5’ UTRs. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 45. Impact of putative PTCH1b IRES motif and the remaining part of PTCH1b 5’ UTRs on 

cap-independent translation of firefly luciferase gene in MCF-7 cells. Removing 76 nucleotides from 

pRuF PTCH1 188/7 plasmid caused decrease in firefly luciferase activity by 30%, while removing 

those nucleotides from pRuF PTCH1 300 plasmid caused a decrease by 70%. Those 76 nucleotides 

alone achieved 47% of activity obtained by complete pRuF PTCH1 plasmids. 
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4.11.2. Results of Dual-Luciferase Reporter Assay in HEK 293T Cell Line 

 

Results of luciferase assay performed in transfected HEK 293T cells showed that removing or 

preserving putative PTCH1b IRES motif caused significant change in firefly luciferase 

activity when compared to the complete pRuF PTCH1 plasmids [F (6, 13) = 241.6, P<0.0001] 

(Figure 46). Removing 76 nucleotides from pRuF PTCH1 188/7 plasmid caused a decrease in 

firefly luciferase activity by 66%, while removing those nucleotides from pRuF PTCH1 300 

plasmid caused a decrease by 87%. Plasmid having only a putative PTCH1b IRES motif 

cloned within a bicistronic region achieved 63% of the activity obtained by the complete 

pRuF PTCH1 188/7 plasmid, and 44% of the activity of the complete pRuF PTCH1 300/7 

plasmid. These results also indicated that those 76 nucleotides alone are not sufficient for the 

complete IRES activity of intact PTCH1b 5’ UTRs. It has to be emphasized that in this 

experiment the activity of pRuF PTCH1 188/7 plasmid was lower compared to either pRuF c-

Myc or pRuF PTCH1 300/7 plasmid, which hasn’t been observed in previous cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 46. Impact of putative PTCH1b IRES motif and the remaining part of PTCH1b 5’ UTRs on 

cap-independent translation of firefly luciferase gene in HEK 293T cells. Removing 76 nucleotides 

from pRuF PTCH1 188/7 plasmid caused a decrease in firefly luciferase activity by 66%, while 

removing those nucleotides from pRuF PTCH1 300 plasmid caused a decrease by 87%. Those 76 

nucleotides alone achieved 63% and 44% of activity obtained by either complete pRuF PTCH1 188/7 

or pRuF PTCH1 300/7 plasmid, respectively. 
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4.12. Ruling-out the Presence of Cryptic Promoter within Putative PTCH1b IRES Motif 

 

4.12.1. Results of Firefly and Renilla Luciferase mRNA Quantification in MCF-7 Cell Line 

 

The Renilla and firefly luciferase mRNA quantification performed in transfected MCF-7 cells 

showed that the relative ratio of firefly to Renilla luciferase mRNA for all remodeled pRuF-

type PTCH1 plasmids was not significantly different from 1.0 [F (5, 12) = 5.285, P=0.0085] 

(Figure 47). These results ruled-out a potential cryptic promoter within remodeled PTCH1b 5’ 

UTR inserts, and indicated that a decreased activity of the firefly reporter gene obtained by 

removing or preserving putative PTCH1b IRES motif (Figure 45) arose from reduced IRES-

dependent translation of firefly luciferase mRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 47. Firefly (LUC) to Renilla (REN) luciferase mRNA ratio in transfected MCF-7 cells. The 

ratio for all remodeled pRuF-type PTCH1 plasmids was not significantly different from 1.0 what was 

additional conformation of potential IRES motif presence within the PTCH1b 5’ UTR. 
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4.12.2. Results of Firefly and Renilla Luciferase mRNA Quantification in HEK 293T Cell 

Line 

 

The Renilla and firefly luciferase mRNA quantification performed in transfected HEK 293T 

cells showed that the relative ratio of firefly to Renilla luciferase mRNA for all remodeled 

pRuF-type PTCH1 plasmids was not significantly different from 1.0 [F (5, 12) = 3.336, 

P=0.0405] (Figure 48). These results ruled-out a potential cryptic promoter within remodeled 

PTCH1b 5’ UTR inserts, and indicated that a decreased activity of the firefly reporter gene 

obtained by removing or preserving putative PTCH1b IRES motif (Figure 45) arose from 

reduced IRES-dependent translation of firefly luciferase mRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 48. Firefly (LUC) to Renilla (REN) luciferase mRNA ratio in transfected HEK 293T cells. The 

ratio for all remodeled pRuF-type PTCH1 plasmids was not significantly different from 1.0 what was 

again additional conformation of putative IRES motif presence within the PTCH1b 5’ UTR. 
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4.13. Ruling-out an Alternative Splicing of pRuF Bicistronic mRNAs with Different Cloned 

Fragments 

 

Equal sizes of both Renilla (877 bp) and firefly (2,204 bp + DNA insert) luciferase amplicons, 

regardless the cDNA template used, are proof that there was no alternative splicing of pRuF 

bicistronic mRNA (Figures 15 and 49). This is also a proof that there is no additional, capped 

firefly luciferase mRNA transcript which can be cause of an increased firefly luciferase 

activity seen in dual-luciferase reporter assays (Figures 39, 40, 45 and 46). 

 

 

 

Figure 49. Picture of agarose gel with PCR amplicons amplified from Renilla and firefly luciferase 

cistrons. As a template it was used cDNA extracted from A) MCF-7 and B) HEK 293T cell line. Both 

cell lines were transfected with: 1, “empty” pRuF; 2, pRuF PTCH1 188/7; 3, pRuF PTCH1 300/7; and 

4, pRuF PTCH1 IRES plasmids. The size of PCR amplicons was estimated according to the 

GeneRuler 1 kb Plus DNA Ladder standard (Thermo Fisher Scientific, USA) (middle lane). 
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4.14. Effects of Hypoxia and Rapamycin Treatment on Cap-independent Translation of 

Firefly Luciferase Gene 

 

4.14.1. Results of Dual-Luciferase Reporter Assay in MCF-7 Cell Line after Treatment with 

Hypoxia and Rapamycin 

 

Two-way analysis of variance showed that both the treatment [F (2, 30) = 86.15, P<0.0001] 

and the type of pRuF plasmid used for the transfection of MCF-7 cells [F (4, 30) = 114.9, 

P<0.0001] showed significant effects on the firefly luciferase activity, also with the 

significant interaction between the treatments and plasmid types [F (8, 30) = 14.31, 

P<0.0001]. Among the treatments, only hypoxic conditions caused increased firefly luciferase 

activity for the plasmids harboring either MYC or PTCH1b 5’ UTR (Figure 50). Plasmid with 

deleted putative PTCH1b IRES motif didn’t respond to any treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 50. Impact of hypoxia and rapamycin treatment on the activity of PTCH1b IRES motif in cap-

independent translation of firefly luciferase gene in MCF-7 cells. Only hypoxic conditions caused 

increased firefly luciferase activity for plasmids harboring either MYC or PTCH1b 5’ UTR, which are 

assumed to bear internal ribosome entry sites. 
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4.14.2. Results of Dual-Luciferase Reporter Assay in HEK 293T Cell Line after Treatment 

with Hypoxia and Rapamycin 

 

Two-way analysis of variance showed that both the treatment [F (2, 39) = 51.36, P<0.0001] 

and the type of pRuF plasmid used for the transfection of HEK 293T cells [F (6, 39) = 305.1, 

P<0.0001] showed significant effect on the firefly luciferase activity, also with the significant 

interaction between the treatments and plasmid types [F (12, 39) = 6.472, P<0.0001]. 

Surprisingly, both types of treatments caused a decrease in firefly luciferase activity only for 

plasmids harboring either MYC or PTCH1b IRES motif (Figure 51). The treatments didn’t 

show any effect on the activity of two plasmids with removed 76 nucleotides assumed to bear 

the PTCH1b IRES motif. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 50. Impact of hypoxia and rapamycin treatment on the activity of PTCH1b IRES motif in cap-

independent translation of firefly luciferase gene in HEK 293T cells. Both types of treatments caused a 

decrease in firefly luciferase activity only in plasmids harboring internal ribosome entry site.
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4.15. Evolutionary Conservation of Cis-regulatory Elements Found in 5’ UTR of PTCH1b Gene 

Figure 52. Multiple alignment of the genomic sequences homologous to the 372-nucleotide-long 5’ UTR of human PTCH1b gene. Comparative analysis 

showed that the most conserved cis-regulatory elements are three upstream AUG codons, although the STOP codons are not present in all of the species. The 

number of CGG repeats also varies among the species, and ranges from 3 to 11 repeats. 
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5. Discussion 
 

PTCH1 tumor suppressor gene codes for a receptor with a negative regulatory role in the 

Hedgehog signaling pathway (Figure 1). Constitutive activation of Hh-Gli signaling can be 

induced by inactivation of PTCH1 gene, which can be caused by means of different genetic 

and epigenetic mechanisms. PTCH1 germline mutations cause Gorlin syndrome, disorder 

characterized by many different developmental abnormalities and tumor susceptibility. Most 

of the malformations are caused by PTCH1 haploinsufficiency, meaning that proper amount 

of Ptch1 protein is needed for performing its tasks in signal transduction (Fodde and Smiths, 

2002). This fact provides evidence that fine-tuned elements are prerequisite to properly 

regulate the Hedgehog-Gli signaling pathway. So far, much is known about the genomic 

organization of PTCH1 gene, its transcripts and their protein products (Figures 2 and 3). On 

the other hand, much less is known about the transcriptional regulation of each known PTCH1 

transcript, and even less is known about the 5’ untranslated regions of any known PTCH1 

transcript. 

In 2004, a novel polymorphism involving a CGG trinucleotide repeat was discovered in 5’ 

UTR of PTCH1 gene, transcript 1b (Nagao et al, 2004). It was located 4 nucleotides upstream 

of the translation initiation site, i.e., separated from AUG codon by CAAC tetranucleotide. 

The major allele contained 7 repeats, while the minor contained 8 (rs71366293). In our 

previous research, in patients with different types of ovarian neoplasms and healthy controls, 

besides (CGG)7 and (CGG)8 we identified 2 additional alleles – (CGG)5, which was found in 

one healthy control sample, and (CGG)6 allele, which was found in one ovarian cancer patient 

(Musani et al, 2012). Since the initial discovery of this tinucleotide repeat variant, its 

proximity to the AUG codon suggested that this polymorphism, more precisely the number of 

CGG repeats, could affect the efficacy of 5’ UTR in its regulatory role of PTCH1 expression. 

To address this issue, Nagao and colleagues also conducted a functional analysis by cloning 

various (CGG)nCAAC constructs into the luciferase reporter vector pGV-P2, between the 

Simian vacuolating virus 40 (SV40) promoter and firefly luciferase gene (Nagao et al, 2004). 

The results of luciferase assays, performed 24 hours post-transfection in HEK 293 cells, 

revealed a positive correlation (unfortunately without any statistical proof) between the CGG-

repeat number and the luciferase activity, meaning that the reporter gene activity gradually 

increased with the higher number of CGG repeats (Figure 53A). The quantification of firefly 

luciferase mRNA showed no significant differences in the reporter gene transcription levels 
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regarding the CGG-repeat number, leading to the conclusion that the increase in luciferase 

activity with the expansion of CGG repeats is due to the increased efficiency of firefly 

luciferase translation (Figure 53B). Consequently, a CGG-repeat number could potentially 

alter the expression level of Ptch1 protein, which may have an effect on the severity of the 

disease in which certain CGG-repeat allele was found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 53. The effect of CGG-repeat number (n) on A) firefly luciferase activity and B) firefly 

luciferase transcription, compared to the “empty” pGV-P2 plasmid. Regarding the PTCH1 5’ UTR, 

only (CGG)nCAAC constructs were cloned into the reporter vector backbone. Luciferase assays and 

total RNA extractions were performed 24 hours post-transfection in/from HEK 293 cells. (figure from: 

Nagao et al, 2004) 
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Potentially biggest drawback of Nagao’s research was taking the CGG-repeat polymorphism 

out of the context of the complete PTCH1b 5’ UTR sequence, concerning the potential 

existence of different 5’ UTR cis-regulatory elements that could participate in the PTCH1b 

expression regulation, and whose proper activity could be affected by the CGG-repeat 

polymorphism. For that reason we wanted to re-evaluate a potential effect of 5’ UTR CGG-

repeat polymorphism on the transcription and/or translation of downstream mRNA, but this 

time in more physiological context of the complete PTCH1b 5’ UTR sequence. 

In literature and nucleotide databases, the 5’ UTR of the main PTCH1 transcript is annotated 

in 3 different lengths – 188, 300 and 372 nucleotides. At the beginning of our study this 

inconsistency seemed like an experimental artifact or an error in database curation. On the 

other hand, this was also an additional encouragement for us to re-explore the effects of 

before mentioned CGG-repeat polymorphism, and also all the other regulatory elements 

potentially present in 5’ UTR of PTCH1b gene. 

In order to thoroughly examine the eventual impact of varying number of CGG repeats, i.e., 

alleles which were found in Croatian population, on transcription and/or translation of the 

PTCH1b gene, we decided to apply a methodology previously successfully used for the 

functional analysis of 5' UTR sequence variants of the p16 gene (Bisio et al, 2010). Using 

different luciferase reporter constructs (Figure 21) in assays with 3 established human cell 

lines – one normal (HEK 293T) and two malignant (HCT116 and MCF-7) – it was shown that 

the number of CGG repeats has no significant impact on the activity of firefly luciferase. Only 

the allele with 5 CGG repeats caused slight, but statistically significant, increase in activity of 

the reporter gene, and this was obtained only in the context of 188-nucleotide-long 5' UTR 

(Figures 23, 25 and 27). When the activities of all 4 “pGL3-P PTCH1 188”-type plasmids 

were compared, we found quite strong negative correlation between the number of CGG 

repeats and the luciferase activity, ρ=-0.76 and ρ=-0.67 for MCF-7 and HEK 293T cell line, 

respectively (Figures 31 and 33). These results, this time involving the plasmids with the 

complete sequence of PTCH1b 5’ UTR, was the first big discordance between ours and the 

results obtained by Nagao and coworkers (Figure 53A). We must emphasize that pGV-P2 

reporter vector used by Nagao and colleagues is in fact the same pGL3-Promoter plasmid 

used by us, and thus the results are comparable. 

Computational prediction of PTCH1b 5' UTR secondary structure also confirmed that slight 

increase in the stability of secondary structure, as the result of the increasing number of CGG 

repeats, could only have a moderate and not a dramatic impact on the efficiency of the Ptch1 

translation (Figures 36 and 37). 
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Generally, insertion of the complete PTCH1b 5' UTR into the pGL3-Promoter plasmid led to 

a significant increase in luciferase mRNA transcription (Figures 24, 26, 28, 32 and 34), and 

this finding was the second big discordance between ours and the results obtained in Nagao’s 

research (Figure 53B). Because of that, it seems that PTCH1b 5' UTR could have an 

enhancing influence on the transcription of downstream gene. RegRNA 2.0 web-server 

predicted various transcriptional regulatory motifs, mostly located within the 188-nt-long 

PTCH1b 5’ UTR sequence. The most abundant motifs were binding sites for BEN, ZF5 and 

ETF transcription factors, of which the later has a consensus binding site “GCGGCGG” 

(Kageyama et al, 1989). Similarly, for 5’ UTR of the fragile X mental retardation 1 gene 

(FMR1) it was found that CGG repeats enhances the transcription of FMR1 gene by means of 

CGGBP-20 transcription factor, coded by the CGG triplet repeat binding protein 1 gene 

(CGGBP1) (Chen et al, 2003; Gulyy et al, 2010). 

Although this PTCH1b CGG-repeat polymorphism is located only 4 nucleotides upstream of 

the translation initiation site, our results taken all together showed that the number of CGG 

repeats, in the context of the complete 5' UTR, has no significant impact on either mRNA or 

protein expression of PTCH1b gene. While only alleles with relatively small number of CGG 

repeats have been found jet (3 and 5 to 8 repeats), so far there has not been found any 

unambiguous association of a certain number of CGG repeats with a disease. All these favor 

the thesis that this PTCH1 polymorphism could not be a genetic background (a causal 

mutation) of any trinucleotide repeat disorder-like disease. 

On average, 2-fold reduction in firefly luciferase activity compared to the “empty” pGL3-P 

plasmid was observed for plasmids harboring longer, 300- or 372-nucleotide-long PTCH1b 

(Figures 23, 25, 27, 31 and 33). One plausible explanation for this discovery could be that 

those longer, already with high GC-content, PTCH1b 5’ UTRs form more stable secondary 

structures, which hinder the mRNA unwinding capacity of the translation initiation complex 

and thus lowering the efficiency of protein synthesis. 

When the longest PTCH1b 5’ UTR sequence was computationally analyzed, there was a 

prediction of two potential upstream open reading frames (uORFs) and one upstream AUG 

codon, more significantly, present only within the 300- and 372-nucelotide-long PTCH1b 5' 

UTRs (Figure 29). We have mutated two out of three putative upstream AUG codons, of 

which one was predicted to create an overlapping open reading frame that could potentially 

interfere with a translation from the main PTCH1b open reading frame and thus reduce the 

level of Ptch1 protein (Figure 22). Thus mutated “pGL3-P PTCH1 300/7”-based plasmid 

restored luciferase activity to the level that was comparable with the “wild-type” pGL3-P 
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plasmid with cloned 188-nt-long PTCH1b 5’ UTR (Figures 30, 31 and 33). Removing those 

two uAUG codons did not change the levels of luciferase mRNA transcription, indicating that 

observed difference in the luciferase activity occurs at translational level (Figures 32 and 34). 

It was also shown that this potentially most damaging, overlapping uORF is evolutionary 

conserved (Figure 51), although there are no known proteins with amino acid sequences 

similar to any peptide potentially translated from the predicted PTCH1b uORFs. This 

overlapping uORF may lead to a strong translational inhibition from the main ORF coding for 

Ptch1 protein. 

Quantification of PTCH1b mRNA containing either 188- or 300-nucleotide-long 5’ UTR, 

under basal level and endogenously activated Hh-Gli signaling pathway, has shown that in 

both HCT116 and MCF-7 cells the longer transcript was preferentially expressed after the 

pathway activation. Additionally, we were also able to observe that an activation of the Hh-

Gli pathway caused much higher expression of both sized PTCH1b 5’ UTRs in MCF-7 breast 

cancer cells compared to colon carcinoma cells HCT116 (Figure 35). The preference for 

PTCH1b transcripts with longer 5’ UTR could be one form of spatio-temporal regulation of 

translation, utilized when lower and much more tightly regulated level of Ptch1 protein is 

needed. 

When results for pGL3-P-type plasmids harboring 188-nt-long PTCH1b 5’ UTR, obtained 

from different cell lines, were compared, we could infer that luciferase activity was the 

highest in transfected MCF-7 cells (Figure 24), while in both HCT116 and HEK 293T cells an 

increase was on average only 2-fold higher than for the “empty” reporter vector (Figures 23 

and 27). The ratio between luciferase activity and mRNA quantity was around 1.0 for MCF-7 

cells, which was again higher than for HCT116 and HEK 293T cells (around 0.6 and 0.4, 

respectively). This led us to the conclusion that protein translation regulated by 188-nt-long 

PTCH1b 5’ UTR is more efficient in MCF-7 cells in comparison to the other two cell lines. 

Characteristics such as high GC-content, above the average size, potentially highly structured 

and presence of uORFs and uAUGs, might lead someone to hypothesize that PTCH1b 5’ 

UTR in general affect the efficiency of cap-dependent initiation of Ptch1 translation. This 

might even anticipate that PTCH1b 5’ UTR possesses a capability to initiate cap-independent, 

an internal ribosome entry site-driven translation of Ptch1 protein. To test this assumption, we 

decided to construct bicistronic dual-luciferase pRuF vectors with PTCH1b 5’ UTR cloned in 

between Renilla and firefly luciferase gene (Figure 38). Both 188- and 300-nt-long 5’ UTRs 

significantly increased a firefly luciferase activity, but with no differences among the repeat 

numbers (Figures 39 and 41). Quantification of firefly luciferase mRNA proved that the 
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increased firefly activity is neither due to a potential cryptic promoter activity of PTCH1b 5’ 

UTR (Figures 40 and 42), nor to an alternative splicing event (Figure 48). Thus we were able 

to conclude that observed higher firefly luciferase activity, with equal amount of both Renilla 

and firefly luciferase mRNA, appears to be a post-transcriptional, translational effect! 

The first 76 bp nucleotides from the 3’ part of PTCH1b 5' UTR (c.-1_-76) were predicted to 

bear a cellular internal ribosome entry site (IRES) (Figure 43). When this putative PTCH1 

IRES motif was removed from either 188- or 300-nt-long pRuF-based plasmid, the firefly 

luciferase activity was significantly, albeit not completely, reduced. At the same time, those 

76 nucleotides alone were not sufficient to obtain the complete IRES activity of intact 5’ 

UTRs. This could indicate that either putative IRES motif spans larger part of PTCH1b 5’ 

UTR, even extending to the coding region, or contiguous part(s) of PTCH1b 5’ UTR harbor 

binding sites for IRES trans-acting factors (ITAFs), prerequisite for proper folding of the 

IRES motif itself. Results achieved with remodeled pRuF-based PTCH1 plasmids were also 

proven to be due to the translational and not transcriptional processes (Figures 14, 44-48). 

Considering all the results observed, our research has presented a strong evidence that 

PTCH1b 5’ UTR contains an internal ribosome entry site, and is thus potentially capable to 

initiate Ptch1 protein translation in cap-independent manner (Figure 4B). Although there 

aren’t similarities between any known virus IRESes and putative PTCH1 IRES motif, there 

are a few eukaryotic genes whose 5’ UTRs contain proven cellular IRES motifs and share a 

similarity with the sequence of putative PTCH1 IRES motif. More interestingly, the highest 

similarities lie in the presence of CGG-repeat element! Such genes, having at least 3 CGG 

repeats within their IRES motif, include previously mentioned fragile X mental retardation 1 

(FMR1), jun proto-oncogene (JUN), ornithine decarboxylase 1 (ODC1), B-cell CLL/

lymphoma 2 (BCL2) and BCL2-associated athanogene (BAG1) (Chiang et al, 2001; Sehgal et 

al, 2000; Pyronnet et al, 2000; Sherrill et al, 2004; Coldwell et al, 2001). 

Since it was suggested that hypoxic conditions activate the Hh-Gli signaling pathway 

(Bijlsma et al, 2009), and it is already known that several genes are being translated under the 

hypoxia by IRES-dependent mechanism (Thomas and Johannes, 2007), we wanted to explore 

if putative PTCH1b 5’ UTR IRES can be activated by oxygen deprivation condition. The 

increased activity of putative IRES element within the 5' UTR of PTCH1b gene has been 

observed in transfected MCF-7 cells after exposure to hypoxic conditions, while rapamycin 

treatment did not cause any change in an IRES activity (Figure 50). In HEK 293T cells both 

treatments did not increase, but in fact decreased, the activity of PTCH1 IRES element 

(Figure 51). The presence of an IRES element within the PTCH1b 5' UTR could thus allow 
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Ptch1 protein to be synthesized in conditions when the general level of cellular protein 

synthesis is decreased, such as in cell conditions of reduced oxygen levels, what is also 

important in tumor development and metastasis, or for the potential therapeutic role of 

activated Hh-Gli pathway in acute or chronic ischemic heart disease (Pan and Zhou, 2012). In 

addition, the activation of the IRES motif can allow overcoming the negative effect of uORFs 

and uAUG within the 300- or 372-nt-long 5’ UTR transcripts (Figures 23, 25, 27, 31, 33, 39 

and 40). Coupled to our observation that Gli1 expression can induce the transcription of 

PTCH1b transcript containing the longer version of the 5’ UTR, these results could lead to the 

hypothesis that ensuing negative feedback loop can also be fine-tuned at post-transcriptional 

levels by the competition between uORFs/uAUG translation inhibition and IRES-dependent 

translation initiation. 

Although the number of reports on cellular IRESes is increasing, their existence still raises 

skepticism and is often subject of scientific debates, mainly due to concerns about the lack of 

unambiguous experimental verifications. The fact that there are a growing number of cancer-

related genes whose translation regulation can be subjected to cap-independent initiation 

makes the quest for discovering and testing new putative cellular IRESes even more 

meaningful (reviewed in Ozretić et al, 2012). Deciphering their sequence, structure, molecular 

mechanisms of action and requirements for additional trans-acting factors will tell us more 

about how cancer cells can maintain their growth and sustain their progression in conditions 

when general protein synthesis is considerably reduced. Actual presence of IRES element 

within 5' UTR of certain cancer-related genes could also reveal more about their role in 

cancer etiology. A deeper understanding of the mechanisms underlying cap-independent 

translation regulation in malignant cells could ultimately lead to novel therapeutic strategies 

that would not affect protein synthesis of normal cells (Grzmil and Hemmings, 2012). 

The achieved results have shown to be considerably more interesting and elaborate than 

initially expected. The most unexpected positive result was discovery of two additional, so far 

unknown, levels of regulation of PTCH1 expression through 5' UTR. First, potential IRES 

element that would allow a protein product of PTCH1 transcript 1b to be synthesized using 

m7G-cap-independent translation mechanism in condition when general level of protein 

synthesis is reduced (e.g., for now, hypoxia is the only confirmed one), and second, the 

presence of upstream open reading frames in the longer forms of PTCH1b 5' UTR, which all 

together further point to the exceptional significance of 5' UTR in the regulation of PTCH1 

expression. 
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Post-transcriptional gene expression regulation is generally very complex and for proper 

functioning it requires fine-tuning by many different regulatory elements (Mathews MB, 

2002). It is well known that improper regulation of protein synthesis can lead to many 

different diseases, one of which is cancer (Rugero et al, 2013). Ever since it became evident 

that deregulated translation lies behind many diseases, regulation of protein expression 

became an important therapeutic target and of great interest to the pharmaceutical industry 

(Grzmil and Hemmings, 2012). 

In spite of the absence of a direct association of PTCH1b 5’ UTR CGG-repeat polymorphism 

with a disease in which a certain allele was found, this polymorphism and 5’ UTR in general, 

still remains a very interesting topic for further research, especially in the light that many 

other 5’ UTR regulatory elements found in our study are evolutionary conserved and thus 

considered as probably important (Figure 52). Another unexpected, but potentially very 

interesting observation was that, besides CGG-repeat polymorphism, the PTCH1b 5’ UTR 

shares together some other similarities with the 5’ UTR of FMR1 gene, such as ability to 

enhance transcription of downstream transcript, presence of IRES motif and similarities in 

their sequences (Chen et al, 2003; Chiang et al, 2001). 



6 .  C O N C L U S I O N S  

95 
 

6. Conclusions 
 

a) The 5’ UTR of the main PTCH1 transcript variant 1b according to the literature and 

main nucleotide databases is annotated with three different lengths: 188, 300 and 372 

nucleotides long. 

b) Regarding the alleles of the PTCH1b CGG-repeat polymorphism that were found in 

Croatian population (5, 6, 7 and 8 repeats), the number of CGG repeats has no 

significant impact on the efficiency of transcription or translation of downstream gene, 

although the number of CGG repeats showed a strong negative correlation with the 

luciferase activity, in the context of 188-nt-long 5’ UTR. 

c) Significant reduction in the reporter gene activity was observed with plasmids 

harboring longer, 300- and 372-nucleotide-long PTCH1b 5' UTR. 

d) In silico analysis predicts the presence of two upstream open reading frames (uORF) 

and one upstream AUG codon (uAUG) but only within the longer forms of PTCH1b 

5’ UTR. 

e) Mutagenesis of two uAUGs restored a reporter gene activity to the values that are 

comparable with the activity of 188-nucleotide long PTCH1b 5' UTR. Second uAUG 

creates potentially the most damaging uORF that overlaps and is out-of-frame with the 

natural ORF, and is evolutionary conserved. 

f) Existence of an internal ribosome entry site (IRES) within the PTCH1b 5' UTR was 

proven by increased activity of firefly luciferase, observed when bicistronic dual-

luciferase reporter vectors were used. By ruling-out an alternative splicing of 

bicistronic mRNA or cryptic promoter within PTCH1b 5’ UTR we proved that 

increased activity of firefly luciferase is due to the IRES-dependent translation of 

luciferase mRNA. 

g) Precise localization of putative IRES motif by removing the first 76 nucleotides from 

the 3’ part of PTCH1b 5’ UTR (c.-1_-76) leads to a significant reduction in the 

PTCH1 IRES activity, although those 76 nucleotides solely are not sufficient to 

achieve the full IRES activity exhibited by the complete PTCH1b 5' UTR. 
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h) The presence of an IRES element within the PTCH1b 5’ UTR could allow Ptch1 

protein to be synthesized in conditions when the general level of cellular protein 

synthesis is decreased, such as in cell conditions of reduced oxygen levels (hypoxia).  

i) All the results of our study have indicated an exceptionally complex and previously 

unknown role of the 5' UTR in the regulation of PTCH1b gene expression, and 

assumed the coexistence of two or even more alternative PTCH1b 5’ UTRs. 
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8. Summary 

 

A CGG-repeat polymorphism was found in the 5' untranslated region (5' UTR) of the main 

transcript of the PTCH1 tumor suppressor gene (transcript 1b), one of the main members of 

the Hedgehog-Gli signaling pathway. In Croatian patients suffering from ovarian fibroma, 

dermoid and ovarian cancer, and healthy controls were found alleles with 5, 6, 7 and 8 

repeats, but with no direct association with a certain type of ovarian neoplasm (Musani et al, 

2013). Allele harboring 7 repeats is considered as “wild type”, and in the literature PTCH1b 5' 

UTR is annotated in three different lengths: 188, 300 and 372 nucleotides. The main goal of 

our study was to thoroughly explore the regulatory role of different cis-regulatory elements 

present in the PTCH1b 5’ UTR. 

In order to evaluate the potential impact of varying number of CGG repeat on the 

transcription and/or the translation of the PTCH1 gene, we decided to apply methodology 

previously successfully used for a functional analysis of the 5' UTR of the p16 gene (Bisio et 

al, 2010). Using luciferase reporter constructs in assays with three permanent human cell lines 

(MCF-7, HCT116 and HEK 293T) it was shown that the number of CGG repeats has no 

significant impact on the efficiency of transcription or translation. Only allele with 5 CGG 

repeats showed a statistically significant increase in the reporter gene activity, and this was 

obtained only in the context of 188-nucleotide long 5' UTR. Computationally predicted 

secondary structure of the 5' UTR also confirmed that the increased stability of secondary 

structure, as the result of an increased number of CGG repeats, also has no significant impact 

on the efficiency of PTCH1 translation. 

Significant reduction in the luciferase activity was observed when monocistronic luciferase 

vectors (pGL3-Promoter-type) with 300- and 372-nucleotide-long cloned PTCH1b 5' UTR 

were used. In silico analysis of two longer PTCH1b 5' UTRs predicted the presence of two 

upstream open reading frames (uORF) and one upstream AUG codon (uAUG), what could 

cause a reduction of Ptch1 protein expression by reducing the translation from the main open 

reading frame. Mutagenesis of two upstream translation initiation sites (uAUG codons) 

caused an increase in the reporter gene activity to the values that are comparable with the 

activity of the 188-nucleotide long 5' UTR. It was also shown that potentially most damaging, 

overlapping uORF is evolutionary conserved. In addition, the results obtained using different 

reporter vectors were proved, using qPCR method, not to be due to the differences in reporter 

gene mRNA levels. Altogether, these results demonstrated that the length of the PTCH1b 5' 

UTR is potentially an important factor in translational regulation. 
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Usage of bicistronic dual-luciferase reporter vectors (pRuF-type) indicated the existence of 

internal ribosome entry site (IRES) in the PTCH1b 5' UTR, whereas in silico analysis 

predicted its localization within the first upstream 76 nucleotides (c.-1_-76). Precise 

localization of the potential IRES element showed that removal of these 76 nucleotides leads 

to a significant reduction in the reporter gene activity, although those 76 nucleotides solely are 

not sufficient to achieve the full IRES activity exhibited by the pRuF plasmids with the 

complete PTCH1b 5' UTR cloned. The presence of an IRES element within the PTCH1b 5’ 

UTR could allow Ptch1 protein to be synthesized in conditions when the general level of 

cellular protein synthesis is decreased, such as in cell conditions of reduced oxygen levels 

(hypoxia), what is also important in tumor development and metastasis, or for the potential 

therapeutic role of activated Hh-Gli pathway in acute or chronic ischemic heart disease.  

All the results of our study have indicated exceptionally complex and previously unknown 

role of the 5' UTR in the regulation of PTCH1b gene expression. Two or more alternative 

PTCH1b 5’ UTRs that differ in length and the presence of uORFs and uAUGs, allow 

differential expression of Ptch1 protein. What is more interesting, several of features of the 

PTCH1b 5’ UTR, such as CGG-repeat polymorphism, IRES motif including CGG repeats, 

ability to induce transcription of a downstream gene, are shared with the 5’ UTR of FMR1 

(fragile X mental retardation 1) gene. 
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9. Sažetak 
 

Signalni put Hedgehog-Gli (Hh-Gli) evolucijski je visoko konzerviran i ima jednu od 

fundamentalnih uloga u embriogenezi. Njegovo poremećeno funkcioniranje povezuje se s 

razvojnim malformacijama a sve je važnija i njegova uloga u etiologiji raka. Npr. tumor-

supresorski gen PTCH1, jedan od glavnih članova tog signalnog puta, često je mutiran u 

karcinomima bazalnih stanica, meduloblastomima, rabdomiosarkomim, i dr. Polimorfizam 

CGG-trinukleotidnog ponavljanja pronađen je u 5' netranslatiranoj regiji (5’ UTR) glavnog 

transkripta gena PTCH1 (transkript 1b). U hrvatskoj populaciji, kod pacijenata oboljelih od 

fibroma, dermoida i karcinoma jajnika te zdravih kontrolnih uzoraka, pronađeni su aleli s 5, 6, 

7 i 8 CGG ponavljanja, ali bez izravne povezanosti nekog broja ponavljanja s određenim 

tipom oboljenja (Musani i sur., 2013). Alelom „divljeg tipa“ smatraju se 7 CGG ponavljanja 

dok je 5' UTR gena PTCH1 u literaturi anotirana u tri dužine: 188, 300 i 372 nukleotida. 

U cilju provjere potencijalnog utjecaja različitog broja CGG ponavljanja na transkripciju i/ili 

translaciju gena PTCH1b korištena je metodologija prethodno uspješno primijenjena za 

funkcionalnu analizu 5' UTR gena p16 (Bisio i sur., 2010). Upotreba različitih luciferaznih 

plazmidnih konstrukta u luciferaznim testovima na trajnim humanim staničnim linijama 

(MCF-7, HCT116 i HEK 293T) pokazala je da promjena broja CGG ponavljanja nema 

značajniji utjecaj na učinkovitost transkripcije ili translacije. Jedino alel s 5 CGG ponavljanja 

pokazuje statistički značajnu povećanu aktivnost reporterskog gena i to samo u kontekstu 5’ 

UTR dužine 188 nukleotida. Računalno predviđanje sekundarne strukture 5' UTR također je 

potvrdilo da povećanje stabilnosti sekundarne strukture, uzrokovano povećanjem broja CGG 

ponavljanja, nema značajniji utjecaj na efikasnost translacije gena PTCH1b. 

Upotrebom monocistronskih luciferaznih reporterskih plazmida (baziranih na pGL3-Promoter 

vektoru) s ugrađenom 5’ UTR dužine 300 ili 372 nukleotida, kod luciferaznih testova došlo je 

do značajne redukcije u aktivnosti reporterskog proteina. Time se pokazalo da je sama dužina 

5’ UTR potencijalno značajan čimbenik u regulaciji izražaja gena PTCH1b. Računalna 

analiza tih dviju dužih 5' UTR predvidjela je prisutnost dva uzvodna otvorena okvira čitanja 

(uORF) i jednog uzvodnog AUG kodona (uAUG), koji bi mogli uzrokovati redukciju količine 

proteinskog produkta gena PTCH1b kao posljedicu smanjene translacije s glavnog okvira 

čitanja. Mutagenezom promijenjena dva uzvodna mjesta inicijacije translacije (uAUG 

kodona) doveli su porast aktivnosti reporterskog proteina do vrijednosti koje su usporedive s 

aktivnošću 5’ UTR dužine 188 nukleotida. Također, pokazalo se da je potencijalno 
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najznačajniji, preklapajući uORF evolucijski konzerviran. Upotrebom metode kvantitativne 

lančane reakcije polimerazom (qPCR) utvrđeno je da su sve promjene dobivene upotrebom 

različitih reporterskih vektora nastale zbog razlika u efikasnosti translacije ali ne i 

transkripcije reporterskog gena. 

Upotreba bicistronskih dual-luciferaznih reporterskih vektora (baziranih na pRuF plazmidu) 

pokazala je postojanje unutarnjeg mjesta vezanja ribosoma (engl. Internal Ribosome Entry 

Site, IRES) unutar 5' UTR gena PTCH1b, dok računalna analiza predviđa njegovu 

lokalizaciju unutar prvih 76 uzvodnih nukleotida (c.-1_-76). Preciznija lokalizacija 

potencijalnog IRES elementa pokazala je da uklanjanje tih 76 nukleotida dovodi do znatnog 

smanjenja aktivnosti reporterskog proteina ali također i da samo tih 76 nukleotida nije 

dovoljno za postizanje potpune IRES aktivnosti koju pokazuju pRuF plazmidi s kompletnim 

5’ UTR gena PTCH1b. Prisutnost IRES elementa u 5' UTR gena PTCH1 omogućavala bi 

sintezu proteina Ptch1 u staničnim uvjetima kada je generalna razina stanične sinteze proteina 

smanjena, kao npr. u stanjima smanjene količine kisika (hipoksije), što je važno u progresiji i 

metastaziranju tumora, ali čini se i u terapeutskoj ulozi povišene aktivnosti signalnog puta 

Hh-Gli kod akutne i kronične ishemične bolesti srca. 

Svi rezultati ovog istraživanja ukazuju na izuzetno složenu i do sada nepoznatu ulogu 5’ UTR 

u regulaciji izražaja gena PTCH1b. Posjedovanje dviju ili više alternativnih 5' netranslatiranih 

regija, koje se međusobno razlikuju u dužini te prisutnosti uzvodnih otvorenih okvira čitanja i 

AUG kodona, omogućuje diferenciranu ekspresiju proteina Ptch1, ovisno o tipu stanica i 

staničnim uvjetima. Posebno zanimljivo je otkriće da, osim polimorfizma CGG ponavljanja, 

mnogo svojstava svoje 5' netranslatirane regije gen PTCH1 dijeli s 5' netranslatiranom 

regijom gena FMR1, uzročnika fragilnog X sindroma. 
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