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SUMMARY 

Diagnostic test results are crucial for treatment management and family planning of an individual. 

Considering that around 80% of medical decisions are based on diagnostic tests and that genotyping is 

usually concluded only once in a lifetime, it is of a great importance to assure highly accurate test results and 

provided under high quality standards. 

Cystic fibrosis (CF) is one of the most common and life-threatening autosomal recessive genetic 

disease affecting mainly Caucasian populations. CF is caused by mutations in the CFTR gene and until this 

date, more than 1900 mutations have been detected, while only few of them have frequencies higher than 

1% worldwide. Thus, to confirm the diagnosis of cystic fibrosis in patients where only one disease-causing 

mutation has been found, it is necessary to apply a sensitive test to search for uncommon CFTR gene 

mutations/variants. In this work, we have successfully used HRM for gene scanning of certain exons of the 

CFTR gene. We have confirmed the numerous advantages of the HRM method for gene scanning and also 

detect some limitations that must be considered through an implementation process in a DNA diagnostic 

laboratory.  

Hyperhomocysteinemia has been proposed as a risk factor for several diseases such as recurrent 

pregnancy loss and inherited thrombophilia and might be caused from acquired or genetic factors. One of 

the genetic factors are the c. 677 C>T and c. 1298 A>C variants in the MTHFR gene which alter the 

enzymatic activity of the Methylenetetrahydrofolate reductase enzyme (MTHFR) and participate in the 

homocysteine metabolism. Hence, the genotyping of these variations has become of importance to establish 

the diagnosis of disorders related to hyperhomocysteinemia in affected patients. Using a variation of HRM 

reducing amplicon sizes we were able to successfully genotype the c. 677 C>T and c. 1298 A>C variations. 

For the implementation of this method in our laboratory we performed a full validation utilizing suggested 

validation parameters within a quality assurance framework. 

Since the terminology involved in the validation/verification process does not provide detailed 

information it usually leads to confusion, Eurogentest project created a framework for validation and 

published a simple and detailed generic scheme for the validation and verification of molecular genetic tests 

for DNA diagnostics. To assure the quality of genetic tests results, diagnostic laboratories, should be 

accreditated and as a part of this process, validate/verificate every implemented test. The author of this 

dissertation was a member of the validation group. 

Infertility affects 10 – 15% of couples trying to conceive in Western countries and in about 50 % of 

male infertility cases the original cause has not yet been identified. Thus, there have been many attempts to 

identify genetic factors associated with male infertility. A previous report made in Japanese population 

proposed that the rs6836703: G>A variation of the ADP-ribosyltransferase 3 (ART3) gene is related to non-

obstructive azoospermia (NOA) with high significance. We have used the previously validated method 

HRM to assess the importance of this variation in sub-/infertile Czech men in a case/control study. 

Significant differences in allele/genotype distribution between fertile versus oligozoospermic men were 

found, while in azoospermic men, this difference was not observed. This study was the first replication 

effort to evaluate in a different population the implication of rs6836703: G>A in impaired spermatogenesis. 

We found that the “A” allele of the rs6836703: G>A variant of ART3 is a genetic risk factor for 

oligozoospermia in Czech male population and reveals a protective effect of the “G” allele in 
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spermatogenesis. Further studies in related populations are required to confirm these results and to 

determine the clinical utility of this test for its potential implementation into clinical diagnostics. 

The overall impact of this dissertation is the implementation and clinical validation of HRM in 

DNA diagnostics, including utilization of this method in cystic fibrosis, hyperhomocysteinemia-related 

disorders and male infertility. Validation of diagnostic techniques is topical and the work performed by the 

author of this dissertation has been cited since August 2009 fourteen times. We have provided a useful 

model for other techniques and/or diseases. 
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SOUHRN 

Správné výsledky laboratorních diagnostických testů mají zásadní význam pro diagnostiku a léčbu 

u pacientů s genetickými onemocněními. Vzhledem k tomu, že a) přibližně 80% lékařských algoritmů je 

založeno na těchto vyšetřeních, b) genotypizace zárodečného genomu se obvykle provádí jednou za život, je 

velice důležité, aby výsledky testů byly přesné a prováděné v rámci systémů kvality.  

Cystická fibróza (CF) je jednou z nejčastějších monogenních autozomálně recesivních genetických 

onemocněních vyskytující se převážně u evropských populací. CF je zapříčiněna mutacemi v genu CFTR. 

Do dnešní doby bylo odhaleno více jak 1900 mutací, ale pouze několik z nich má svou četnost vyšší než 1% 

z celosvětového hlediska. Pro potvrzení diagnózy tohoto onemocnění u pacientů, u kterých se detekuje 

standardním screeningovým vyšetřením pouze jedna patogenní mutace, je nutné následně použít citlivý test 

pro vyhledání méně častých mutací nebo variant genu CFTR. V této disertační práci jsme úspěšně použili 

screening mutací a variant ve vybraných exonech genu CFTR pomocí metody HRM. Potvrdili jsme četné 

výhody metody HRM pro mutační skanování a charakterizovali jsme některá důležitá omezení, která musí 

být brána v úvahu v rámci zavádění HRM do rutinní praxe v diagnostických laboratořích. 

Hyperhomocysteinémie se považuje jako jeden z rizikových faktorů pro několik závažných 

onemocnění jako jsou například opakované potraty nebo vrozené trombofilní stavy. V tomto kontextu jsou 

nejčastěji vyšetřovány varianty c.677C>T a c.1298A>C genu MTHFR měnící enzymatickou aktivitu enzymu 

methylenetetrahydrofolát reduktázy (MTHFR), který se podílí na metabolismu homocysteinu. Genotypizace 

těchto variant je proto důležitou součástí stanovení diagnózy u hyperhomocysteinémie. Pomocí 

modifikované metody HRM, kde je zkrácena celková délka analyzovaných amplikonů (HRM of small 

amplicons), se podařilo úspěšně genotypizovat varianty c.677C>T a c.1298A>C u vybrané skupiny pacientů 

s těmito onemocněními. Při diagnostické implementaci této metody v naší laboratoři jsme provedli 

kompletní validaci modifikované formy HRM za použití doporučených validačních parametrů v rámci 

zavedeného mezinárodního systému kvality. 

Vzhledem k tomu, že terminologie používaná při validacích a verifikacích obvykle vede 

k nejasnostem, výzkumné konsorcium Evropské Unie (Eurogentest) vytvořilo doporučení pro validace a 

verifikace molekulárně genetických testů pro rutinní diagnostické účely. Pro zajištění kvality výsledků 

genetických testů, diagnostické laboratoře by měly být akreditovány a v rámci tohoto procesu by měly být 

genetické testy validovány. Autorka této disertační práce byla členkou validační skupiny tohoto projektu.  

Neplodnost postihuje 10 - 15% párů, přičemž asi u přibližně 50% případů mužské neplodnosti 

nebyla původní příčina doposud identifikována. Z tohoto důvodu bylo publikováno velké množství 

publikací analyzujících genetické příčiny mužské neplodnosti. Předchozí publikace zabývající se japonskou 

populací prokázala, že variant rs6836703:G>A v genu pro ADP-ribosyltransferázu (ART3) je signifikantně 

asociována s neobstrukční azoospermií (NOA). Tuto studii jsme replikovali pomocí dříve validované 

metody HRM k posouzení významu této variace u českých sub-/infertilních mužů oproti fertilním 

kontrolám. Nalezli jsme významné rozdíly v distribuci alel/genotypů mezi fertilními muži a pacienty s 

oligozoospermií, zatímco u mužů s azoospermií, nebyl tento rozdíl signifikantní. Tato studie byla první 

úspěšnou replikací patogenetického potenciálu varianty rs6836703: G> A u poruch spermatogeneze. Zjistili 

jsme, tato varianta je asociována s oligozoospermií u českých mužů, přičemž jsme odhalili ochranný účinek 
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alely "G" v spermatogenezi. Je však potřeba tento nález objektivizovat v dalších populacích a určit klinickou 

významnost tohoto vyšetření před jejím zavedením do diagnostické praxe. 

V souhrnu tato práce je modelem pro diagnostickou validaci u ostatních genetických laboratorních 

vyšetření a validace HRM of small amplicons byla již 14x citována. Validovaná metodika byla použita pro 

studium patogenetického potenciálu variant v genu ART3 u mužské neplodnosti.  
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1. INTRODUCTION 

 

1.1 CFTR gene and Cystic Fibrosis 

1.1.1 CF Description and epidemiology 

 Cystic fibrosis (CF; MIM# 219700), also known as mucoviscidosis, is one of the 

most common and life-threatening autosomal recessive genetic disease in Caucasians 

(Bobadilla et al., 2002; Yankaskas et al., 2004; Ratjen 2009). Formerly known as cystic 

fibrosis of the pancreas, CF is a multisystem disorder which impairs clearance of 

secretions due to thickness of mucosa in a variety of organs affecting mainly lungs, 

pancreas, sweat glands and reproductive organs. It is characterized by recurrent pulmonary 

infections which leads to pulmonary hypertension and respiratory failure, exocrine 

pancreatic function deficiency causing malabsorption and growth retardation, excessive 

electrolyte secretions by the sweat glands, and also may cause congenital bilateral absence 

of the vas deferens (CBAVD; MIM# 277180) an important cause of infertility in men 

(Phillipson et al., 2000; Noone and Knowles, 2001; Yankaskas et al., 2004). 

The increased viscosity of bronchial mucus is caused by defects in the Cystic 

Fibrosis Transmembrane Conductance Regulator protein (CFTR; ATP binding cassette, 

subfamily C, member 7; MIM# 602421). CFTR protein has a length of 1480 amino acids 

(UniProt# P13569). It is a chloride channel located in the outer layer of epithelial cell 

membranes, its dysfunction causes accumulation of chloride (negative charged) and 

consequently, the flux of sodium producing salt (recognized by the salty sweat in patients) 

resulting in an impaired mucociliary clearance (Ballard et al., 1999; Boucher, 2007).  

The CFTR gene is located in the chromosome 7q31.2, contains 27 exons and spans 

189 kb of DNA (Riordan et al., 1989; Rommens et al., 1989). Until this date, more than 

1900 genetic variants for CFTR gene have been reported, but it is still important to 

elucidate the functional consequences of many of these mutations since the majority of 
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them are rare. Actually, only 5 mutations occur with a frequency more than 1% in 

worldwide estimates (www.genet.sickkids.on.ca; accesed by February, 2012). Cystic 

fibrosis phenotypes vary depending on the CFTR mutations carried by the patient. Some 

mutations such as p.F508del (ΔF508), the most common mutation for cystic fibrosis with 

an estimated frequency of 66% worldwide (http://www.genet.sickkids.on.ca), are 

associated with severe phenotypes, while others are associated with mild symptoms 

(Noone and Knowles, 2001; Rohlfs et al., 2002; Ratjen and Döring, 2003). Also vary the 

frequency and distribution of CFTR variants depending on the population of origin. For 

example, p.F508del, ranges from as high as 100% in the Faroe Islands of Denmark to as 

low as 24.5% in Turkey (Bobadilla et al., 2002). In Albania, Finland and Lithuania only 4 

mutations occur at frequencies ≥ 0.5%, while in Belgium there are 27 mutations 

(Bobadilla et al., 2002) and in the Czech Republic, 17 mutations with frequencies ≥ 0.5% 

(Balascakova, 2010). Moreover, some common mutations are specific to ethnic groups, 

such as pW1282X among Ashkenazi Jews and c.3120 + 1G>A among native Africans 

(Montgomery et al., 2007). In the Czech Republic, the most prevalent deletion is the 

p.F508del with a frequency of 66.90% (Balascakova, 2010). See Table 1. 

Despite intensive and long-term treatment, majority of CF patients experience 

recurrent illnesses and progressive disability. The average life expectancy for a CF patient 

in the United States is 32 years (Yankaskas et al., 2004). In the United States, CF occurs 

with a frequency of 1 in 2500 - 3500 births to Caucasians; 1 in 4,000–10,000 Hispanic 

Americans; 1 in 15,000–20,000 African Americans; and 1 in 100,000 Asian Americans. 

(http://www.cff.org/), while in the Czech Republic the incidence established by newborn 

screening is of 1 in 4000 newborns (Balascakova et al., 2009). In the United States, 

approximately 1 in 29 Caucasians is a carrier for CF, 1 in 46 Hispanic Americans; 1 in 65 

African Americans; and 1 in 90 Asian Americans (http://www.cff.org/; accessed by 

February 2012). Due to the high frequency of carriers, it is of importance to examine for 

CF carrier mutations in couples planning to have or expecting a child especially in 

Caucasian populations. 
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Table 1. Most common mutations (frequencies higher than 1%) detected at the Cystic 

Fibrosis Center, University Hospital Motol, Prague, Czech Republic (*). 

 

Mutation N % 

F508del (c.1520_1522delTCT) 768 66.90 

c.CFTRdele2.3/21kb/  67 5.84 

G551D (c.1652G>A) 34 2.96 

N1303K (c.3909C>G) 29 2.53 

G542X (c.1624G>T) 23 2.00 

3849+10kbC>T (c.3717+12191C>T) 20 1.74 

1898+1G>A (c.1766+1G>A) 15 1.31 

  (*) Adapted from Balascakova, 2010.  

    Using both, the legacy and Human Genome Variation Society (HGVS) nomenclature. 

 

 

 

1.1.2 CF Diagnostics 

When a patient is suspected of having CF it is necessary to confirm the diagnosis 

by biochemical substantiation of the CFTR dysfunction. Laboratory tests performed to 

confirm CF are: 1/ sweat test; 2/ measurement of nasal potential difference (PD; an 

abnormal nasal PD measurement recorded on 2 separate days can be used as evidence of 

CFTR dysfunction); and/or 3/ genetic analysis of CF-causing mutations also used for 

prenatal diagnosis and carrier test (Rosenstein and Cutting, 1998; Yankaskas et al., 2004; 

Dequeker et al., 2009).   In newborn screening programs, the concentration of 

immunoreactive trypsinogen (IRT) in newborns’ blood is tested. The amount of IRT tends 

to be increased above arbitrary “threshold” in people with CF, but may be increased also 
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due to other reasons. Therefore, an examination test to confirm CF is needed (Balascakova 

et al., 2009; http://www.cff.org/). 

In adults, the quantitative pilocarpine iontophoresis sweat test is the initial 

diagnostic examination and with the highest utility for the diagnosis of CF. Within CF 

adult patients, sweat chloride concentration is abnormal in > 90% of patients, but there is 

still a number of CF patients with normal or borderline sweat chloride values. Therefore, 

this method could not be used as a single assay to diagnose CF due to false negativity in 

atypical CF patients (Yankaskas et al., 2004).  

Particularly in suspected patients with normal or borderline sweat chloride 

concentrations, a test for CFTR mutations ought to be performed. However, the detection 

of mutations in adult patients becomes more complicated since they likely carry a rare or 

an unidentified mutation not included in commercial mutation screening panels 

(Yankaskas et al., 2004). Complete analysis of CFTR gene may be used in those patients 

when disease alleles are not identified by routine CFTR genotyping assays. Nonetheless, 

complete gene analysis is not generally recommended as variants of unknown clinical 

significance complicate genetic counseling. Moreover, sequencing of the entire CFTR 

gene remains expensive and laborious (Yankaskas et al., 2004; Montgomery et al., 2007; 

Polou et al., 2012).  

Alternatively, scanning techniques such as DGGE (denaturing gradient gel 

electrophoresis), DHPLC (denaturing high performance liquid chromatography) and 

SSCP (single strand conformation polymorphism) have been used to identify CFTR 

variants, however, despite their high degree of accuracy and relatively low cost, the labor-

intensive nature of these techniques restricts their use to research and selected reference 

laboratories (Montgomery et al., 2007; Dequeker et al., 2009). 
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1.2 Hyperhomocysteinemia related to MTHFR 

1.2.1 Homocysteine and MTHFR 

Homocysteine (Hcy) is a sulfur amino acid derived from the metabolism of 

methionine, which after conversion to S-adenosylmethionine, is the most important 

methyl group donor in the body. Hcy is metabolized by either remethylation or 

transsulfuration pathways. The enzyme 5,10-methylenetetrahydrofolate reductase 

(MTHFR; EC 1.5.1.20) regulates the remethylation pathway of homocysteine catalyzing 

the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a co-

substrate for homocysteine remethylation to methionine and the predominant circulating 

form of folate, see Figure 1 (Legnani et al., 1997; Selhub, 1999; Brustolin et al., 2010).  

Hyperhomocysteinemia arises from disrupted homocysteine metabolism and might 

be due genetic and/or acquired factors. Acquired causes mainly include low vitamin intake 

of B6, B12 and folic acid vitamins leading to an increase in homocysteine levels. Genetic 

determinants include the cystathione β-synthetase deficit producing 

hyperhomocysteinemia with very high levels in homozygous carriers, and, variants on the 

methyltetrahydrofolate reductase (MTHFR) gene (Selhub, 1999; den Heijer, 2003; Slavik 

et al., 2009; Brustolin et al., 2010).  

Common variants of the methylenetetrahydrofolate reductase (MTHFR) gene are 

c.677 C>T (rs1801133:C>T; p.A222V) and c.1298 A>C (rs1801131: A>C; p.E429A). 

These variants result into reduction of MTHFR enzymatic activity, in particular in the case 

of the c.677 C>T variant, since the MTHFR protein carrying the Ala222Val variation 

(rs1801133: C>T; c. 677 C>T; p.A222V), located in a highly conserved residue of the 

molecule, is thermolabile and has a reduced activity increasing homocysteine levels 

(Legnani et al., 1997: Gemmati et al., 1999). The c.1298 A>C variant also affects protein 

activity but it is not associated with high levels of Hcy and is not associated with low 

folate levels. Combined heterozygosity for both common MTHFR mutations (i.e. c.677 

C>T and c.12989 A>C) results in similar characteristics to those observed in homozygotes 

for the c.677 C>T variation (van der Put et al., 1998). 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22den%20Heijer%20M%22%5BAuthor%5D
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Figure 1. Homocysteine metabolism (Brustolin et al., 2010). 

 

 

The MTHFR gene (GeneID: 4524; MIM# 607093) is located in the chromosome 

1p36.3, has 12 exons, spans 21 kb of DNA and encodes a protein of 656 amino acids 

(UniProt# P42898). Currently, the most common methods to genotype MTHFR c.677 C>T 

(rs1801133: C>T; p.A222V) and c.1298 A>C (rs1801131: A>C; p.E429A) variants 

include RFLP (Restriction Fragment Length Polymorphism) (Frosst et al., 1995; Hanson 

et al., 2001) and commercial kits (based on hybridization). Both techniques are a laborious 

and time-consuming. 
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1.2.2 Hyperhomocysteinemia and related disorders 

High levels of homocysteinemia have been related to several disorders such as 

neural tube defects, diabetes, vascular dementia, Alzheimer’s disease, spontaneous 

abortion, thrombophilia, and certain types of cancer (Schwahn & Rozen, 2001; den Heijer, 

2003; Kono & Chen, 2005; Blom et al., 2006; Bolufer et al., 2006; Eldibany and Caprini, 

2007; Brustolin et al., 2010; La Merrill et al., 2012).  

 

1.2.2.1 Inherited thrombophilia 

Already, in the 19th century, it has been established that increase in blood 

coagulability (hypercoagulability) may lead to venous thrombosis. Therefore, 

thrombophilia is defined as “an inherited or acquired abnormality of hemostasis 

predisposing to thrombosis” (Middeldorp, 2011). 

Patients affected with thrombophilic alterations present a wide variability of 

symptoms (Legnani et al., 1997). Hyperhomocysteinemia is a risk factor of atherosclerosis 

and venous thrombosis. It is associated either with atherosclerosis or venous thrombosis 

but not with both (Eldibany and Caprini, 2007). The MTHFR c.677 C>T variation is an 

independent risk factor for arterial and venous thrombosis (Gemmati et al., 1999; Salomon 

et al., 1999).  

Mild/moderate hyperhomocysteinemia is a cause for recurrence of venous 

thrombosis in patients with coexistent risk factors and represents 5–10 % of all clinical 

thrombotic episodes (Legnani et al., 1997; Gemmati et al., 1999; den Heijer, 2003; 

Eldibany and Caprini, 2007; Slavik et al., 2009). Hyperhomocysteinemia is a surrogate for 

low levels of a group of B vitamins, which represent an objective risk for vascular disease 

(Eldibany and Caprini, 2007). 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22den%20Heijer%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22den%20Heijer%20M%22%5BAuthor%5D
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1.2.2.2 Recurrent Pregnancy loss 

Recurrent pregnancy loss (RPRGL1; MIM: #614389), also called recurrent 

miscarriage or recurrent spontaneous abortion (SA) is the most common complication of 

pregnancy and is defined as the spontaneous fetal loss before 20 weeks of gestation (i.e. 

before the fetus has reached its viability). RPRGL1 is defined as three or more consecutive 

SAs. About 1% of couples are affected by RPRGL1 and around 5% of couples are 

affected by two or more SAs (Rai and Regan, 2006; Rodriguez-Guillen et al., 2009). 

Lifestyle, diet, and, maternal “genetic background” have been proposed as 

predisposition factors for SA. Mainly, maternal and paternal smoking, including maternal 

alcohol and coffee consumption during pregnancy have been associated with a higher risk 

of SA. Moreover, low folate levels and suboptimal folate metabolism, determined by 

hyperhomocysteinemia, have also been associated with RPRGL1 (Rodriguez-Guillen et 

al., 2009). 

MTHFR c.677 C>T and c.1298 A>C variants increase the risk of spontaneous 

abortion, regardless of dietary intake of B vitamins. (Rodriguez-Guillen et al., 2009). 

Additionally, the c.1298 A>C variant may be an independent risk factor for the 

development of SA associated with fetal chromosomal aneuploidy (Kim et al., 2011). 

 

 

1.3 Male infertility 

1.3.1 Definition, classification and idiopatic infertility 

 Subfertility and infertility definitions are particularly important for the proper care 

in patients with repeated reproductive failure. However, the terminology used in 

reproductive medicine usually leads to confusion (Habbema et al., 2004). The term 

subfertility should be used to name any form of reduced fertility in couples unsuccessfully 

trying to conceive within a prolonged time (Jenkins et al., 2004; Gnoth et al., 2005). 

Time-to-pregnancy (TTP) estimations and cumulative probabilities of conception (CPC) 
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are crucial to determine the degree of subfertility in order to provide the appropriate care 

and avoid over or under-treatment of subfertile couples (Brosens et al., 2004; Gnoth et al., 

2005).  

Infertility is defined as one year of “unwanted non-conception” with unprotected 

intercourse within the fertile phase of menstrual cycles (Evers, 2002) and may be used in 

equivalence to sterility (Gnoth et al., 2005). Timing and prevalence are described in Table 

2. 

Infertility affects 10 – 15% couples trying to conceive in Western countries 

(McClure 1986; de Kretser, 1997). It has been estimated that 50% are of female origin, 

35% are due to male factor, and 15% are unexplained (Ayensu-Coker et al., 2007). 

Sperm disorders are the single most common cause of “male factor” infertility 

(Razvi et al., 1999). Ejaculatory disorders and impotence also result in infertility but could 

be effectively treated (Ayensu-Coker et al., 2007). Sperm disorders may be classified 

according to sperm counts into oligozoospermia and azoospermia. Azoospermia refers to 

no spermatozoa in the ejaculate (given as the limit of quantification for the utilized 

examination method). Oligozoospermia is defined as the total number (or concentration, 

depending on the outcome reported) of spermatozoa below the threshold of 39x10
6
  

spermatozoa per ejaculate or 15x10
6
 spz/mL (WHO, 2010).  

Approximately 50 % of male infertility cases have been classified as “idiopathic” 

since their original cause has not yet been identified (Shefi and Turek, 2006; Krausz and 

Giachini, 2007). Considering the complexity of spermatogenesis and the high number of 

genes involved, it is likely that genetic causes alone contribute to the development of 

unexplained cases of male infertility (Ferlin et al., 2006; Shefi and Turek, 2006; Krausz 

and Giachini, 2007). 
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Table 2. Definition and prevalence of subfertility and infertility (*). 

 

Time Prevalence/grading Chances to conceive spontaneously in the future 

After six unsuccessful 

cycles 

About 20% at least slightly subfertile 

couples 

50% of these couples will conceive spontaneously in the 

next six cycles, the remaining are moderately subfertile 

[Equivalent to slightly reduced fertility (Habbema et al., 

2004)] 

After 12 unsuccessful 

cycles 

About 10% at least moderately or 

seriously subfertile couples 

50% of these couples will conceive spontaneously in the 

next 36 months, the remaining are nearly complete 

infertile [Equivalent to moderate/seriously reduced 

fertility (Habbema et al., 2004)] 

After 48 months About 5% nearly complete infertile 

couples 

Couples with only sporadic spontaneous conceptions 

[Equivalent to sterile couple (Habbema et al., 2004)] 

(*) Gnoth et al., 2005. 

 

 

 

 

1.3.2 Male infertility – Genetic background and candidate factors 

It has been proposed that around 15% of male infertility cases are due to 

chromosomal abnormalities and single gene defects (Ferlin et al., 2006). Chromosomal 

abnormalities that significantly affect fertility comprise the Klinefelter syndrome (47, 

XXY), sex chromosome alterations such as 47, XYY and Y-chromosome microdeletions 

(AZF deletions) (Simoni et al., 2004; Ferlin et al., 2006; Martin, 2008). Klinefelter 

syndrome (KS) represents the most common forms of male hypogonadism and is the most 

frequent sex chromosome aneuploidy in males, with a prevalence of 0.1 – 0.2% in 

newborns. Its frequency among sub-/infertile men is further increased: 5% in severe 

oligozoospermic and 10% in azoospermic men (Ferlin et al., 2006). 
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Klinefelter syndrome (KS) and AZoospermia Factor (AZF) microdeletions of the 

Y chromosome: AZFa, AZFb and AZFc, are the most common genetic cause of male 

infertility (Lanfranco et al., 2004; Simoni et al., 2004; Vogt et al., 1996). The Y 

chromosome contains a high number of gene and gene families that are necessary for 

spermatogenesis. Many of these genes are localized in AZF regions that are replete with 

repetitive elements that may undergo complex deletions events (Repping et al., 2002). The 

most frequent Y chromosome microdeletion is the deletion of the AZFc region which 

causes azoospermia or severe oligozoospermia. AZFc microdeletion has a prevalence 

ranging from 2% to 10% in infertile men and could even be higher in other populations 

(Simoni et al., 2004). 

Described single-gene causes of male sub-/infertility have been related to androgen 

receptor (AR) and CFTR genes. Androgens and a functional AR are essential for 

development and maintenance of the male phenotype and spermatogenesis. 

Approximately 90% of mutations in the AR gene have been reported in different types of 

defects known as a group as androgen insensitivity syndrome (AIS), ranging from mild 

(MAIS) to complete androgen insensitivity (CAIS) (Ferlin et al., 2006; Rajender et al., 

2007).  

Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) 

gene lead to congenital bilateral absence of the vas deference (CBAVD), causing 

obstructive azoospermia in more than 95 % of males with CF.  Conversely, 50 – 80% men 

with CBAVD (but no digestive or pulmonary symptoms suggestive for CF) will carry a 

CF-causing mutation (Dohle et al., 2006; Ferlin et al., 2006; Radpour et al., 2008). CFTR 

mutations have also been related to non-obstructive azoospermia (NOA) or idiopathic 

infertility, but larger studies corroborating these results are missing (Schlegel, 2007). 

There have been many attempts to identify other genetic factors associated with 

male infertility, but until this date only inconsistent results have been found thus far. This 

trait has been associated with a broad list of genes and variants: gr/gr deletions of the 

AZFc region on the Y chromosome, variants in genes involved in endocrine regulation of 

spermatogenesis, such as CAG repeats in the exon 1 of the androgen receptor gene (AR) 
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and follicle stimulating hormone receptor gene (FSHR), variants in genes of common cell 

functions as polymerase (DNA directed), gamma gene (POLG) and 5, 10-

methylenetetrahydrofolate reductase gene (MTHFR). In addition, variants in genes 

involved in specific spermatogenic functions, such as deleted in azoospermia-like gene 

(DAZL), protamine 1 and 2 genes (PRM1 and PRM2) and ubiquitine specific peptidase 26 

gene (USP26) (Ferlin et al., 2006; Rajender et al., 2007; Tuttelmann et al., 2007, Krausz 

and Giachini 2007; Giachini et al, 2008). These discordant results might be due to the 

heterogeneity of the studied populations, penetrance of these polymorphisms (which 

usually depends on the ethnical background), different selection criteria of cases and 

control cohorts (fertile, normospermic vs. azoospermic, oligozoospermic or infertile all 

together); influence of environmental and epigenetic factors, or statistic approaches used 

for analysis (Tuttelmann et al., 2007, Aston and Carrell, 2009).  Also the list of single 

studies reporting an association between a polymorphism and male infertility is 

increasing, but no replicate studies or meta-analyses has been published, so far (Aston and 

Carrell, 2009). 

 

1.3.3 ADP-ribosyltransferase 3, rs6836703: G>A SNP 

Outcomes of a previous genome-wide expression study suggested that the 

rs6836703: G>A single-nucleotide polymorphism (SNP) from the ADP-ribosyltransferase 

3 (ART3) gene, located into the intron 10 (NCBI database, reference sequence 

NT016354.18, accessed by 05-25-2010), is related to NOA in the Japanese population 

(Okada et al., 2008).   

Mono-ADP-ribosyltransferases (ART) (EC 2.4.2.31) catalyzes the reversible post-

translational protein modification, mono-ADP-ribosylation, which involves the transfer of 

the ADP-ribose moiety from NAD
+
 to a specific amino acid in a target protein, while the 

nicotinamide moiety is released. This modification is presumed as a mechanism to 

regulate endogenous protein functions. Mono-ADP-ribosylation was originally discovered 

as the mechanism by which diphtheria toxin blocks protein synthesis (Honjo et al., 1968). 

The best known ARTs are represented by bacterial products (e.g. cholera toxin, pertussis 
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toxin, Escherichia coli heat-labile enterotoxin and Pseudomonas aeruginosa exotoxin A). 

They produce profound changes in the cellular metabolism of the human host cells by 

interfering with signal transduction via attachment of ADP-ribose onto regulatory G-

proteins (Koch-Nolte et al,. 1997; Glowacki et al., 2002; Friedrich et al., 2006a). 

The ART3 gene is a single-copy gene, member of the mono-ADP-

ribosyltransefrase family genes (the family of human ART comprises four members: 

ART1, ART 3-5) (Koch-Nolte et al,. 1997; Glowacki et al., 2002; Friedrich et al., 2006a). 

ART3 was mapped to the chromosome 4p15.1-p14 (Koch-Nolte et al,. 1997). This gene 

contains 11 exons and spans 33.13 kb of DNA (Glowacki et al., 2002; Friedrich et al., 

2006b).  

ART3 gene encodes a protein of 389 amino acids (isoform a). The ART3 protein 

has another two isoforms: isoforms b and c have a length of 378 and 367 amino acids, 

respectively (NCBI database, accessed by 02-22-2011). According to the protein 

sequence, ART3 contains two signal peptides. The hydrophobic N-terminal peptide 

exhibits features of an extracellular protein, while the C-terminal contains a long stretch of 

hydrophobic amino acids, a characteristic feature of glycosyl-phosphatidylinositol (GPI)-

anchored membrane proteins (Friedrich et al., 2006a; Friedrich et al., 2006b). 

The biological function of ART3 is still unknown since this protein lacks the 

active site motif (R-S-EXE) thus which is essential for catalytic activity of the arginine-

specific transferases. ART3 under cell culture conditions is not able to catalyze the 

transfer of ADP-ribose to arginine, but also to other amino acids indicating that it had lost 

its enzyme activity and could have acquired a new protein binding function (Glowacki et 

al., 2002; Friedrich et al., 2006a; Friedrich et al., 2006b). Interestingly, the ART3 protein 

is expressed in human testis, especially in spermatocytes. Temporary expression profile of 

ART3 suggests that it might play a key role in a tightly regulated specific stage of 

spermatogenesis (Friedrich, et al. 2006a; Friedrich, et al. 2006b).  
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1.4 High Resolution Melting (HRM) 

1.4.1 Description and characteristics 

Advances in DNA testing technologies have provide an impetus for the 

development of different mutation detection techniques. Direct DNA “Sanger” sequencing 

remains as the “gold standard”. However, it is still expensive, laborious and time 

consuming. Several methods have been developed to simplify the detection and reduce the 

overload of sequencing, with the most common diagnostic techniques being based on 

restriction enzyme analysis (Botstein et al., 1980), allele-specific amplification (Newton et 

al., 1989), ligation based assays (Baron et al., 1997), single-base extension (Li et al., 

1999), fluorogenic ASO hybridization probes (Schaeffeler et al., 2003; Murugesan et al., 

2006) and pyrosequencing (Ahmadian et al., 2000). Nevertheless, despite automatization, 

most of them still are time consuming and their success is dependent on the analyst’s 

experience. 

A new alternative for mutation scanning was introduced by Carl Witter and his 

group in 2003 (Wittwer et al., 2003). The high Resolution Melting (HRM) quickly 

emerged as a rapid, simple, economical and high-throughput mutation scanning method 

(Reed & Wittwer, 2004; Wittwer et al., 2003; Reed et al., 2007; Erali et al., 2008). HRM 

is based on DNA thermodynamics of melting (Figure 2). With the utilization of 

fluorescence saturating dsDNA-binding dye and an instrument able to record fluorescence 

transitions in high resolution, it is feasible to monitor DNA melting transitions as 

gradually the temperature increases and as the dye is being released by measuring the 

proportional decrease of fluorescence. This way, it is possible to record more than 25 

readings per 1 ºC. The fluorescence decreases as DNA intercalating dye is released from 

double-stranded DNA during the process of its dissociation (melting) into single strands.  

(Wittwer et al., 2003; Reed & Wittwer, 2004; LightCycler® 480 Operator’s Manual, 

Roche 2007).  

Other advantage, particularly important for a routine diagnostic setting, is that 

PCR amplification and melting curve analysis are performed within the same tube or 

plate, without any post-PCR processing. HRM thus, has similar or higher sensitivity and 
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specificity than methods that require physical separation (Erali et al., 2008). Furthermore, 

HRM is a highly sensitive and specific technique for mutation scanning that could be 

easily integrated into clinical diagnostic pre-screening strategies (NGRL, 2006; Erali et 

al., 2008). 

Instruments which merely perform melting are not sensitive enough for high 

resolution applications. Most of the platforms used for HRM use microtiter plates that 

allow the simultaneous analysis of 96 or 384 samples (Vossen et al., 2009). Recently, a 

new platform called LightCycler® 1536 System from Roche Applied Science with the 

proprietary plate allows the analysis of 1536 samples at the same time. In most of these 

platforms using microtiter plates, a well-to-well difference in temperature is present 

thereby affecting HRM sensitivity. Seipp and colleagues (Seipp et al., 2007) developed 

control temperature calibration probes that melt at low and high temperatures, while the 

software use such probes to adjust Tm values. These authors, where able to reduce Tm SD 

by 38% increasing the overall sensitivity of the method (Seipp et al., 2007). It is important 

to notice that not all softwares for HRM are able to use respective calibration probes 

(Vossen et al., 2009). 

Additionally, the dsDNA-binding dye utilized must be “saturating”. This feature 

allows recording the release of the dye as the DNA strands are being separated, while the 

redistribution along the DNA strand is minimal (Figure 3). HRM success also depends on 

PCR product purity. Therefore, PCR amplification must be specific and have an adequate 

yield. DNA quality plays an important role in order to achieve good quality melting 

profiles. Any extraction method could be used but it is important to use same buffers for 

dilutions (NGRL, 2006; Montgomery et al., 2007; Fortini et al., 2007). 
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Figure 2. DNA Melting Curve Profile. The melt curve (green) plots the transition from 

high number of H2 bonds of the initial pre-melt phase (high number of double-stranded DNA 

(dsDNA)) through the sharp loss of H2 bonds of the melt phase due to an increase of the 

temperature causing the release of the H2 bonds, to the complete loss of H2 bonds, having only 

single-stranded DNA (ssDNA) at the post-melt phase. The midpoint of the melt phase defines the 

temperature of melting (Tm) of the particular DNA fragment under analysis. Adapted from Corbett 

Research, 2006. 
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With the development and understanding of the HRM technology, different 

applications have arisen such as genotyping with labeled/unlabeled probes, genotyping 

using small amplicons or snap back primers, detection of variable-number tandem repeats, 

detection of RNA editing, and methylation-sensitive high resolution melting (MS-HRM) 

(Pubmed search keywords: “high resolution melting”, accessed by March 2011). In this 

thesis, we will be focusing on two of these applications: 1/ the original application of 

HRM which is mutation scanning and on 2/ HRM genotyping by small amplicons. These 

applications will be further discussed in the paragraphs below.  

 

1.4.2 HRM for gene scanning 

High Resolution Melting of PCR products can be used as a mutation scanning 

method to identify any heterozygous DNA between PCR primers. Differences in the 

melting curve shape allow identification of a heterozygous sample (i.e. via simple eye-

inspection by the analyst) (Wittwer et al., 2003; Graham et al., 2005; Montgomery et al., 

2007). These differences can be displayed by superimposing normalized curves and 

plotting the fluorescence difference between wild-type and heterozygous samples (Erali et 

al., 2008) (Figure 4). 

Once a variant is found, sequencing of the specific amplicon usually detects the 

variant identified by HRM. Although with lower sensitivity, homozygous mutations may 

also be identified, while small homozygous deletions/insertions are usually missed. This 

disadvantage can be overcome by: 1/ 1:1 mixes of tested sample with wild-type samples 

(i.e. creating artificial heterozygotes) or by 2/ decreasing the length of the DNA fragment 

to be analyzed (Montgomery et al., 2007). 

 

 

 



29 

 

 

 

 

 

 

 

Figure 3. Redistribution of DNA intercalation dyes during DNA dissociation. The 

reduced reaction toxicity of 3rd generation dyes means that a higher concentration of dye can be 

used. Higher dye concentration increases the level to which the DNA becomes saturated with dye 

molecules. Saturation is believed to reduce dye redistribution effects during DNA dissociation (as 

illustrated) which increases the resolution of melt analysis (Corbett Research, 2006). 
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The capacity to detect heterozygous mutations by HRM is very good, but still one 

issue remains: whether HRM is able to distinguish between different heterozygotes in the 

same amplicon. Four classes of SNPs have been established based on the homo- and 

heteroduplexes that are formed after amplification of a heterozygous sample (see Table 3). 

Tm differences between homozygous samples are greater in the first two classes; with 

differences usually being between 0.8 – 1.4 °C (Liew et al., 2004). These two classes 

comprise > 84% of human genome (Venter et al., 2001). Difference in Tm in the classes 3 

and 4 are usually < 0.4 °C, since the base pair (A::T or C::G) is just inverted and the 

difference is only due to the nearest-neighbor stability (Liew et al., 2004). Since 

heteroduplexes mismatches from different SNP class are different, it should be possible to 

visualize such differences by their melting profiles. Moreover, it should be possible to 

detect heterozygotes within the same SNP class considering that nearest-neighbor stability 

parameters also determine their melting behavior (Liew et al., 2004; Graham et al., 2005). 

We addressed this question in a previous publication originating from our group and 

attached to this dissertation (Krenkova et al., 2009). 

 

 

Table 3. SNP classification according to the homo- and heteroduplexes formed after 

amplification of a heterozygous sample (*). 

Class SNP Transitions Homoduplex matches Heteroduplex matches 

1 C/T or G/A C::G and A::T C::A and T::G 

2 C/A or G/T C::G and A::T C::T and A::G 

3 C/G C::G C::C and G::G 

4 T/A A::T T::T and A::A 

(*) Adapted from Liew et al., 2004. 
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Figure 4. Heterozygote detection by HRM. Different DNA sequences have different 

melting profiles and this difference in the melting curve shape allows identification of 

heterozygous samples. In this normalized and temperature shifted difference plot we may easily 

recognize three different heterozygous variants (Var1: variant 1; Var 2: variant 2; Var3: variant 3) 

from the wild-type samples (WT) for the same DNA fragment amplified. 
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1.4.3 HRM for genotyping 

 High Resolution Melting is based on thermodynamic differences between DNA 

fragments. Discrimination between homozygous genotypes is difficult because the 

difference between homozygous sequence melting profiles is usually merely represented 

by a slight shift in the melting temperature (Tm), but not by a change of the melting curve 

profile. Moreover, some homozygous SNPs have melting curves impossible to 

differentiate from the wild-type profile, as predicted by nearest-neighbor thermodynamic 

models (Palais et al., 2005). In order to solve this issue, laboratories usually prepare 1:1 

sample mixes with a tested sample and a wild-type sample for the amplicon tested. This 

creates an artificial heterozygote. However, this procedure increases the time, workload 

and wild-type DNA sample needed for the test.  

Reducing the amplicon size allows a better discrimination between homozygous 

samples. As amplicon size is reduced, the Tm differences between genotypes are 

accordingly increased facilitating the discrimination between genotypes and increasing the 

sensitivity of the technique (Liew et al., 2004; Erali et al., 2008) (Figure 5). Moreover, 

decreasing the amplicon size simplifies the primer design because these are chosen as 

close as possible from the SNP to be detected. Shortening in fragment size, also reduces 

the PCR cycling time since lower melting temperatures are used for the denaturation phase 

and no holds are needed on the extension phase (Erali et al., 2008). 

In the current literature there are many examples for the use of HRM for gene 

scanning or genotyping (Reed & Wittwer, 2004; Liew et al., 2004; Reed et al., 2007; Erali 

et al., 2008; Nomoto et al., 2006; Hung et al., 2008; Bastien et al., 2008; Audrezet et al., 

2008). Despite the rapid introduction of this technique into DNA diagnostics (Erali et al., 

2008) there is no publication on exhaustive validation as required for quality assurance 

purposes stipulated by the “OECD guidelines for quality assurance in genetic testing” 

(http://www.oecd.org/).  

Therefore, our laboratory reported an example of validation strategies for SNP 

genotyping by HRM focused in a diagnostic setting using as a model the examination of 

common variants of the methylenetetrahydrofolate reductase (MTHFR) gene: c.677 C>T 
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(rs1801133: C>T; p.A222V) and c.1298 A>C (rs1801131: A>C; p.E429A) (Norambuena 

et al., 2009). These variants have been proposed to be associated with different disorders 

such as neural tube defects, infertility, thrombosis or some types of cancer associated to 

impaired folate metabolism due to a measurable reduction of enzymatic activity of 

MTHFR, in particular for the c.677 C>T variant (Schwahn & Rozen, 2001; Blom et al., 

2006; den Heijer, 2003; Kono & Chen, 2005; Bolufer et al., 2006).  

 

 

 

 

 

 

Figure 5. Homozygous DNA identification by HRM of small amplicons. Normalized 

melting curves plot of two different homozygous samples. The reduction in the size of the 

fragment amplified increases the difference in meting profiles of a DNA sample allowing an easier 

detection between homozygous samples. 
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1.5 Diagnostic genetic tests and method validation  

1.5.1 Quality assurance in molecular genetic tests 

The development and improvement of new technologies for molecular tests and 

the progress in understanding the molecular basis of diseases as in immunology, cancer, 

inherited diseases and infectious diseases, have fostered rapid introduction of molecular 

genetic tests for the diagnosis of a 1/ disease, 2/ the predisposition to a disease or to 3/ 

predict drug response of a patient (Jennings et al., 2009). 

Considering that genotyping is performed usually only once per lifetime, it is 

crucial to guarantee highly accurate test results since these affect the further treatment 

management and family planning of an individual (OECD guidelines, 2007).   

Approximately 80% of medical decisions are made based on diagnostic tests, 

showing a high value and influence of laboratory test results (IVD manufacturers, 2004). 

Therefore, as Jennings states in their article, “it is encouraging to know that a laboratory’s 

efforts assure patients and the public that we in the health care system are acting in their 

best interests” (Jennings et al., 2009). Consequently, is an obligation for diagnostic 

laboratories to provide high quality tests results (OECD guidelines, 2007) and even 

though genetic tests are precise, there are always some limitations that must be considered 

before implementing a method within a diagnostic setting (Jennings et al., 2009).  Thus, in 

the frame of quality assurance, which is defined according to ISO9000 standards as “all 

those planned and systematic activities implemented within a quality system, and 

demonstrated as needed to provide adequate confidence that an entity will fulfill 

requirements for quality” (www.iso.org), each genetic laboratory working within a health 

care system should be accredited. For example, to reach accreditation a laboratory must, 

together with other requirements, have qualified personnel, adequate infrastructure, 

participate in external quality assurance schemes, validate or verify all implemented tests 

and document any deviation performance of those tests (OECD guidelines, 2007). 
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1.5.2 Validation and verification 

Formal requirements for accreditation of laboratories according to ISO15189 and 

ISO17025 standards (www.iso.org) comprise validation and verification of implemented 

tests. Additionally, the ACCE framework stipulates that a laboratory implementing a new 

test must subject it to analytical validation, clinical validation, clinical utility and 

consideration also ethical, legal and social implications (Sanderson et al., 2005). However, 

there is vagueness about terminology and the choice of most appropriate quality assurance 

parameters. Regulatory organizations do not accurately define the terminology related to 

test validation, and this is translated into confusing interpretation of these terms (OECD, 

2007; Jennings et al., 2009). In this respect, FP6 – FP7 Eurogentest projects 

(www.eurogentest.org) have created a working group focused on developing a framework 

for validation that is expected to be extensively implemented in laboratories to improve 

the quality of genetic services. This working group published a generic scheme for the 

validation and verification of molecular genetic tests for diagnostic use (Mattocks et al., 

2010). Previously, our laboratory suggested validation-related parameters as stipulated by 

ISO15189 (www.iso.org); QSOP 23 (www.evaluations-standards.org.uk); the American 

College of Medical Genetics (ACMG) (ACMG, 2006); the International Conference on 

Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human 

Use (ICH) (ICH, 1994), including recommendations of the Czech Clinical Biochemistry 

and Medical Genetics societies (Brdička et al.), or as reported elsewhere (Prence, 1999). 

An example for diagnostic validation related to molecular genetic tests confined to 

qualitative test results was published by the author of this dissertation (Norambuena et al., 

2009).  

A survey carried out by Eurogentest (www.eurogentest.org; 2005) where 

laboratories were asked to share their experiences with CE-marked in vitro diagnostic 

(IVD) assays within routine cystic fibrosis (CF) diagnostics, highlighted the necessity to 

strengthen the awareness of validation/verification usefulness in all types of genetic tests, 

even in the case of CE-marked commercial diagnostic assays. This is due to the fact that 

DNA diagnostic laboratories do not routinely verify CE-marked assays prior to their 

implementation in diagnostic settings. Likewise, almost 50 % of laboratories modified 
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manufacturer-recommended protocols of CE-marked IVD CF assays and, interestingly, 

many of them did not validate these changes (Camajova et al., 2009).  

In the USA, introduction of a new method for diagnostic use does not require FDA 

approval and as result of this, laboratories have developed the majority of their tests taking 

the obligation to fully validate all implemented tests (Jennings et al., 2009). The 

implementation of new tests in a clinical setting is a complex process, as exemplified by a 

diagram on Figure 6. 

When novel tests or technologies are being implemented in a laboratory and where 

there is no previous performance specification or reference material it is necessary to 

perform a full “validation”. In this case the test performance is measured in comparison of 

a reference test that is the best available method, or a combination of methods, in order to 

determine the status of a tested sample (Bossuyt et al., 2003). Validation is performed to 

evaluate 1/ a technology (e.g. TaqMan technology for genotyping) or 2/ a specific test 

(e.g. TaqMan technology for genotyping FSHR variants). When it comes to a new 

technology it is crucial to perform the evaluation on a larger scale. Inter-laboratory studies 

or exchanges have higher chance to find deviations in the performance of a method. 

When a previous performance specification of a method is available, it is required 

that this method meets specifications within the laboratory where is going to be 

implemented. This simplified process is called “verification” and it is a confirmation that 

the method is performed correctly. Verification is suitable for the implementation of a new 

test using an established method in the laboratory, a test where the performance 

specification has been done by another laboratory or for CE-marked IVD-compliant kits. 

In the case of a performance specification done by another laboratory it is prerequisite to 

collect as much information as possible. Furthermore, it is important to highlight that any 

modification of a CE-marked kit must be duly validated (Camajova et al., 2009; Mattocks 

et al., 2010). 
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Figure 6. The process of implementing a molecular genetic test for diagnostic use. The 

shaded arrows represent the two general routes to implementation, depending on the availability of 

a suitable performance specifications: validation (lighter) and verification (darker). Broken arrows 

represent the situation in which validation or verification fails to meet the specified requirements 

(Mattocks, et al., 2010). 
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In summary, validation determines that one is carrying out a correct test (i.e. is 

appropriate for its intended use), while verification confirms that we are performing this 

test correctly (i.e. confirmation that predetermined specifications are consistently met) 

(Jennings et al., 2009). 

 

1.5.3 Validation of qualitative molecular genetic tests 

Molecular genetic tests are generally qualitative tests since genotyping has only two result 

categories: positive or negative. The assignment of results can be done by establishing a 

cut-off value or by simple qualitative observation of the analyst (Mattocks et al., 2010). 

When it comes to accuracy, there are four results categories which include the “correct” or 

“incorrect” categorization in comparison with the reference method; this is illustrated in 

Table 4. 

 

 

 

Table 4. Result categories for a qualitative validation study. Adapted from Mattocks et al., 2010. 

 Reference method result 

Test result + - 

   
+ True positive (TP) False positive (FP) 

- False negative (FN) True negative (TN) 
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Accuracy is the amount of agreement between a test result and the reference 

standard (Jennings et al., 2009). Diagnostic accuracy is the ability of a test to correctly 

assign genotype irrespective of any clinical implication since the genotype not necessarily 

implies if a disease will develop (Mattocks et al., 2010). In this case, accuracy is 

determined by correct or incorrect status of a result in comparison with the reference test. 

The STARD (STAndards for the Reporting of Diagnostic accuracy studies) committee 

defines reference standard as “the best available method for establishing the presence or 

absence of the condition of interest. The reference standard can be a single method, or a 

combination of methods, to establish the presence of the target condition. It can include 

laboratory test, imaging and pathology, but also dedicated clinical follow-up of 

participants” (Bossuyt et al., 2003).  

 The diagnostic accuracy of a qualitative test can be determined by its specificity 

and sensitivity.  Sensitivity is the probability of a positive test result in the presence of a 

risk allele (heterozygous and homozygous for risk allele samples) and concordant to the 

reference method, expressed as the ratio between true positivity (TP) and the sum of true 

positivity and false negativity (FN): TP/(TP+FN), meanwhile specificity is the probability 

of a negative test result of the test in the absence of risk alleles (homozygous wild-type 

samples) and in conformity to the reference method, expressed as a ratio between true 

negativity (TN) and the sum of true negativity and false positivity (FP): TN/(TN+FP) 

(ICH, 1994; Prence, 1999; ACMG, 2006; Brdička et al.). 

The overall accuracy can be determined by the total number of true results in 

comparison of a reference test represented by a proportion of total results: (TP + 

TN)/(TP+FN+TN+FP) (Mattocks et al., 2010). 

To exhaustively validate a new test we must determine its characteristics and 

limits. Additional recommended validation parameters as suggested by ISO15189 

(www.iso.org), QSOP 23 (www.evaluations-standards.org.uk), the American College of 

Medical Genetics (ACMG) (ACMG, 2006), the International Conference on 

Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human 
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Use (ICH) (ICH, 1994), the Czech Clinical Biochemistry and Medical Genetics societies 

(Brdička et al.) or as published elsewhere (Prence, 1999; Jennings et al., 2009) are: 

 Intra-run precision – Repeatability. Comparison of results within a single 

series in parallel within a single day performed by one analyst in a test 

where one tends to receive consistent results from following a specific 

procedure. 

 Inter-run precision – Reproducibility.  Comparison of results between the 

series – on different days (day to day reproducibility).  

 Robustness. Ability of a method to remain unaffected by minor deliberated 

modifications. 

It is important to highlight that not always a method that is impeccable analytically 

could be implemented in a diagnostic setting. First, it is crucial to establish its clinical 

utility. In this matter, it is critical to have a physician consultant in every diagnostic 

laboratory to approve a test prior its implementation and likewise, to properly interpret its 

results to the patient (Jennings et al., 2009; Lwoff, 2009). 
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2. AIMS OF THE DISSERTATION 

Quality of laboratory genetic tests is of great importance for the diagnosis of 

inherited diseases. Therefore, below we have addressed three issues related to the 

application of HRM in clinical diagnostic practice: cystic fibrosis, hyperhomocysteinemia-

related disorders and male infertility. We have validated and optimized the HRM 

technique for rapid and reliable DNA diagnostics. 

1/ The first topic of this dissertation is aimed to evaluate the performance of HRM 

for gene scanning, focused in the detection of uncommon mutations/variations of the 

CFTR gene to confirm the diagnosis in patients clinically suspected of having CF. This 

evaluation belongs to the analytical validation of the CFTR screening test for its 

implementation in our laboratory.  

2/ The second topic of this dissertation is the development of a new test for 

genotyping the most common variants of MTHFR for the diagnosis of inherited 

thrombophilia and recurrent pregnancy loss related to MTHFR deficiency. The method of 

choice is HRM of small amplicons due to its numerous advantages in a diagnostic 

laboratory setting. 

With this regard, we validated High Resolution Melting (HRM) genotyping of 

small amplicons as is a crucial step for its use in routine diagnostics. We also elaborated 

the steps needed for implementation of a new technology or method in a genetic 

diagnostic laboratory under quality assurance standards and demonstrate the importance of 

method validation/verification in molecular genetic diagnostics.  

3/ The last topic of this dissertation is aimed at the determination of the impact of 

the rs6836703: G>A variant in ART3 on impaired spermatogenesis within the Czech male 

population in a case-control study using the previous validated method HRM in order to 

evaluate its clinical utility and establish medical indications targeted to the Czech infertile 

male population.  Implementation of this test in reproductive medicine diagnostics and 

provision of evidence on its population distribution related to male infertility belongs to 

practical outcomes of this dissertation. 
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3. RESULTS AND DISCUSION OF ATTACHED PUBLICATIONS 

3.1. Krenkova, et al. (2009) Evaluation of high-resolution melting (HRM) for mutation 

scanning of selected exons of the CFTR gene. Folia Biol (Praha). (IF: 1.140).       

The identification and genotyping of disease-causing mutations has become 

important for the treatment and future management of patients carrying different genetic 

diseases as is the case of CF patients. The CFTR gene contains 27 exons and more than 

1900 mutations (www.genet.sickkids.on.ca/cftr, accesed by January, 2012). In this 

respect, mutation detection in this type of large genes (or even larger) is an intricate, 

laborious and time-consuming process. HRM is a cost-effective, simple and precise 

technique useful for gene scanning purposes. It reduces the need for sequencing of large 

number of samples thereby decreasing costs and turnaround time used for a test 

(Provaznikova et al., 2008). In our laboratory, HRM for gene scanning has been 

successfully implemented for pre-sequencing scanning analysis in CF patients in which 

common mutations have not been found. 

 In this study, 16 different mutations localized in 6 different exons were analyzed 

by HRM. All SNP classes (see Table 2) and 1-/3-base pair deletions were included. In 

conformity with the high mutation detection rate reported for HRM (Chou et al., 2005; 

NGRL, 2006; Kennerson et al., 2007, Montgomery et al., 2007; Dobrowolski et al., 2009; 

van der Stoep N et al., 2009; Vossen et al., 2009; Wittwer, 2009), all heterozygous 

samples from all SNP classes were successfully distinguished from wild-type samples. 

Furthermore, we were also able to confirm that the position of sequence variations within 

the fragment amplified (i.e. in the middle of the amplicon or next to primers) is not 

decisive for their better discrimination (Reed and Wittwer, 2004; van der Stoep N et al., 

2009). Thus allowed, the detection of variants regardless of their position within full-

lenght amplified exons or fragments. 

By using HRM we were also able to discriminate among different heterozygous 

samples within the same amplicon in accordance with other studies (Graham et al., 2005; 
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Tindall et al., 2009). Nevertheless, amplicon melting-based methods lack specificity 

necessary for genotyping to a certain degree (von Ahsen, 2005; Tindall et al., 2009). 

Therefore, it was not possible to differentiate between p.G551D and p.R553X, and 

p.L1335F and p.L1335P mutations (all these transitions belong to SNP class 1). In such 

cases, transitions are very similar but since nearest-neighbor stability also influences 

melting behaviors (Graham et al., 2005), a shortening on the PCR fragment surrounding 

the SNP area could improve the resulting resolution of the melting profiles (Norambuena 

et al., 2009).  

The p.F508del and p.I507del mutations in the exon 10 have very similar melting 

profiles and the peaks of the Tm from the normalized difference plots are very close to 

each other.  This proximity may lead to future errors in differentiating these two mutations 

by the operator. This last issue might be overcome by adding DNA-unlabeled probes 

matching the “conflict” region to the PCR reaction, and thus analyze separately the 

melting profile of the probe area from the amplicons region (Zhou et al., 2005). 

Homozygous samples discrimination was not achieved in this study. This is a 

common disadvantage of the HRM gene scanning application. The fragment size is too 

long to detect such small changes within the sequence under study. By preparing 1:1 

mixes with a WT sample and creating artificial heterozygous we were able to detect all 

homozygous samples (Montgomery et al., 2007).  

The rate of specificity reached in our evaluation could be improved by reducing 

the number of false positives samples. One approach could involve “cleaning” of DNA 

samples and resuspending them in a fresh common buffer with the same final 

concentration.  Usually helps in the analysis of old samples that do not have “clean” 

profiles, by standardizing buffer conditions.  

In this study, we have not only replicated the high precision of HRM, but also 

utilized a not so widely-used platform: the Rotor-Gene 
TM

 6000 (Corbett) compared to 

LigthScanner from Idaho Technologies or the LightCycler
®
 480 (Roche). The Rotor-

Gene
TM

 6000 device does not use a well-plate, instead, uses a rotor with tubes. Therefore, 

samples reach a better uniformity in terms of temperature-based cycling. 
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In summary, we demonstrated that HRM for gene scanning is a useful technique 

for the detection of CFTR mutations and could be applied for the detection of unknown 

mutations/variations. This decreases the amount of sequencing for disease diagnostic 

purposes and increases diagnostic throughput.  
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3.2. Norambuena, et al. (2009) Diagnostic method validation: High resolution melting 

(HRM) of small amplicons genotyping for the most common variants in the MTHFR 

gene. Clin Biochem. (IF: 1.926). 

In this article, we have substantiated all the advantages of HRM. First of all, we 

were able to accurately genotype all homozygous samples, an advantage rendered by the 

reduction of amplicon size (Liew et al., 2004; Grievink and Stowell, 2008; Erali et al., 

2008; Vossen et al., 2009; Wittwer, 2009). We did not record any false calls from the 

software which attests that the sensitivity and specificity of this method is very high. In 

addition, given the high repeatability and reproducibility we could to use the same 

normalization settings through different days providing that the chemistry of the reaction 

was kept the same. In any case, the limitations due to physical and chemical variations of 

procedure are overcome by adding oligonucleotide calibrators thereby increasing the 

sensitivity of this method. With this optimized procedure, it is possible even to 

differentiate between homozygous samples that have identical nearest-neighbor stability 

predictions (Gundry et al., 2008).  

Following optimization of HRM, we were able to register the same calls made by 

the software. Due to the simplicity of this technique, there is no need of an expertise for its 

daily-laboratory use and it can be performed by any technician in a diagnostic laboratory. 

Another advantage associated to this HRM variation is related to its cost 

effectiveness. Only two oligonucleotide primers, a common PCR reaction buffer and a 

dsDNA-saturating binding dye are used, thereby excluding the need of expensive labeled-

oligonucleotide probes for genotyping. Furthermore, it uses small reaction volumes and 

utilization of 384 or 1536-well plates increases the number of samples which can be 

processed at the same time. In conclusion, as HRM is a very simple and fast method 

which decreases the hands-on time required. In this regard, personnel costs could be 

decreased. 

Importantly, this article is the first study that performed a detailed method 

validation for diagnostic use of HRM of small amplicons in accordance to OECD and ISO 
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15189 guidelines (OECD guidelines, 2007; www.iso.org) and as recommended elsewhere 

(Prence, 1999; Jennings et al., 2009; Mattocks et al., 2010). This study represented a 

validation model for other laboratories that are implementing new qualitative genetic tests, 

i.e. HRM of small amplicons, into diagnostic routine settings. 

The accuracy of HRM relies on appropriate instrumentation, proper operator 

manipulation, chemistry of the reaction, DNA quality, DNA saturating dyes and analysis 

software (Erali et al., 2008; Wittwer, 2009); features that still need improvement. 

High Resolution Melting is rapidly becoming the method of choice to screen 

patients for pathogenic variants. The high precision and robustness, and easy use of this 

method make HRM suitable for a diagnostic routine laboratory (Reed et al., 2007; Erali et 

al., 2008; Vossen et al., 2009; Wittwer et al., 2009). Additionally, HRM as a flexible and 

low cost method makes it suitable for a broader use in research laboratories. 

Our experience confirms that some laboratories have difficulties to implement this 

technique due to the lack of detailed information in the literature and/or instructions in 

manufacturer manuals. The most complete guide for a successful HRM is the report from 

the original group that established HRM (Montgomery et al., 2007). However, this report 

does not provide details which are at the end of technical significance. For example, 

pipetting plays a key role to get “clean” melting profiles as we proved by varying 

reaction/sample volumes. Moreover, we have seen differences after altering the order of 

reaction/sample addition to the well (data not shown). Since we are working on a high 

resolution environment, a small volume change affects the recorded fluorescence signal. 

Also it is important not to analyze samples with late amplification (as monitored by the 

real-time PCR) or with fluorescence less than 60% of the average melting profiles since 

these samples could generate unreliable melting profiles (Zhou et al., 2010). These 

recommendations increase the practical utility of our article, which has been cited fourteen 

times since published. 

The high standards reached by HRM genotyping of the most common variants in 

the MTHFR gene and its successful validation makes this test appropriate for its inclusion 

in the diagnosis of disorders related to hyperhomocysteinemia. Specifically, in the case of 
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our laboratory for the diagnosis of recurrent pregnancy loss and various forms of 

thrombophilia. 
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3.3. Mattocks, et al. (2010) A standardized framework for the validation and verification 

of clinical molecular genetic tests. Eur J Hum Genet. (IF: 3.564). 

The implementation of a new genetic test into a clinical diagnostics laboratory 

involves according to the ACCE framework 

(http://www.cdc.gov/genomics/gtesting/ACCE/index.htm) the following phases: a/ 

analytical validation, b/ clinical validation, c/ clinical utility and d/ evaluation of legal and 

ethical implications of the test (Sanderson et al., 2005).  Moreover, the interpretation of 

terminology concerning quality assurance in molecular genetic diagnostics differs among 

laboratories and organizations, creating confusion at the moment for the implementation 

of a new diagnostic test thereby increasing complexity.  

Therefore, this article collates and explains the confusing terminology of clinical 

molecular genetic tests in order to provide practical guidance and an easier procedure to 

introduce molecular tests into the clinical laboratory. It focuses on analytical 

validation/verification, the last ones being formal requirements for laboratory 

accreditation as stipulated by the International Organization for Standardization through 

the ISO 15189 and ISO 17025 standards (www.iso.org).  

The main objective of the validation process is to define the intended use of a test 

and identify and/or quantify the possible sources of error as well as reasons for analytic 

and biological variation.  

The planning and design phase is decisive for the validation procedure. First of all, 

is crucial to define the clinical utility and medical indications for the new test. Also, it is 

important to notice that a “better” test is not only better in test performance characteristics 

but also improved in factors such as turnaround time, cost and less invasive specimen 

collection (Jennings et al., 2009). Another critical step is to choose the adequate number 

of samples, replicates and number of replication tests useful for a proper method 

validation/verification. Results obtained in the validation study must meet the 

requirements of quality and reach statistical significance. Usually lower number of 

replicates and samples leads to imprecise and unreliable results. However, we should 
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recognize that statistically significant data may not be available for every item of every 

validation study. Moreover, there are not enough biological samples or 

scientist/technologist time to support such laborious data collection. It is also important to 

consider the economical cost of the validation procedure within specific laboratory 

capacities. Then, the decision of when a test is ready to be introduced for clinical 

diagnostics is left to medical judgment considering in-laboratory and health system 

possibilities and characteristics.  

Another matter to be aware of during a method implementation is the enrollment 

in an external quality assessment testing program (EQA) or identification of an alternate 

form of external quality control. Hence, internal and external quality controls are essential 

for evaluating the reliability and accuracy of a diagnostic laboratory. In addition, 

satisfactory performance in external quality assessment gives assurance both to patients 

and referring clinicians that the diagnostic laboratory results are reliable and accurate. 

EQA is recognized by international standards and accreditation bodies as a true measure 

of the quality of a laboratory’s performance. In this regard, it is important to keep 

documented continuous training and certificate’s records of personnel who will be 

involved with the new method in an accredited laboratory. 

Laboratory accreditation demonstrates competence, impartiality, performance 

capability and international acceptance. Since there is a high number of diagnostic 

laboratories offering a wide number of genetic tests, accreditation of a laboratory and 

validation/verification of used tests is the prove of high quality standards that strengthens 

a laboratory vis-à-vis competition.  

The published recommendations in this article are of utility to each genetic 

diagnostics laboratory serving as a practical guide to implement a new method and 

maintain an accreditated laboratory with high quality standards. This continuous process 

assures high performance and reliable test results, crucial for patient diagnosis and 

management. 

The author of this dissertation was part of the validation group of the 

Eurogentest.org consortium. 
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3.4. Norambuena, et al. (2012) An ADP-ribosyltransferase 3 (ART3) variant is 

associated with reduced sperm counts in Czech males: case/control association study 

replicating results from a Japanese population. Neuro Endocrinol Lett. (IF: 1.05).  

In this study we have corroborated the results found by a Japanese study, where 

they reported an association between the rs6836703: G>A genetic variant and impairment 

in spermatogenesis (Okada et al., 2008), in an independent population. 

Since the major aim of our study was to assess the clinical utility of the rs6836703: 

G>A variant genotyping in reproductive DNA diagnostics, we did not used sperm counts 

as the primary selection criterion in our control group. We assume that normozoospermia 

is crucial indicator of male fertility. However, sperm counts alone do not provide direct 

evidence about the ability of a sperm to fecund an oocyte and result in a live birth. Other 

important parameter to consider are i.e. semen quality, motility, morphology and vitality 

of sperm (WHO, 2010). In addition, the fertility status of our controls was “clinically” 

proven by a birth of their child-/children. Potential for non paternity-based bias was 

excluded by previous family-based marker/mutation segregation studies in our genetic 

diagnostic laboratory (data not shown).  

The inclusion/exclusion criteria of our infertile male cohort were in accordance 

with previous studies: patients with known clinical or genetic causes of infertility were 

excluded (Hucklenbroich et al., 2005; Wu et al., 2007; Yang et al., 2008). Sub-

stratification of sub-/infertile males according to their sperm counts widely differs in 

association reports, to exclude any potential ascertainment bias we used the established 

classification by the World Health Organization (WHO, 2010). 

Based on our previous studies, HRM of small amplicons was our method of choice 

for rs6836703: G>A SNP genotyping because of its multiple advantages, as discussed 

earlier (section 3.2).  

Call assignments by the software were made in almost every sample in the first 

run. Control samples for each genotype (G/G, G/A and A/A) were run in duplicate while 
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tested samples were run only once due to the high accuracy of the method reported since 

there is no need to run additional replicates (Liew et al., 2004; Grievink and Stowell, 

2008; Erali et al., 2008; Norambuena et al., 2009; Vossen et al., 2009; Wittwer, 2009). In 

samples where we were not able to perform assignments at the first instance, they were 

repeated only once when reaching “clean” melting profiles. We presume that the cause of 

previous failure was due to pipetting inaccuracies (Norambuena et al., 2009). 

We determined that the allele “A” was increased in sub-/infertile patients 

compared to the fertile cohort (p=0.007). This was reflected by the increase in the 

genotype distribution for G/A and A/A genotype frequencies (p = 0.008). Reduction of the 

allele “G” in cases suggests a “protective” effect of this allele on the spermatogenesis 

process. Furthermore, the low frequency of the A/A genotype in European population 

(HapMap-CEU: G/G=0.750; G/A=0.250; A/A=0.0; dbSNP accesed by 01-10-2012), 

further supports the impeding effect of the allele “A” in the spermatogenesis process and 

possible negative evolutionary consequences. 

Nevertheless, in contrast with the first study to describe an association between 

rs6836703: G>A and male infertility (Okada et al., 2008), our results differ from the 

Japanese study since we found an association particularly with oligozoospermic men (p = 

0.002) and azoospermic patients showed no differences in allele and genotype distribution 

in comparison with fertile men cohort (p = 1 and p=0.939, respectively). These data 

suggest that the ART3 variant: rs6836703: G>A likely cause a milder effect in 

spermatogenesis not disrupting male fertility within Czech men as seen in the Japanese 

population. Unfortunately, due to a different study design we do not count with more 

information of the status of this association in oligozoospermic Japanese men since they 

were not included in the case cohort under investigation.  

This last feature reflects once again the importance of proper study design, 

consideration of the ethnic background and environmental or epigenetic factors in the 

determination of the penetrance of a genetic variation related to a specific phenotype 

(Tuttelmann et al., 2007 and Aston and Carrell, 2009). This trait has been seen in different 

association studies, e.g. the partial deletion “gr/gr” of the AZFc region has been found in 
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association with male infertility in several studies in particular populations (Repping et al., 

2003; Ferlin et al., 2005; Giachini et al., 2005; de Llanos et al., 2005; Lynch et al., 2005; 

Navarro-Costa et al., 2007; Giachini et al., 2008; Yang et al., 2008); while in many others, 

no association has been found (Machev et al., 2004; Hucklenbroich et al., 2005; Carvalho 

et al., 2006; de Carvalho et al., 2006; Fernando et al., 2006; Ravel et al., 2006; Zhang et 

al., 2006; Imken et al., 2007; Lardone et al., 2007; Lin et al., 2007; Wu et al., 2007; 

Stouffs et al., 2008). Another example comprises CAG repeats in the androgen receptor 

gene where an association between a moderate expansion in the CAG repeats and reduced 

spermatogenesis has been found in Asian populations, while in European studies this 

association has not been replicated (Ferlin et al., 2006; Rajender et al., 2007).  

Therefore, evaluation of the impact of any genetic variant in a particular disease 

should be focused on the population where a new diagnostic test is planned to be 

implemented. Moreover, it is crucial to establish clinical utility of a test before its 

inclusion into diagnostic routine. 

Since rs6836703: G>A variant is a risk factor for oligozoospermia in Czech male 

population, genetic diagnostics for this variation could be implemented as a routine testing 

in male infertility. However, it is still needed to determine the exact protein function and 

role of ART3 in spermatogenesis. The effect of allele “A” is likely related to the alteration 

of the expression/regulation of ART3. More studies in genetically related populations i.e. 

German, Hungarian (Lao et al., 2008) are required to confirm our results. The finding of 

positive associations in unrelated populations is of importance to further support the role 

of ART3 rs6836703: G>A in spermatogenesis and utilization of this test in diagnostic 

practice. 
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4. CONCLUSIONS 

1/ We have substantiated advantages of gene scanning by HRM for its use in clinical 

DNA diagnostics. CFTR screening by HRM is of high utility in DNA diagnostics of cystic 

fibrosis as it has a very high rate of sequence variation detection. Moreover, HRM is a rapid, 

economical and simple technology. However, this form of HRM is not applicable for 

genotyping of CF-causing mutations as it lacks the required level of precision. 

2/ Laboratory accreditation is a crucial process which assures patients and the public 

accuracy and quality of test results. Validation/verification of genetic tests is a critical phase in 

the implementation of a new test or technology in accordance to quality assurance purposes. 

In this dissertation, we have successfully validated High Resolution Melting (HRM) 

genotyping of small amplicons for the most common MTHFR variants for its inclusion into 

diagnostics of disorders associated to hyperhomocysteinemia due to MTHFR deficiency. This 

HRM validation study could be used as a model for diagnostic validations of other qualitative 

genetic techniques in routine DNA diagnostics. 

3/ Since have demonstrated the utility and accuracy of HRM, we used this method to 

determine whether novel variants are risk factors for different diseases. We applied our 

experiences in the field of reproductive genetics. In this regard, we have found a significant 

association between rs6836703: G>A variant and a reduction in sperm counts within Czech 

male population, this was the first replication study different from the Japanese population 

suggesting the role of rs6836703: G>A in male infertility. Our results suggest that the “A” 

allele of the rs6836703: G>A variant in ART3 is a risk factor for oligozoospermia and thus 

genetic diagnostics for this variation could eventually be applied. More studies are needed to 

corroborate these results in independent populations prior to its potential inclusion into routine 

clinical diagnostics in reproductive medicine. 
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