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Abstrakt  
 
 Konečná diagnóza dědičných metabolických poruch je obvykle určena na základě vyšetření enzymové 
aktivity (což je mnohdy komplikované) a/nebo za pomoci molekulárně genetického vyšetření. Výsledky 
standardní mutační analýzy však mohou být někdy zavádějící, zejména v případě rozsáhlých reorganizací na 
úrovni chromozomu či u mutací v regulačních oblastech. Předkládaná práce je zaměřena na charakterizaci 
komplexních mutací v genu pro ornitin transkarbamylázu (OTC), studium regulačních oblastí OTC a genu 
pro β-galaktozidázu (GBA). 
 V rámci studie provedené na souboru čítajícím 37 pacientů s kongenitální hyperamonémií II. typu 
(OTCD) bylo identifikováno a charakterizováno 14 nových mutací včetně tří rozsáhlých delecí. Byl 
zaznamenán i případ symptomatické heterozygotky pro hypomorfní mutaci p.R129H, u níž byl fenotyp 
OTCD zřejmě podmíněn posunem v X-inaktivaci ve prospěch mutované alely. Nález byl podložen 
sledováním nevýhodné X-inaktivace ve třech různých periferních tkáních. 
 Za účelem prověření patogenity promotorové variace c.-366A>G v OTC nalezené v jedné rodině s 
mírným fenotypem OTCD byly identifikovány tři alternativní počátky transkripce (PT) a vymezen promotor 
lidského OTC. Transkripční aktivita promotoru, stejně tak jako aktivita nově nalezeného distálního 
enhanceru, byla ověřena funkční esejí. Výsledky ukázaly klíčový význam interakce promotoru s 
enhancerem pro tkáňově specifickou expresi OTC v játrech. Přítomnost variace c.-366A>G vedla k 
padesátiprocentním snížení aktivity mutovaného promotoru v interakci s enhancerem. 
 Detailní charakterizace promotoru lidského OTC odhalila dva silné cis-aktivní regulační elementy 
odpovídající vazebným místům pro HNF-4α. V oblasti proximálního promotoru byl nalezen třetí vysoce 
konzervovaný motiv rozpoznávaný HNF-4α, přičemž všechna tři vazebná místa se nalézají ve vzdálenosti 
do 35 bp nad PT. Promotor OTC přitom postrádá základní elementy nezbytné pro iniciaci transkripce v 
konvenčních pozicích. Dosažené výsledky silně podporují úlohu HNF-4α v iniciaci transkripce OTC u 
člověka. 
 Metodický postup zavedený při studiu OTC byl následně aplikován na charakterizaci alternativního 
promotoru GBA. V případě alternativního transkriptu nesoucího dva nepřekládané exony -1 a -2 byly 
nalezeny tři různé PT. Při porovnání s normálním promotorem vykazoval alternativní promotor nižší 
transkripční aktivitu, expresní profil napříč několika různými tkáněmi však byl srovnatelný. Byla vyslovena 
hypotéza, že výrazné rozdíly ve fenotypu u pacientů se stejným genotypem GBA mohou být dány variabilní 
expresí mutovaného alternativního transkriptu. Tuto hypotézu se však nepodařilo experimentálně potvrdit na 
souboru 20 pacientů s Gaucherovou chorobou. 
 Výsledky výše uvedených studií rozšiřují možností molekulární diagnostiky OTCD a Gaucherovy 
choroby. 
 
 
 
Klí čová slova: Ornitin transkarbamyláza, kongenitální hyperamonémie II. typu, kyselá β-
glukocerebrosidáza, Gaucherova choroba, genová exprese, regulace transkripce, promotor, enhancer 
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Abstract 
 
 Definitive diagnosis of inherited metabolic disorders commonly depends on the measurement of enzyme 
activity (which is often complicated) and/or molecular genetic testing. Yet even the standard mutation 
analysis can bring false negative results in the case of gross chromosomal rearrangements or incorrect 
regulation of gene expression due to the mutations in regulatory regions. In the present study I focused on 
characterization of complex mutations affecting the gene encoding ornithin transcarbamylase (OTC) 
followed by studies of regulatory regions of OTC and GBA (the gene encoding β-glucocerebrosidase).  
 In the first study we identified 14 novel mutations including three large deletions in a cohort of 37 
patients with OTC deficiency (OTCD). Subsequently we evaluated clinical significance of all these 
mutations. We also found a heterozygote carrying a hypomorphic mutation and manifesting OTCD most 
likely due to unfavorable X-inactivation which was observed independently in three different peripheral 
tissues. 
 In order to evaluate the clinical significance of a promoter variation c.-366A>G found in a family with 
mild OTCD we identified three alternative transcription start sites (TSSs) of human OTC and delimited the 
promoter. We also found a distal enhancer and performed functional analysis of both regulatory regions. 
Our results indicate that tissue specific expression of OTC in the liver depends on the promoter-enhancer 
interaction. The variation c.-366A>G decreased the promoter-enhancer transcriptional activity by 50%. 
 A detailed characterization of human OTC promoter revealed two positive cis-acting regulatory 
elements corresponding to HNF-4α binding sites. Both sites, similarly as a third HNF-4α recognition motif 
found in the proximal promoter, are located within 35 bases upstream of the TSSs. Since the OTC promoter 
lacks general core promoter elements such as TATA-box or initiators on standard positions, our results 
strongly suggest an important role of HNF-4α in the control of OTC transcription in human.  
 A similar approach as in the OTC gene studies was used in studies of an upstream promoter of GBA. We 
identified three alternative TSSs and performed function analysis of the alternative promoter. Its 
transcriptional activity was lower than that of the normal promoter while expression profiles across multiple 
tissues were comparable. We hypothesized that phenotypic differences in patients with the same genotype 
may be caused by variable expression of mutant GBA; however, our hypothesis was not confirmed 
experimentally in a group of twenty Gaucher patients.  
 In conclusion, our findings extend the possibilities of molecular genetic testing for OTCD and Gaucher 
disease. 
 
 
 
Keywords: Ornithine transcarbamylase, ornithine transcarbamylase deficiency, acid β-glucocerebrosidase, 
Gaucher disease, gene expression, regulation of transcription, promoter, enhancer. 
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1. Introduction 
1.1. OTC deficiency 
1.1.1. Nitrogen metabolism and urea cycle 
 Nitrogen is an essential component of many physiologically active compounds. A central role in 
nitrogen metabolism of higher organisms plays ammonia, the major byproduct of protein and nucleic acid 
catabolism. Ammonia is toxic in even small amounts and must be transformed into a neutral molecule to be 
properly transported to the kidneys and excreted via urine. Quantitatively the most important disposal route 
for ammonia is the conversion to urea. Urea is formed from NH3 and CO2 in the liver during urea cycle - a 
step wise cyclic process described by Krebs and Henseleit (1932).  
 The excess of ammonia is channeled to the mitochondria of liver cells and converted into carbamoyl 
phosphate (CP). The reaction of HCO3- and NH3 is catalyzed by CP synthetase 1 and requires co-operation 
of the allocteric activator, N-acetyl glutamate (NAG). Still in the mitochondrial matrix, carbamoyl 
phosphate enters the urea cycle. Ornithine transcarbamylase (OTC) transfers the carbamoyl group to 
ornithine, producing citrulline. Citrulline moves to the cytoplasm and acquires a second atom of waste 
nitrogen by condensation with aspartate yielding argininosuccinate. The reaction is catalyzed by 
argininosuccinate synthetase.  Argininosuccinate is cleaved by argininosuccinate lyase into arginine and 
fumarate which is recycled for use by the citric acid cycle. The final reaction of the urea cycle is the 
hydrolysis of arginine to yield urea and regenerate ornithine, which re-enters the mitochondrion. 
 In short-term, regulation of urea synthesis is mediated by three factors: substrate availability, changes in 
the concentration of N-acetyl glutamate and the acid-base status. Longer-term changes occur in response to 
alterations in amino acid nitrogen flux. Glucagon, insulin, and glucocorticoids play major roles in mediating 
changes in activity of the urea cycle enzymes under these conditions.  
 
1.1.2. Urea cycle disorders 
 Urea cycle disorders (UCDs) are inborn errors in the metabolism of waste nitrogen that can lead to brain 
damage and death due to increased levels of blood ammonia. They involve deficiencies in one of the 
enzymes required by the urea cycle and deficiencies of N-acetylglutamate synthase and the mitochondrial 
ornithine/citrulline transporter ORNT1 (Table 1). Except for OTC deficiency, all listed disorders are 
inherited in an autosomal recessive manner. 
 
Table 1: Overview of the urea cycle disordes 
Disease Gene 

symbol 
MIM 
ID 

Mechanism 

N-acetylglutamate synthase deficiency NAGS 237310 Enzymatic block within urea cycle 
Carbamoyl phosphate synthetase 1 
deficiency 

CPS1 237300 Enzymatic block within urea cycle 

Ornithine carbamoyltransferase deficiency OTC 311250 Enzymatic block within urea cycle 
Argininosuccinate synthetase deficiency ASS1 215700 Enzymatic block within urea cycle 
Argininosuccinate lyase deficiency ASL 207900 Enzymatic block within urea cycle 
Arginase 1 deficiency ARG1 207800 Enzymatic block within urea cycle 
Hyperammonemia-Hyperornithinemia-
Homocitrullinuria syndrome 

SLC25A15 238970 Lack of mitochondrial ornithine as 
one of the OTC substrates 

Citrullinemia type II SLC25A13 603471, 
605814 

Lack of aspartic acid as one of the 
ASS substrates 

  
  The incidence of UCDs is estimated to be at least 1:30,000 births but partial defects may make the 
number much higher. 
 UCDs are commonly characterized by hyperammonemia followed by encephalopathy, and respiratory 
alkalosis. Newborns with an UCD commonly appear normal but they develop symptoms within 24 hours. 
The hyperammonemia is less severe in patients with partial enzyme deficiencies. In such cases, the first 
recognized clinical episode may be delayed for months or years. The most common of these late-onset 
diseases occurs in female carriers of a mutation in OTC on one of their X chromosomes. 
 The diagnosis of a urea cycle disorder is based on clinical suspicion and biochemical and molecular 
genetic testing. Potential presence of an UCD is indicated by elevated plasma ammonia associated with a 
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normal anion gap and a normal plasma glucose concentration. A definitive diagnosis of a urea cycle defect 
depends on either results of molecular genetic testing (which is available for all UCDs) or measurement of 
enzyme activity in a liver biopsy specimen.  
 
1.1.3. The OTC gene 
 Human OTC gene is located on the short arm of chromosome X (Xp2l.1) (Lindgren V, et al., 1984), 
spans 73 kb and comprises 10 exons encoding a 354-amino acid monomer (Hata A, et al., 1988). The 
transcription start site of human OTC was first assigned to the position c.-135 (GenBank K02100; Horwich 
AL, et al., 1984). Later published data suggest that transcription of human OTC does not initiate at a 
particular site but within a region of about 70 bases (Brusilow SW and Horwich AL, 2004).  
 OTC is expressed predominantly in hepatocytes and epithelial cells of the intestinal mucosa (Ryall J, et 
al., 1985; Hamano Y, et al., 1988). The regulation of Otc transcription was studied in rodents. It has been 
shown that the 0.8 kb 5’-flanking region of the mouse gene (Veres G, et al., 1986) and 1.3 kb region of the 
rat gene (Murakami T, et al., 1989) contained sufficient information to control Otc gene expression. Another 
positive regulatory element, a distal enhancer ranging 230 bp and situated 11 kb upstream of the 
transcription start site has been identified in rat (Murakami T, et al., 1990).   
 Two positive cis-acting regulatory elements recognized by HNF4α elements were identified in rat 
(Kimura A, et al., 1993) and mouse (Inoue Y, et al., 2002). Moreover, HNF4α-null mice exhibited a 
phenotype closely similar to UCD (Inoue Y, et al., 2002). Another two HNF-4 binding sites and two sites 
recognized by C/EBP family members were identified within the 110 bp rat minimal enhancer (Nishiyori A, 
et al., 1994). In co-transfection experiments the authors have shown that both HNF-4 and C/EBPβ are 
necessary and neither alone is sufficient for activation of the reconstituted enhancer in non-hepatic cells. 
Combinatorial operation of these two liver-enriched (but not strictly liver-specific) transcription factors 
leads to more restricted liver-specific transcription of the Otc gene (Nishiyori A, et al., 1994).  
 These data indicate that the tissue-specific Otc expression in rodents is based on the promoter-enhancer 
interaction in the hepatocyte-specific transcription factor milieu. No such regulatory elements have been 
reported in humans. 
 
1.2. Gaucher disease 
1.2.1. Lysosomal storage diseases  
 Lysosomal storage diseases (LSDs) represent a heterogeneous group of more than 50 rare inherited 
disorders characterized by accumulation of waste products in the lysosomes. Progressive accumulation of 
these products leads to cellular dysfunction (Wenger DA, et al., 2003; Wilcox WR, 2004). Widespread 
cellular destruction eventually causes tissue and organ dysfunction observed in clinical abnormalities. LSDs 
are commonly linked to the deficiencies of the lysosomal hydrolases but they encompass also deficiencies in 
other proteins, such as activators, transporters and proteins involved in post-translational modifications of 
lysosomal enzymes. 
 Almost all LSDs are inherited as autosomal recessive traits, except for the Fabry, Hunter and Danon 
diseases which are X-linked (Wilcox WR, 2004; Sugie Ket al., 2002). The individual incidence of UCDs 
varies between 1 in 50 000 and 1 in 4 × 106, but taken together they are found in about 1 : 8000 births, 
which makes them a relatively common health problem (Meikle PJ, et al., 1999). Certain populations have 
even a higher incidence of particular LSD compared with the general population. 
 The spectrum of clinical phenotypes is very broad including organomegaly and central nervous system 
dysfunction. The patients suffering from LSDs are mostly born apparently healthy and the symptoms 
develop progressively. Clinical manifestations are often inconsistent, even within families, and patients with 
identical genotypes can have significantly different phenotypes (Wilcox WR, 2004). 
 The diagnosis is definitively confirmed by the detection of enzymatic deficiency at the molecular level. 
Biochemical testing is often accompanied with molecular genetic testing, which also enables prenatal and 
postnatal testing and allows the provision of genetic counseling. In addition, molecular genetic testing can 
clarify the type of genetic variation and its impact on the protein and on the presence of residual enzyme 
activity. This information is crucial in evaluating treatment options (Marsden D and Levy H, 2010). 
 For a majority of LSDs, therapeutic management consists of symptomatic care of disease manifestations 
with no possibility for cure. Supportive care measures are disease specific, depending on the organs 
involved and degree of physical impairment 
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1.2.2. Metabolism of glycosphingolipids and Gaucher disease 
 Glycosphingolipids (GSLs) are ubiquitous constituents of eukaryotic plasma membranes and the major 
glycans of the vertebrate brain. They are composed of a glycan structure attached to a lipid tail that contains 
the sphingolipid ceramide.  
 The functions of membrane-associated glycosphingolipids could be divided into two major categories: 
mediating cell–cell interactions via binding to complementary molecules on opposing plasma membranes 
(trans recognition) and modulating activities of proteins in the same plasma membrane (cis regulation). 
More complex glycosphingolipids thus contribute to the cell–cell recognition and to the regulation of signal 
transduction. 
 The breakdown of complex GSLs occurs stepwise under the action of lysosomal hydrolases until they 
are metabolized to the common components - monosacharides, sphingosine and fatty acids - which are then 
available for reuse  
 Gaucher’s disease (GD) is the most common glycosphingolipid storage disorder. The rare autosomal 
recessive disease is caused by the by a functional deficiency of the β-glucocerebrosidase (EC.3.2.1.45) 
which leads to accumulation of glucocerebroside in the body, predominantly in the liver, spleen, and bone 
marrow. Rare variant forms of Gaucher disease result from deficiency of the sphingolipid activator protein, 
saposin C (Beutler E and Grabowski GA, 2001). The GD has been divided into three clinical subgroups 
reflecting the degree and rate of progression of involvement in the central nervous system (Westbroek W, et 
al., 2011). Severity and rate of disease progression widely varies, especially in adults, which makes 
treatment decisions extremely difficult in some patients. The most frequent form is the non-neuronopathic 
GD type 1 (OMIM#230800) affecting about 90% of patients. 
Currently there is no effective treatment for type 2 Gaucher patients. Therapeutic management of type 1 and 
type 3 GD include enzyme replacement therapy using intravenously applied artificial enzymes or bone 
marrow transplantation. 
 
1.2.3. The GBA gene  
 The acid β-glucocerebrosidase gene (GBA, EC.3.2.1.45, MIM#606463) is located at a gene-rich locus 
1q21 (Entrez Gene) or 1q22 (Ensembl, HGNC). It comprises 11 exons and 10 introns, spanning a sequence 
of 7.8 kb. A highly homologous pseudogene (psGBA), resulting from a tandem duplication event involving 
ancestral GBA and neighbouring metaxin genes, is located 16 kb downstream (Horowitz M, et al., 1989) 
and spans 5.5 kb in length, retaining the same organization of exons and introns as the functional gene. The 
presence of a conserved pseudogene in the same locus is responsible for a subset of Gaucher mutations 
originating from recombination events between GBA and psGBA (Eyal N, et al., 1990; Latham TE, et al., 
1991). 
 Beside the major transcript of GBA spanning approximately 2.6 kb (Horowitz M, et al., 1989), several 
alternative mRNA sequences have been identified, including variants with additional non coding exons -1 
and -2. Human GBA cDNA contains 2 in-frame ATG start codons (Sorge J, et al., 1985) resulting in the 
synthesis of two signal peptides differing in hydrophobicity. Both precursor variants are sharing the 536-
residue sequence of functional glucocerebrosidase monomer. 
 Promoter regions of genes encoding lysosomal enzymes commonly share characteristic features of 
housekeeping genes. The GBA promoter is unusual in this respect since it contains TATA and CAAT boxes 
but no Sp1 binding site (Horowitz M, et al., 1989). Moreover, the GBA mRNA is expressed differentially 
and glucocerebrosidase activity varies widely between different cell types, thus indicating that regulation of 
transcription is an important factor in the control of glucocerebrosidase expression. On the other hand, other 
regulatory mechanisms should be considered as well as the ratio between GBA mRNA and enzyme activity 
differs between cell lines (Doll RF and Smith FI, 1993). 
  
1.3. Regulation of gene expression 
1.3.1. Gene expression and control 
 Gene expression is the process by which information from a gene is used in the synthesis of a functional 
gene product. The multi-level process consisting of chromatin remodeling, transcription, RNA processing, 
translation and post-translational modification of proteins is controlled at different stages.  
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 On the largest scale, the expression of genetic information from chromosomes is performed by changes 
in chromatin structure. In eukaryotic organisms, chromatin organization plays a critical role in 
transcriptional regulation. Most of chromatin is present in the condensed form to inhibit access of 
transcription factors (TFs) to the DNA and prevent non-controlled over-expression of related genes.  
 In order for transcription to occur, the area around a prospective transcription zone needs to be unwound 
to make specific DNA sequences accessible. This is a complex process requiring the coordination of histone 
modifications, TF binding and other chromatin remodeling activities. Activator TFs located in the promoter 
are responsible for the recruitment of RNA polymerase II (Pol II) and the control of mRNA synthesis.  
 As most human genes are divided into exons and introns, and only the exons carry information required 
for protein synthesis, the primary transcripts have to be processed by splicing. Another processes, important 
for stability and transport of mature mRNA, are modifications on both, 5’- and 3’- termini. Transcript 
processing provides an additional level of regulation because only mature mRNA can translocate through 
nuclear membrane to follow the process of gene expression. Moreover, due to the control of RNA splicing, 
eukaryotic cells can differentially express genes in a variety of alternative transcripts performing various 
functions in the organism. 
 Once present in the cytoplasm, the mRNA is finally competent to perform its function - translation of 
the sequence encoded by the gene into the protein. The regulation at the level of translation is characterized 
by differential utilization of preexisting mRNAs. Most regulation is exerted at the level of initiation where 
the pre-initiation complex (PIC) scans the 5’-untranslated region for the initiation codon. Initiation rate 
changes involve mainly the interaction of trans-acting factors (proteins or occasionally RNAs) with cis-
acting elements located in the 5′ or 3′ untranslated regions of a particular mRNA (Sonenberg N and 
Hinnebusch AG, 2009; Jackson RJ, et al., 2010). 
 
1.3.2. Regulation of transcription 
 The control of gene expression at the level of transcription is performed by altering transcription rate. 
The dynamic process is mediated through interaction of TFs with cis-acting regulatory elements. Each TF 
has a specific DNA binding domain that recognizes a 6-10 base-pair motif in the DNA sequence, as well as 
an effector domain. All TFs bind at the promoters just upstream of eukaryotic genes; however, they also 
bind at distal regulatory regions. 
 The transcription mediated by Pol II initiates at the core promoter in the close proximity of TSS 
(Orphanides G, et al., 1996; Woychik and Hampsey, 2002), which is considered as the minimal contiguous 
DNA sequence that is sufficient to direct the transcription. Typically, it encompasses the site of transcription 
initiation and extends either upstream or downstream for other additional 35-40 nucleotides. The core 
promoter sequence contains sequence motifs such as the TATA box, initiator element (Inr) and other 
general core promoter elements, which are responsible for recruitment and stabilization of proteins forming 
the PIC of Pol II. However, each of these particular elements is found in some but not all core promoters.  
 In addition to the core promoter, other cis-acting DNA sequences that regulate Pol II transcription 
include the proximal promoter, enhancers, silencers, and boundary/insulator elements (Blackwood EM and 
Kadonaga JT, 1998; Bulger M and Groudine M, 1999). These elements contain recognition sites for a 
variety of sequence-specific TFs. Enhancers and silencers can be located hundreds or thousands of 
nucleotides from the TSS and act either to activate or to repress transcription. Boundary/insulator elements 
appear to prevent the spreading of the activating effects of enhancers or the repressive effects of silencers or 
heterochromatin.  
 The regulation of transcription is a complex phenomenon. Some target genes have a number of different 
response elements, with each one capable of responding to a particular signal that is sufficient to initiate 
transcription.  
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2. Aims of the study 
Our main goal was to extend the possibilities of molecular genetic testing for OTCD and GD. We focused 
on the following specific aims: 

1) To perform a detailed molecular characterization of OTC in 37 OTCD patients originating from 29 
families, including description of novel disease alleles, precise breakpoint mapping of large 
rearrangements and genotype–phenotype correlation. 

2) To define the 5’UTR, identify human OTC regulatory regions and investigate the functional impact of a 
novel unique variation in the 5’-flanking region in a female patient with clinical and biochemical signs 
of OTCD. 

3) To perform detailed characterization of human OTC promoter and enhancer and identify key elements 
responsible for transcriptional regulation of OTC expression. 

4) To identify transcription start site(s) of human GBA non-coding exon -2, investigate the upstream region 
for potential promoter activity and examine the expression pattern of alternative transcripts originating 
from the two alternative promoters in a group of 20 Ashkenazi Jewish Gaucher patients homozygous for 
the common mild mutation p.N370S. 

 
3. Methods 
3.1. General methods 
Nucleic acid and protein isolation from human and animal cells and tissues 
Polymerase chain reaction  
Quantitative real-time polymerase chain reaction 
DNA electrophoresis and restriction fragment length polymorphism analyses 
Reverse transcription of total RNA (generation of cDNA) 
DNA sequencing using the Sanger method 
Molecular cloning 
Cell culture techniques 
 
3.2. Specific methods 
Mutation analysis 
Genomic DNA was isolated from peripheral leukocytes using QIAamp columns (Qiagen, Valencia, CA). 
Exons of human OTC, including the intron-exon boundaries, and four upstream non-coding regions, i.e. 
promoter, enhancer and two highly conserved regions, were analyzed by direct sequencing using the ABI 
Prism 3100 – Avant and ABI 3500 Genetic analyzers (Applied Biosystems, Foster City, CA). For details, 
primer sequences and reaction conditions see Ref I and Ref II.  

Copy number analysis 
In male patients, the approximate extent the deletions was assessed by inspection of presence/absence of 
PCR products. In females, the copy number of OTC coding exons was determined by the multiplex ligation-
probe amplification assay (MLPA, MRC Holland, Amsterdam, The Netherlands) according to the 
manufacturers instructions as decribed in Ref I and Ref II.  

Analysis of large deletions and gross chromosomal rearrangements 
The analysis of gross chromosomal rearrangements was performed using the Affymetrix 
Human SNP 6.0 array (Santa Clara, CA). Data analysis was performed within the Affymetrix Genotyping 
Console 3.0.2 using CEU HapMap samples as the reference set. Breakpoints were located by sequencing of 
PCR products overlapping the deletion boundaries. For more details, see Ref I. 

Determination of transcription start sites  
The 5′-terminal mRNA sequence was analyzed by RNA ligase-mediated rapid amplification of cDNA ends 
(RLM-RACE) using the First-Choice™ RACE ready liver kit with total human liver or placenta cDNA 
(Ambion, Austin, TX). Alternativelly, the GeneRacer™ Kit (Invitrogen) with RNAs isolated from human 
leukocytes, liver, and placenta was carried out. Both assays were performed according to the manufacturer’s 
instructions as described in Ref II and Ref IV. Major PCR products were gel-purified, cloned into the 
pCR2.1- or pCR4-TOPO® vector (Invitrogen, Carlsbad, CA) and sequenced. 
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Construction of reporter plasmids 
The fragments with corresponding overhangs were ligated into the XhoI or KpnI (promoter variants) and 
SalI (enhncer) restriction sites of pGL3 or pGL4. Different combinations of inserts in both sense and anti-
sense orientation were prepared in order to confirm the specificity of their regulatory function. Serial 
deletions of promoter-containing constructs were created by site-directed mutagenesis using the 
QuickChange XL site-directed mutagenesis kit (Stratagene, La Jolla, USA). All resulting constructs were 
verified by sequencing. For complete list of constructs and other details see Ref II, Ref III and Ref IV. 

Transient transfections and reporter gene assays 
Transfection using Tfx-20 and FuGene HD reagents (Promega, Mannheim, Germany) were performed in 
Opti-MEM media (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The pGL3- or 
pGL4-derived experimental constructs were cotransfected with the Renilla luciferase containing plasmid 
pRL-TK in order to normalize reaction yields. Reporter assays were performed using Dual Luciferase 
Reporter assay (Promega, Mannheim, Germany) according to the manufacturer instructions with few 
modifications as described in Ref II, Ref III and Ref IV. Emitted light was detected using a Berthold Sirius 
luminometer (Bundoor, Australia) and Synergy 2 automatic microplate reader (BioTek, Winooski, VT). 

Nuclear extract preparation 
Nuclear and cytoplasmatic extracts were prepared from Hep-G2 cells using the NE-PER nuclear extraction 
kit (Thermo Scientific, Waltham, MA) according to the manufacturer’s instructions. Extracts were dialyzed 
according to Dignam, et al. (1983). Protein concentrations were determined using the Pierce BCA Protein 
Assay Kit (Thermo Scientific, Waltham, MA).  

DNase I footprinting 
DNase I footprinting was used to analyse the interaction of nuclear proteins with the regulatory regions. The 
method, based on the separation of fluorescently labeled products of DNase I cleavage using capillary 
electrophoresis (Wilson DO, et al., 2001; Zianni M, et al., 2006), was modified as described in Ref III. 
Cleaved DNA fragments were purified by phenol-chloroform extraction followed by ethanol precipitation 
and separated by capillary electrophoresis on the Applied Biosystems 3130 Genetic Analyzer. 

Electromobility shift assays 
Double-stranded biotin-labeled probes were prepared by standard PCR or by hybridization of 
complementary oligonucleotides. The binding reactions with nuclear proteins were incubated for 20 min at 
room temperature, separated using non-denaturing poly-acrylamide gel electrophoresis and electro-blotted 
on the Amersham Hybond-N nylon membrane (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The 
membranes were fixed by baking or UV crosslinking, processed using the Chemiluminiscent Nucleic Acid 
Detection Module (Thermo Scientific, Rockford, IL) according to the manufacturer´s instructions and 
analyzed with the FUJI LAS 3000 system (Fujifilm, Tokyo, Japan). A non-labeled DNA probe derived from 
the consensus HNF-4α recognition sequence was used in the competitor assays; A goat anti-HNF-4α 
polyclonal antibody (Santa Cruz, Dallas, TX) was used in supershift assays. For detail list of DNA probes, 
buffer compositions and reaction conditions see Ref III. 

Real-time PCR 
In case of GBA, utilization of the transcription initiation sites was studied by quantitative RT-PCR. Primers 
and TaqMan probes were designed using Primer Express 3.0 software (Applied Biosystems, Foster City, 
CA). All reactions were performed using StepOne™ Real-time PCR system (Applied Biosystems). The 
cDNA was obtained by reverse transcription of Human Placenta Total RNA or FirstChoice® Human Total 
RNA Survey Panel (both from Ambion) using a High Capacity RNA-to-cDNA Kit (Applied Biosystems). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB) were used as endogenous 
controls for relative quantification. The Ct values were transformed to relative quantities using the delta Ct 
method and the expression stability was evaluated using geNorm (version 3.5) and NormFinder software 
packages.  

Analysis of DNA methylation 
The X-inactivation ratio in OTC patients was determined by analysis of methylation status of the human 
androgen-receptor locus (HUMARA) as described elsewere (Dobrovolny R, et al., 2005). The methylation 
status of the CpG island overlapping with P2 promoter of GBA gene was studied using bisulphite 
sequencing. Bisulphite-modified genomic DNA of three control individuals served as a template for 
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amplification of the CpG-rich sequence in the vicinity of P2 promoter in three fragments. Gel-purified 
products were sequenced. For more details see Ref I and Ref IV. 

In-silico predictions and other bio-informatic analyses 
Human OTC promoter and enhancer regions were predicted on the basis of orthologous regions in rat and 
mouse. Homology was assessed using the 
NCBI Blast tool http://blast.ncbi.nlm.nih.gov/Blast.cgi) and  
UCSC genome browser Multiz Alignment&Conservation utility ( http://genome.ucsc.edu).  
Prediction of transcription factor binding sites in was performed with  
MatInspector (http://www.genomatix.de/shop/evaluation.html),  
Match (http://www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi),  
TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html) and  
Alibaba2 (http://www.gene-regulation.com/pub/programs.html#alibaba2). 
All reference DNA and transcript sequences were obtained from  
NCBI (http://www.ncbi.nlm.nih.gov/refseq/) 
The GBA ESTs containing sequence homologous to exons −2 and −1 were identified using BLAST and 
UCSC Genome Browser. The multiple alignment of exon −2 and P2 was modified from 44-way alignment 
of assembled genomes available from Galaxy (http://main.g2.bx.psu.edu/).  

Statistical analysis 
Descriptive statistics, parametric and non-parametric tests of statistical hypotheses, analyses of variance 
(ANOVA) and multiple comparisons were performed using SigmaPlot software (Systat Software, Chicago, 
IL). All values are given as mean ± SD of replicates. The results were evaluated with Kruskal-Wallis’s one 
way ANOVA on ranks, multiple comparisons were set up using the Dunn's method. Differences at p≤0.01 
were considered as statistically significant. 
 
4. Results and discussion 
4.1.  Ornithine carbamoyltransferase deficiency: molecular characterization of 29 families 
In the first article we report 25 different mutations in 37 probands originating from 29 families. Fourteen of 
identified genomic variants were novel and three of them, classified as gross chromosomal rearrangements, 
would be overlooked using standard sequencing methods. A novel 3 bp in-frame deletion p.Leu43del, 
eliminating leucine 43 residue from a highly conserved domain important for correct folding of the enzyme 
was identified in one patient. None of the three novel missense mutations p.Ala102Pro, p.Pro158Ser and 
p.Lys210Glu was indicated to affect splicing or to be directly involved either in the enzyme active site or in 
the intersubunit interactions (Shi D, et al., 2001). Nevertheless, the mutated residues show critical 
intramolecular interactions with other spatially neighboring and highly conserved residues. Sequencing of 
cDNA obtained from the liver specimens of four patients did not reveal any abnormally spliced transcripts 
caused by a deletion c.126_128delTCT or substitutions c.304G>C and c.829C>T, but uncovered an 
aberrant splicing in the case of silent transition c.867G>A resulting in the usage of an alternative exonic 
splicing site followed by an in-frame deletion of 12 nucleotides. 
 Large deletions were identified in two males and one female. In patient 1, a large deletion of 444 kb 
encompassed 15 out of 19 exons of RPGR and the entire OTC and TSPAN7 genes. An insertion of a 63 bp 
fragment identical with the region g.41,647–41,704 coinciding with the AluJb retroelement was identified 
between the breakpoints. The complex mutation was likely originated through a two-step insertion/deletion 
process (Chuzhanova NA, et al., 2003). The insertion may have occured through misalignment between two 
inexact inverted repeats that occur upstream of the 5’-breakpoint and the intermediate breakpoint and 
consist of AluJb repeats in opposite orientation with subsequent strand switching via interchromosomal 
serial replication slippage (Chen JM, et al., 2005). A recombinogenic motif CCCCACCCC and its 
complement found in close proximity to the intermediate breakpoint (position g.41,555) and the 3’ 
breakpoint (position g.445,313), respectively, may have been responsible for DSBs and non-homologous 
end joining (NHEJ) resulting in deletion. 
 The other two large deletions affected only parts of OTC: the 10 kb-deletion encompassing exons 5 and 
6 was identified in patient 8, whereas patient 36 was heterozygous for the 24.5 kb-deletion removing exons 
9 and 10. Unlike other large deletions described in the OTC gene (Engel K, et al., 2008; Quental R, et 
al.,2009), no repetitive elements were found in the vicinity of the deletion breakpoints in our case. However, 
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recombinogenic motifs CCTCCCT and CCTCCTT, as same as their complements, were found in close 
proximity to the mutation breakpoints in both patients respectively. The deletions have most likely been 
mediated by DSBs and subsequent NHEJ (Lieber MR, et al., 2003). Small insertions, as seen in our patients, 
are common for this type of recombination. Such a mechanism has not been previously described in 
association with OTC gene deletions. 
 In addition to clearly pathogenic loss-of function mutations we found in our cohort a set of hypomorphic 
mutations. In accordance with the published data (Matsuda I, et al., 1996), we observed that such mutations 
may cause a broad spectrum of phenotypes even among the male members of the same family. We 
examined the X-inactivation pattern in the peripheral blood cells, urinary cells and saliva cells of a 
manifesting carrier with a hypomorphic mutation. The patient skewed significant X-inactivation in favor of 
the mutant allele, while her asymptomatic heterozygous mother showed the opposite pattern favoring the 
wild type allele. It has been shown that trends in X-inactivation patterns are comparable among different 
tissues of the same individual and analysis of X-inactivation accessible tissues (e.g. blood) may be useful to 
predict the status in inaccessible tissues (Bittel, et al., 2008). In line with these findings our data indicate that 
manifestation of symptoms caused by hypomorphic mutation might depend on highly skewed X-
inactivation in the liver, which is reflected by X-inactivation status in peripheral tissues. 
 
4.2.   Disruption of OTC promoter-enhancer interaction in a patient with symptoms of ornithine 

carbamoyltransferase deficiency 
 The second article follows a case excluded from the cohort mentioned above and published separately. 
No predictably pathogenic mutation was found in the coding region of OTC of female patient with mild 
form of OTCD. The only detected sequence variation was a heterozygous single nucleotide substitution 
NG_008471.1:g.4849A>G (c.-366A>G). The variation was inherited from the patient’s father who had no 
obvious complaints except for eczema but clinical testing revealed mild orotic aciduria and mild elevation 
of plasma glutamine and glutamic acid and abnormal allopurinol test. The substituted nucleotide c.-366A is 
conserved in mammals including rat and mouse and the variation has not been published in SNP databases. 
Therefore we considered the variation a suspect mutation. 
Because the 5’-flanking region of OTC gene was not studied yet, we had to determine the TSS and decide 
whereas the variation is located in the 5’-UTR or in the upstream, potentially promoter region. We identified 
three alternative TSSs located 95, 119 and 169 bp upstream of TIS. Although the human OTC TSS was first 
assigned to the position c.-135 (Horwich AL, et al., 1984), later published data suggested that transcription 
of human OTC does initiate within a region of about 70 bases, mostly at preferred positions c.-95, c.-120, c.-
150, c.-161 and c.-166 (Brusilow SW and Horwich AL, 2004). These findings as well as the records from 
the ESTs library containing spliced clones starting from positions c.-92, c.-120, c.-151 and c.-169 bp 
upstream of TIS correspond well with our results. Only one TSS was found in mouse and rat, located 136 bp 
(Veres G, et al., 1986) and 87 bp (Takiguchi M, et al., 1987) upstream of the TSS respectively. These results 
show that the novel variation c.-366A>G is located upstream of the OTC 5’UTR. 
 A 793 bp fragment encompassing the highly conserved region (72% homology with both, rat and 
mouse) and ranging from -838 to -46 bp upstream of the TIS was chosen for functional testing of promoter 
properties. The fragment exhibited significantly increased transcriptional activity in hepatocellular lines 
Hep-G2, HuH-7 and PCL/PRF/5. Interestingly, similar activity was observed also in HEK293 cells (control 
renal line). Studies in transgenic mice revealed that introduction of the rat Otc controlled by the 1.3 kb rat 
promoter (Murakami T, et al., 1989) and the human OTC controlled by the 0.7 kb mouse promoter (Jones 
SN, et al., 1990) can conduct small intestine-selective gene expression in mouse at levels comparable with 
those of the endogenous Otc. However, the mRNA levels of the introduced genes were low in the liver. 
These findings together indicate the presence of some other liver-specific cis-acting element(s).  
 Such an element, a distal enhancer ranging 230 bp and situated 11 kb upstream of the TIS, was indeed 
identified in rat (Murakami T, et al., 1990). We identified a sequence homologous in 83% with rat enhancer 
in a conserved region 9 kb upstream of human OTC and tested a fragment of 465 bp for its enhancer 
activity. Subcloning of the enhancer into the reporter construct led to a significant increase in transcriptional 
activity in Hep-G2 but not in HEK293, thus indicating the role of promoter-enhancer interaction in liver-
specific expression of OTC. 
 When comparing the transcriptional activity of normal promoter and promoter carrying the variation c.-
366A>G, no significant difference was observed in constructs with promoter alone, but the situation 
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dramatically changed when enhancer was subcloned. Variant promoter in that case reached only about 50% 
of the transcriptional activity observed with normal promoter. The results of functional studies thus strongly 
suggest molecular pathogenicity of the c.-366A>G promoter variation. 
 
4.3.  HNF-4αααα regulates expression of human ornithin transcarbamylase through interaction with two 

positive cis-acting regulatory elements located in the proximal promoter 
 Our goal in the third publication was to characterize OTC promoter and enhancer and identify elements 
responsible for the control of OTC transcription. In a set of reporter assays, using a series of 5’-deleted 
promoter fragments, we defined the 223 bp core promoter located -46..-268 bp upstream of the TIS and 
containing all three TSS. Within the minimal promoter we identified two positive cis-acting elements: Cis1+ 
located within the first 81 base-pairs, reaching 83% of the full promoter activity and Cis2+ located within 
the upstream 52 bp sequence. Using a combination of bioinformatic predictive methods, DNase I 
footprinting and EMSA we identified both, Cis1+ and Cis2+ as HNF-4α binding motifs situated at positions 
c.-105..c.-121 and c.-136..c.-152 respectively. Another HNF-4α binding site was recognized 187 bp 
upstream of the TIS. The sequence is highly conserved in vertebrates and the affinity of HNF-4 to this 
region has been clearly demonstrated in rat (Kimura A, et al., 1993) and mouse (Inoue Y, et al., 2002). All 
three HNF-4α binding sites share conserved matrix sequence and could be considered as at least middle 
affinity binders to HNF-4α (Fang B, et al. 2012).  
 Activation of the enhancer in rat is associated with the interaction of promoter-bound HNF-4 with the 
enhancer-bound C/EBPβ (Nishiyori A, et al., 1994). A similar mechanism involving HNF-4 and C/EBPα 
has been suggested for the promoter of human apolipoprotein B gene (Metzger S, et al., 1993). We 
identified a binding site for C/EBPβ in the OTC core promoter between positions c.-221 and c.-234 but 
deletion of the region did not change the level of reporter signal in luciferase assays. 
 On the other hand, in silico analysis of the proximal 212 bp part of the enhancer region revealed a set of 
six repeated C/EBPβ binding motifs. Accordingly, the DNase I cleavage of the proximal enhancer region 
was decreased and DNA-protein interactions were observed even with EMSA. Interaction of the liver 
enriched HNF-4 factors bound to the OTC core promoter with the set of periodically occurring liver specific 
C/EBP-like proteins thus may contribute to the tissue specificity of OTC expression in the liver, as was seen 
in the rat model (Nishiyori A, et al., 1994).  
 The distribution of HNF-4α recognition sites within the OTC core promoter region exhibits an important 
feature: All three HNF-4α binding motifs are located within 35 bases upstream of the TSSs. Moreover, the 
sequence of 223 bp proximal promoter lacks any general core promoter elements such as Inr, DPE, BRE, 
MTE, downstream core element (DCE) and the X core promoter element (XCPE) located at standard 
positions upstream of the TSSs, thereby suggesting the importance of HNF-4α in the initiation of OTC 
transcription.  
 Few indices suggesting the role of HNF-4α in the transcription from TATA- less and Inr-less promoters 
can be found in the literature. The HNF-4α was shown to activate transcription in vitro by facilitating 
assembly of the pre-initiation complex through direct physical interaction with TFIIB (Malik S and 
Karathanasis SK, 1996). Similar mechanism was observed later in estrogen receptor, an another member of 
the nuclear hormone receptor superfamily (Sabbah M, et al., 1998). In a recent study, a systematic 
proteomic characterization of the HNF4α-TFIID interactions revealed that HNF4α can directly target TBP 
subunit of TFIID to promoters containing HNF4α-binding sites (Takahashi H, et al., 2009). The findings 
suggest that regulatory mechanism of OTC transcription may involve physical interaction of HNF4α with 
general transcription factors forming the pre-initiation complex of Pol II. Such a mechanism would explain 
characteristic features observed within OTC minimal promoter: existence of multiple TSS, site-oriented 
initiation of transcription in the absence of general core promoter elements and a partial ability to 
compensate elimination of one cis-active element by the function of others.  
 
4.4.   Glucocerebrosidase gene has an alternative upstream promoter, which has features and 

expression characteristic of housekeeping genes 
 The methodological approach introduced within the study of OTC regulatory regions was applied on the 
glucocerebrosidase gene. The GBA promoter (P1) was assigned to the region located immediately upstream 
of the coding-exon 1 (Horowitz M, et al., 1989). Surprisingly, four of the five known glucocerebrosidase 
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transcripts contain alternative non-coding exon −2 or both exons −2 and −1. We identified three alternative 
TSS located at positions c.-347, c.-380 and c.-413 uptream of the TIS and inspected transcriptional activity 
of a 1156 bp fragment (P2) ranging from c.-353 to c.-1509 upstream of the non-coding exon -2. The P2 
promoter was found to be active, but the reached levels of reporter gene signal were about six times lower 
than those of P1. Since we used both fragments of similar size, we might miss some important cis-active 
element and therefore the reporter gene expression from P1 and P2 constructs may not be proportional to the 
strength of the native promoters. 
 It was shown that lysosomal genes exhibit coordinated transcriptional behavior and are regulated by the 
transcription factor EB (TFEB) (Sardiello M, et al., 2009). The coordinated lysosomal expression and 
regulation motif (CLEAR) recognized by TFEB is widely enriched in promoters of lysosomal genes. While 
two such motifs were previously recognized and confirmed in the P1, we identified another two CLEAR-
like sequences in P2 at positions 764 bp and 1238 bp upstream of the TIS. We found that in contrary to the 
P1, the P2 lacks a TATA-box but it carries a multiple Sp-1 binding sites and an unmethylated CpG island 
thus presenting common properties with the majority of housekeeping promoters. However, the results from 
the quantitative RT-PCR in RNA isolated from normal adult human tissues did not show significant 
differences in the expression from both promoters. Moreover, the expression stability of both, the P1 and 
P2, appears to be higher than that of the commonly used reference housekeeping genes GAPDH and ACTB.  
 In line with these findings we hypothesized that differences in the manifestation of GD in patients 
presenting the same genotype may be caused by variable expression of different GBA transcripts due to 
variations in the 5’-flanking region. We therefore examined the promoter sequences in a group of 20 
Ashkenazi Jewish Gaucher patients homozygous for the common mild mutation p.N370S to inspect if the 
variable phenotype is not caused by aberrant transcription. Unfortunately, we did not find any sequence 
variation either in the P1 or in the P2 except for a common polymorphism rs10908459.  
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5. Conclusions 
In the present work we described the molecular basis of OTCD in probands coming from 29 families. We 
identified and characterized 14 novel mutations affecting the protein-coding region including three large 
deletions and a pathogenic variation located in the 5’-flanking region. We found and functionally 
characterized human OTC promoter and distal enhancer and suggested mechanism of their involvement in 
the control of transcription. We found and functionally characterized an upstream GBA promoter driving 
transcription of non-coding exons -2 and -1. 

The results, presented in four publications, can be summed up as follows: 

1) Fourteen out of twenty five mutations altering the coding sequence of OTC gene were found novel in 
DNA samples from 29 OTCD families. Three of them are missense mutations affecting residues of 
highly conserved OTC architecture. another three are large deletions. A manifesting heterozygote 
carrying a hypomorphic mutation with unfavorable X-inactivation was identified and unfavorable 
mosaic skewing was observed in three peripheral tissues. 

2) The sequence spanning 793 bp in the 5’-flanking region of human OTC acts as a promoter. The 
transcriptional activity of the promoter depends on a newly discovered upstream enhancer located 9 kb 
upstream of the translation initiation site. The promoter – enhancer interaction contributes to tissue 
specific expression of OTC in liver-derived cell lines. Single nucleotide substitutions in the regulatory 
regions such as the c.-366A>G variation may cause OTC deficiency. Therefore, analysis of the 
regulatory regions of OTC should be considered in patients with OTCD and negative finding in the 
coding region of the gene. 

3) HNF-4α plays an essential role in regulation of human OTC expression. Three HNF-4α binding motifs 
are located within 35 bases upstream each of the transcription start sites in the minimal promoter. Two 
of these sites were identified as cis-active regulatory elements responsible for the full transcriptional 
activity of the promoter and both were shown to cooperate with distal enhancer in the synergistic 
manner resulting in significantly increased liver-specific expression of OTC. Moreover, DNA-bound 
HNF-4α seems to act as a direct initiator of OTC transcription through recruitment of general 
transcription factors TFIIB and TDFIID and stabilization of the pre-initiation complex to the promoter at 
particular sites lacking TATA-box or initiator. 

4) The region 1 kb upstream of the GBA non-coding exon −2 acts as an alternative promoter. The 
transcriptional activity of the alternative promoter P2 seems to be lower than that of the promoter P1 
driving the GBA expression from exon 1. The promoter P2 lacks TATA-box but contains two CLEAR-
like, multiple Sp-1 binding sites and an unmethylated CpG island. Expression of the transcripts 
originating from both promoters was stable among multiple tissues. The DNA analysis of the P1 and P2 
promoters in a group of twenty Ashkenazi Jewish Gaucher patients with pleiotropic phenotype 
homozygous for the common mild mutation p.N370S did not reveal any sequence variations responsible 
for the phenotypic differences. 

Our data extend the possibilities of genetic testing for OTC and GBA deficiency.  
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