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Abstract 

     Cigarette-smoking is still one of the most common habits worldwide. According to WHO, 

almost one-third of global populations above 15-years-old are smokers. Several of the 

previous studies have found a negative association between cigarette-smoking and standard 

semen parameters, sperm penetration, and fertilization capacity. Moreover, cigarette-smoking 

also produces changes in the epigenome, such as DNA methylation. DNA methylation plays a 

vital role in genome stability, imprinting genes, X-chromosome inactivation, and the 

regulation of gene transcription. The main aims of this present thesis can be summarized as 

the following: (I) to assess the variation in sperm DNA methylation levels between smokers 

as cases and non-smoker males as controls, as well as to study the association between the 

change in sperm DNA methylation patterns and sperm parameters in male smokers (II) to 

assess whether there is an alteration in the sperm DNA methylation levels between subfertile 

and proven fertile males; and furthermore, (III) to evaluate the correlation between changes in 

sperm DNA methylation levels and sperm parameters in subfertile males. 

  Infinium 450K BeadChip arrays were used to recognize the alteration in the sperm DNA 

methylation levels between the various study groups (cases and controls). Deep bisulfite 

sequencing was therefore used to validate the results obtained from Infinium 450K BeadChip 

arrays. Following CpGs, cg00648582, cg0932376, cg19169023, cg23841288, cg27391564, 

cg19455396, and cg07869343) were subjected to bisulfite sequencing. The cg00648582, 

cg19169023, cg23841288, cg19455396, cg07869343 are located in the gene body and are 

related to PGAM5, TYRO3, PTPRN2, TAP2 and MAPK8IP3 genes respectively whereas the 

cg0932376, and cg2739156 are located in the intergenic regions. Only six CpGs showed a 

significant difference between the case and control groups. Moreover, when local deep 

bisulfite sequencing was applied, different CpG sites were obtained besides the target CpG* 

that resulted from the Infinium 450k beadchip array. The following CpG sites showed 

significant differences in the case group compared to control one. These sites are related to 

specific genes and were shown to be as follows: fifteen out of twenty-five CpG sites in a 

PGAM5 gene-related amplicon, three out of four CpG sites in a gene TYRO3-related 

amplicon, nine out of twelve CpG sites in a gene PTPRN2-related amplicon and six out of 

twenty-two CpG sites in gene MAPK8IP3-related amplicons. A significant difference was 

also observed in four out of five CpG sites adjacent to cg09432376, and seven out of fifteen 
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CpG sites bordering the cg27391564-related amplicon. Moreover, a significant correlation 

was found between the variation in sperm DNA methylation levels and standard sperm 

parameters in the fertile male smokers, namely the case group. 

On the other hand, the variations between sperm DNA methylation levels among the proven 

fertile and subfertile were assessed as follows: the CpG sites (cg19779893, cg19406113, 

cg23081194, cg04807108, cg25750688, cg07227024, cg16338278, cg05799088, and 

cg08408433) were validated by deep sequencing where cg19779893, cg23081194, 

cg07227024, cg16338278, cg05799088, and cg0840843 were found to be located in the gene 

body of ADAMTS14, UBE2G2, ALS2CR12, ALDH3B2, PRICKLE2, and PTGIR genes 

respectively, and the three remaining cg19406113, cg04807108, and cg25750688 were 

located in the intergenic regions. When a local deep bisulfite sequencing was applied, 

different CpGs were detected close to the target CpGs* that resulted from the screening study. 

The following CpG sites showed significant differences in the case group compared to the 

control one. These sites are related to specific genes and were demonstrated as follows: three 

CpGs related to the ADAMTS14 gene,  six  out of  eleven CpG sites related to cg19406113, 

three CpGs in the UBE2G2 gene, two CpG sites related to the cg25750688, and eight out of 

fifteen related to the cg04807108. In addition, two CpGs related to the PRICKLE2 gene, two 

CpGs related to the ALS2CR12 gene, seven CpGs related to the ALDH3B2 gene, and nine 

CpGs related to the PTGIR gene also demonstrated significant differences in the case groups 

compared to the control ones. Moreover, significant differences were also observed between 

the alterations in sperm DNA methylation levels in some CpGs adjacent to those afore-

mentioned CpG sites and standard sperm parameters.  

     In conclusion, this present study revealed biological differences in the DNA methylation 

levels of CpGs located in the gene body (cg00648582, cg19169023, cg23841288, 

cg19455396, cg07869343) and those located in the intergenic regions (cg0932376, and 

cg27391564). These alterations could potentially be related to the effects caused by smoking 

on the developmental stages of spermatozoa. In addition, a variation in sperm DNA 

methylation patterns between proven fertile and subfertile males was detected. Furthermore, 

an association between the changes in sperm DNA methylation and semen parameters was 

found in the case groups. 
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Zusammenfassung 

     Zigarettenrauchen ist immer noch eines der häufigsten Gewohnheiten weltweit. Laut WHO 

sind fast ein Drittel der über 15-jährigen Raucher. Mehrere Studien fanden bereits eine 

negative Assoziation zwischen Zigarettenrauchen und Standard-Spermienparametern, 

Spermienpenetration und Befruchtungskapazität. Darüber hinaus führt Zigarettenrauchen 

auch zu Veränderungen im Epigenom und beeinträchtigt auch die DNA-Methylierung. Die 

DNA-Methylierung spielt eine entscheidende Rolle bei der Genomstabilität, der Prägung von 

Genen, der Inaktivierung von X-Chromosomen und der Regulation der Gentranskription. Das 

Ziel der vorliegenden Arbeit war (I), die Variation der Spermien-DNA-Methylierungslevels 

zwischen Rauchern und Nichtrauchern (als Kontrollgruppe) zu untersuchen. Außerdem sollte 

der Zusammenhang zwischen Veränderungen der Spermien-DNA-Methylierungslevel und 

Spermienparameter bei männlichen Rauchern untersucht werden (II). Es sollte beurteilt 

werden, ob es eine Veränderung der Spermien-DNA-Methylierungslevel bei subfertilen und 

fertilen Männern gibt. Weiterhin sollte die Korrelation zwischen Veränderungen der 

Spermien-DNA-Methylierung und Spermienparametern bei subfertilen Männern untersucht 

werden. 

Infinium 450K BeadChip-Arrays wurden verwendet, um die Veränderung der Spermien- 

DNA-Methylierungslevel zwischen den verschiedenen Studiengruppen (Rauchern als 

Fallgruppe und Nichtrauchern als Kontrollgruppe) zu erkennen. 

 Folglich wurde eine tiefe Bisulfitsequenzierung verwendet, um die Ergebnisse zu bestätigen, 

die von Infinium 450K BeadChip-Arrays erhalten wurden. Folgende CpGs wurden der 

Bisulfitsequenzierung unterzogen: cg00648582, cg0932376, cg19169023, cg23841288, 

cg27391564, cg19455396 und cg07869343). cg00648582, cg19169023, cg23841288, 

cg19455396, cg07869343, sind im Genkörper lokalisiert und mit PGAM5-, TYRO3-, 

PTPRN2-, TAP2- und MAPK8IP3-Genen assoziiert, während die cg0932376- und 

cg2739156-CpG stellen in den Bereichen zwischen den Genen lokalisiert sind. Nur sechs 

CpGs zeigten einen signifikanten Unterschied zwischen Fall- und Kontrollgruppe. Wenn 

lokale tiefe Bisulfit-Sequenzierung angewendet wurden, wurden außerdem verschiedene 

CpG-Stellen neben dem Ziel-CpG * erhalten, welches aus dem Infinium-450k-Beadchip-

Array resultierte. Die folgenden CpG-Sites zeigten signifikante Unterschiede im Vergleich zu 

den Kontrollfällen. Sie sind mit spezifischen Genen verwandt und wurden wie folgt 
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nachgewiesen: Fünfzehn von fünfundzwanzig CpG-Stellen in einem PGAM5-Gen-, drei von 

vier CpG-Stellen im TYRO3-, waren mit neun von zwölf CpG-Stellen in Gen-PTPRN2 und 

sechs von zweiundzwanzig CpG-Stellen in Gen-MAPK8IP3. 

Darüber hinaus wurde ein signifikanter Unterschied in vier von fünf CpG-Stellen von 

benachbart zu cg09432376 und sieben von fünfzehn CpG-Stellen, die dem cg27391564-

verwandten Amplikon benachbart sind, beobachtet. Es wurde eine signifikante Korrelation 

zwischen der Variation des Spermien-DNA-Methylierungslevels und den Standard-

Spermienparametern bei männlichen Rauchern (Fallgruppe) gefunden. Zusätzlich wurde die 

Variation der Spermien-DNA-Methylierungslevel zwischen den nachgewiesenen fertilen und 

subfertilen Proben beurteilt. Folgende CpG-Stellen (cg19779893, cg19406113, cg23081194, 

cg04807108, cg25750688, cg07227024, cg16338278, cg05799088 und cg08408433) wurden 

durch Tiefensequenzierung validiert. Es zeigte sich, dass cg19779893, cg23081194, 

cg07227024, cg16338278, cg05799088 und cg0840843 im Genkörper von ADAMTS14-, 

UBE2G2-, ALS2CR12-, ALDH3B2-, PRICKLE2- und PTGIR-Genen lokalisiert waren, und 

die drei verbleibenden cg19406113, cg04807108 und cg25750688 waren in Bereichen 

zwischen den Genen lokalisiert. Wenn eine lokale Tiefenbisulfitsequenzierung angewendet 

wurde, wurden verschiedene CpGs in der Nähe der Ziel-CpGs * nachgewiesen. Die folgenden 

CpG-Sites zeigten signifikante Unterschiede im Vergleich zur Kontrollgruppe. Diese Stellen 

sind mit spezifischen Genen verwandt und wurden wie folgt nachgewiesen: drei mit 

ADAMTS14-Gen verwandte CpGs, sechs von elf mit cg19406113 in Beziehung stehender 

CpG-Stelle, drei CpGs im UBE2G2-Gen, zwei mit cg25750688 verwandte CpG-Stellen und 

acht von fünfzehn verwandten cg04807108. Darüber hinaus zeigten zwei mit dem 

PRICKLE2-Gen verwandte CpGs, zwei mit ALS2CR12 verwandte CpGs, sieben mit dem 

ALDH3B2-Gen verwandte CpGs und neun mit dem PTGIR-Gen verwandte CpGs signifikante 

Unterschiede im Vergleich zur Kontrollgruppe. Darüber hinaus wurden signifikante 

Unterschiede zwischen Veränderungen der Spermien-DNA-Methylierungslevels in einigen 

CpG-Adjacents und den zuvor erwähnten CpG-Stellen, sowie den Standard-

Spermienparametern beobachtet. 

Zusammenfassend wurden in der vorliegenden Arbeit biologische Unterschiede im DNA-

Methylierungsgrad von CpGs im Genkörper (cg00648582, cg19169023, cg23841288, 

cg19455396, cg07869343) und in Bereichen zwischen den Genen (cg0932376 und 

cg27391564) gefunden. Diese Veränderungen könnten möglicherweise mit Auswirkungen 

des Rauchens auf die Entwicklungsstadien der Spermatozoen zusammenhängen. Zusätzlich 
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wurde eine Variation in den Spermien-DNA-Methylierungsmustern zwischen fertilen und 

subfertilen Männern festgestellt. Darüber hinaus wurde in den Fallgruppen ein 

Zusammenhang zwischen den Veränderungen der Spermien-DNA-Methylierung und den 

Spermienparametern gefunden. 
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1. Introduction 

1.2 Spermatogenesis 

     Defined as the process for the production of haploid cells called spermatozoa from diploid 

spermatogonial stem cells, the spermatozoa cells are genetically very specialized male cells 

that can fertilize the oocytes and transfer the genetic material to the offspring. The 

spermatogenesis process is initiated by the effect of the hypothalamus controlling, the 

secretion of the gonadotrophin-releasing hormone (GnRH).This then stimulates the interior 

pituitary gland to release two important hormones, namely, the luteinizing hormone (LH) and 

the follicle-stimulating hormone (FSH). These two hormones have several functions as they 

travel through the bloodstream to the interstitial tissue space between the seminiferous tubules 

in the testes. The follicle-stimulating hormone (FSH) stimulates the Sertoli cells to release an 

androgen-binding protein, which binds with the testosterone hormone to induce the 

spermatogonium (male germ cells) to synthesise  the spermatozoa (Griswold., 1995) while, 

the luteinizing hormone will enter the interstitial tissue space and stimulate the leydig cells to 

secrete the testosterone hormone (Ewing et al., 1993). The spermatogenesis process 

comprises a sequence of developmental stages whereby the spermatogonial stem cells 

produce spermatozoa. The spermatogonial stem cells are divided into spermatogonium types 

A and B: the spermatogonium type A divides into a different type of spermatogonium A to 

maintain the stem cell pool, whereas the spermatogonium type B divides mitotically to 

produce primary spermatocytes, which are duplicates of genetic material (4N). Primary 

spermatocytes undergo a meiosis I division to produce secondary spermatocytes which 

contain haploid genetic material (2N); this is then followed by meiosis II to produce four 

haploid spermatids with either (22, Y) or (22, X) chromosome (De Kretser et al., 1998)  

(Fiqure1).The produced spermatids interact with the Sertoli cells to be differentiated into 

sperm xcells which are then released into the lumen cavity of the seminiferous tubules and are 

finally transferred to the epididymis where they mature into spermatozoa and arestored before 

they are released into the outside environment.  
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Figure 1: A schematic explanation of the different steps involved in spermatogenesis, including the 

hormonal and morphological changes. (A) represents the role of hormones and their feedback system 

while (B) represents a section in the seminiferous tubules where the spermatogonia divide into 

spermatogonium, then split mitotically into primary spermatocytes, which subsequently meiosis I and 

II and eventually produce four haploid spermatids. [Adapted from Sharma & Agarwal (2011). 

1.3 Etiology concepts of male infertility 

     Male infertility is considered to be one of the major concerns of today's health-care 

community. According to the American Society for Reproductive Medicine (ASRM) and the 

World Health Organization (WHO), infertility is defined as the failure to achieve conception 

despite a regular unprotected intimate relationship between couples for at least one year of 

intercourse (Rowe &Comhaire, 2000; Bayer et al., 2007). It is estimated that about 7% of 

men suffer from fertility problems which can be the result of congenital or acquired 

irregularity and have been classified into the following two groups: obstructive and non-

obstructive causes (Figure 2) (Forti & Krausz, 1998; Raheem & Raphel, 2011). However, 

about 60-70% of male infertility cases are idiopathic (Filipponi & Feil, 2009). Genetic 

anomalies constitute ahigh percentage of the idiopathic causes of male infertility which 

impact negatively on male fecundity and also lessen the chance of successful artificial 

conception; idiopathic male infertility may even be transferred to the offspring (Vogt, 2004). 

Genetic abnormalities such as a change in the chromosome count or in the chromosome 

structure lead to failure in the meiotic division during spermatogenesis (Alves et al., 2002). A 

http://europepmc.org/abstract/med/14977536/?whatizit_url=http://europepmc.org/search/?page=1&query=%22Male%20infertility%22
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change in the chromosome count is associated with azoospermia, and the Klinefelter 

syndrome (47, XXY) is the most commonly observed manifestation of this abnormality, 

whereas an aberration in the chromosome structure can include translocation, deletion, 

inversion and insertion. Robertsoniation translocation, which is a type of non-exchanged 

translocation that takes place between two acrocentric chromosomes, is in fact a common case 

and is related to oligozoospermia (Kumar et al., 2008 and 2009). The Y chromosome 

includes various genes which have an important role in the different stages of 

spermatogenesis. In addition, the long arm of the Y chromosome contains the azoospermia 

factor (AZF) genes (R); this chromosome has a higher susceptibility to the mutation, in 

comparison with autosomes, due to the absence of the meiotic recombination and the presence 

of only a single copy of the Y chromosome. Y chromosome microdeletion is a factor causing 

male infertility, due to the deletion of several important genes. Several studies have found that 

microdeletion is related to men who have azoospermia more than it is to men with 

oligospermia (Schlege, 2004; Foresta et al., 2001; Dohle et al., 2002). Despite numerous 

genes being related to the process of spermatogenesis, most of these genes have not yet been 

completely identified. Table (1) illustrates the function of some of the genes that contribute to 

the different processes of spermatogenesis. 

 

Figure 2: Schematic elucidation of the causes of male infertility, which are either due to obstructive 

causes or to non- obstructive ones. 
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Table 1: Genes related to male fertility and sperm function 

Genes Encoded protein Function Disruption of the gene 

TEKT Tektins 1-5 

Expressed during sperm tail formation 

and plays an important role in the 

normal tail structure and function. 

Sperm with a bent tail and its 

progressive motility is thereby reduced. 

(Tanaka et al., 2004; Royet al., 2009). 

VDACs 
Voltage dependent 

anion channel 

Has a crucial role in the function of 

mitochondria required for the stability 

of the axoneme in the tail. 

Reduces the sperm motility due to the 

defective structure of the axenome. 

(Hinsch et al., 2004). 

SEPP1 
Selenoprotein 

plasma 

Extracellular glycoproteins on the 

flagella of the spermatid supply 

selenium to the testes and play a vital 

role in the flagella functions.  

Reduces motility due to a defect in the 

axoneme microtubules and in the outer 

dense fibres from the principal piece of 

the sperm tail (Olson et al., 2005).   

AKAP4 
A-kinase anchor 

proteins 

Signal transduction in the fibrous 

sheath of the developing spermatids. 

Normal sperm count but reduced 

motility due to the lack of a fibrous 

sheath, which results in a shortened 

flagella (Miki et al., 2002). 

SPAG6 
Sperm associated 

antigen6 

Associated with the microtubules for 

the flagella function of the sperm 

(zhang et al., 2005). 

Low sperm motility because of the 

disorganized flagellar structure (Sapiro 

et al., 2002). 

ADCY10 

(sAC) 
Adenylyl cyclase  

The signalling molecule required for 

sperm motility and considered a 

major source of the cAMP in sperm 

which is required for the capacitation 

of the sperm to acquire the ability to 

fertilize the oocyte (Lefievre et al., 

2002).  

No sperm motility despite a normal 

count and morphology (Esposito et al., 

2004). 

CATSPER 
Cation channel of 

human sperm 

Acts as ion channel-mediated 

signalling and if located in the mid-

piece of the sperm. It is required for 

sperm hyperactivated motility (Jin et 

al., 2007; Qi et al., 2007) 

Sperm fails to develop hyperactive 

motility, resulting in male infertility 

(Nikpoor et al., 2004). 

TNPs 1 & 2 
Transition Protein 

1 & 2 

A sufficiently high concentration of 

proteins to support normal nuclear 

condensation. 

Low condensed sperm nuclei, moreover, 

with a high level of DNA fragmentation 

form defects such as heads bent back on 

midpiece (Yu et al., 2000; Zhao et al., 

2004) 

PRMs 1 & 2 Protamine 1&2 

The DNA packed in the sperm 

nucleus. This is essential for sperm 

DNA condensation and head 

formation (O’Brien & Zini., 2005). 

Male infertility due to the defect of 

nuclear condensation (Cho et al., 2003).  

GOPC 

Golgi associated 

PDZ and coiled-

coil motif 

containing 

Plays an important role in acrosome 

biogenesis. 

Male infertility because of the disruption 

to the mitochondrial sheath. In addition, 

there is the production of round sperm 

heads without the acrosome (Yao et al., 

2002). 

SPEM1 
spermatid 

maturation 1 

Nuclear elongation and cytoplasm 

removal during the spermatogenesis 

(Zheng et al., 2007). 

Sperms with bent-back heads. 

GBA2 Beta glycosidase 2 

The encoded protein ß glycosidase2, 

expressed in the Sertoli cells in the 

testes, plays a crucial role in the 

endoplasmic reticulum.   

Accumulation of the lipid in the 

endoplasmic reticulum of the Sertoli 

cells and resulting in round sperm 

lacking acrosome (Roy et al., 2006)  

CSNK2A2 
Protein Casein 

Kinas 2 

It is expressed in the spermatids and 

plays an important role in the 

acrosome biogenesis. 

Male infertility due to the absence of the 

acrosome in the sperm. 

PIWIL 

P-elements 

induced wimpy 

testes 

Contributes to post-translation 

modification of late spermatid gene 

expression, and it is important for the 

meiotic phase of male germ cell 

developments. 

Meiotic arrest in spermatogenesis stops 

the gene expression of spermatid 

(Carmell et al., 2007). 
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1.4 Structure of human sperm chromatin 

     It is essential to understand how DNA is packaged in human sperm for it has crucial 

implications for male infertility. The paternal genome in human spermatozoa is condensed in 

a unique style, not only to protect the DNA during the transit from the male to the female 

reproductive tract until it reaches the oocyte but also to ensure that the DNA is delivered in 

such a physical and chemical form that it allows the embryo to gets intact genetic information 

(Fuentes et al., 2000; D’Occhio et al., 2007). Unlike the somatic cells, the human sperm 

chromatin differs in both composition and structure. During the stages of the spermatogenesis 

process, major events occur such as the acquisition of the nuclear form and the removal of the 

histones, which are replaced by transition proteins that are about 90% formed during this 

stage. The transition proteins are then replaced by sperm-specific nuclear basic proteins 

(protamines), which are a synthesis in the last spermatid stage and play a vital role in the 

condensation and stabilization of sperm chromatin (Kierszenbaum, 2001; Zhao et al., 2001; 

Balhorn, 2007; Carrell et al., 2007). Moreover, the chromatin of human sperm is tightly 

compact, being at least six times more than the chromatin of the somatic cell, due to its 

unique supercoiled structure (toroids) (Conwell et al., 2003; Hammoud et al., 2009). 

Protamines account for 85% of the nuclear proteins in mature spermatozoa; protamine1 

(PRM1) are produced as mature proteins and protamine 2 (PRM2) are produced as precursor 

proteins. Both PRM1 and PRM2 are expressed in the same quantities with a mean P1/ P2 

ratio of about 1 in fertile males (Bench et al., 1996; Carrell & Liu, 2001; Torregrosa et al., 

2006; Oliva, 2006). On the other hand, the retained 15% of histones remain in the mature 

spermatozoa to reduce the compaction of the chromatin structure, which allows for the 

decondensation process after fertilization, fusing the parents’ genomic materials. Histones 

thus play a vital role in sperm functions and early embryonic development (Wykes & 

Krawetz, 2003; Rajender et al., 2011).   Any change in the ratio P1/P2 or between histone 

and protamines in the human sperm will be associated with the low compaction of human 

chromatin, which results in DNA fragmentation, lower fertilization rates, and reduced 

pregnancy rates (Oliva, 2006; García-Peiró et al., 2011; Simon et al., 2011).          
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1.5 Epigenetic 

     The prefix Epi in the expression ‘epigenetic’ comes from the Greek and means ‘over above 

or around.’ In 1942 Conrad Hal Waddington was the first to establish the concept of 

epigenetic to clarify the then incomplete understanding of the whole process of embryo 

development and the actual mechanism of gene expression. According to Waddington, the 

interaction between the environmental stimuli and the genotype leads to a change in the 

phenotype and this is known as the canalization of developments (Waddington, 1942, 2011; 

Felsenfeld, 2014). Recently the epigenetic has been defined as the study of the biochemical 

alteration of the DNA and the histone structure without changing the genome sequence itself, 

which can be transferred through mitotic or meiotic division (Carrell, 2012). The epigenetic 

includes different processes such as DNA methylation, histone modification, and chromatin 

remodelling (Richardson, 2002; Anway et al, 2005; Vaissière et al, 2008). Genetic 

information is very stable and needs several generations to obtain mutations and evolve, 

whereas the epigenetic alterations are reversible and able to quickly respond to exogenous and 

endogenous signals. Epigenetic modifications therefore play a crucial role in adapting to the 

environment and in regulating cell differentiation during development (Reik, 2007; 

Baccarelli & Bollati, 2009; Zaidi et al., 2010; Margueron & Reinberg, 2010). Moreover, 

epigenetic modification plays an important role in embryonic development through its 

inactivation of particular genes in X chromosomes, and of imprinted genes. In the case of 

imprinting genes, the expression in the progeny depends upon which alleles are imprinted in 

the parents for instance, if the maternal alleles are imprinted, it will not be expressed in the 

offspring but instead the paternal alleles will be expressed and vice-versa (Wolffe & Matzke, 

1999; Reik & Walter, 2001). Furthermore, epigenetic modifications influence the 

transcription process through either silencing or activating the genes. For instance, of the 

genes found in all the cells of an organism only some will be activated in any specific cell at a 

specific time. These processes determine which protein will be produced or not. The gene 

which is responsible for coding the protein troponin found almost in all cells is activated only 

in the skeletal muscle cells but silenced in the other types of cells. On the other hand, the 

housekeeping genes are turned on in all types of cells, and the majority of epigenetic 

mechanisms that control the gene expression process are DNA methylation and histone 

modification (acetylation and deacetylation) (Nan et al., 1998; Bird, 2002; Kondo & Issa, 

2003;  Bell et al., 2011).   
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1.5.1 Epigenetic mechanism 

     The epigenetic mechanisms play a vital role in the chromatin structure and modify the 

accessibility to the transcription regulatory elements. These mechanisms involve chromatin 

remodelling, histone modification, DNA methylation, and RNA interference (Reik, 2007; 

Vaissière et al., 2008). Different enzymes include histone modifying and DNA 

methyltransferase working in conjunction with mi RNA mechanisms to form a specific 

chromatin structure that prevents gene transcription. A histone modification is known as a co-

valent post-translational modifications of histone proteins. The nucleosome is the main unit of 

the chromatin structure, which itself contains 147 bp of genomic DNA, wrapped around a 

core histone octamer (H2A, H2B, H3, and H4). Accessibility to the transcription elements is 

coordinated by amendments to the N-terminal of the histone tail and DNA, including 

methylation, acetylation, phosphorylation and ubiquitilation (Linggi et al., 2005; 

Kouzarides, 2007). Euchromatin is characterized by the relaxation of the bonds between 

DNA and histone, thereby allowing the transcription factor to bind to the transcription site; 

this process is correlated to histone acetylation and demethylation. In contrast, the 

heterochromatin is highly packed and associated with de-acetylation and methylation, and the 

transcription is therefore inactive (Kurdistani & Grunstein, 2003; Nightingale et al., 2006; 

Shukla et al., 2008).  RNA interference (RNAi) is a biological process inside  eht cell, acting 

as post-translation gene silencing. RNAi mechanisms include micro-RNA (miRNA) and 

small interference RNA (siRNA) that both play an important role in the regulation of the 

genes (Saumet & Lecellier, 2006; Li et al., 2006). Both miRNA and siRNA have the same 

function but differ in their biogenesis where miRNA is endogenously expressed from an 

organism genome as a stem-loop with an incomplete double-strand RNA whereas the siRNA 

is exogenous and processed from a long complementary double-strand RNA (Hamilton & 

Baulcombe,1999; Tomari & Zamore, 2005). RNAi mechanisms start by cleaving the 

premature long double-strand RNA (dsRNA) into short mature (dsRNA) with approximately 

20-24 base pairs with nucleotide overhang in the 3
-
 end through the specific endonuclease 

enzyme ribonuclease III (Diser). These short double strands interact with a catalytic RNA-

induced silencing complex (RISC) and unwind into a passenger and a guide strand, followed 

by a release-out and degradation; the passenger strand and the guide strand remain binding to 

the RISC complex, which  specifically attaches to the complementary mRNA molecules and 

cleave them, resulting in a complete loss of translation (Pare & Hobman, 2007; Wilson & 
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Doudna, 2013). This work is focused on DNA methylation since DNA methylation is a good 

marker for epigenetic modification. 

 

Figure 3: The mechanisms of epigenetic regulations. (A) DNA methylation is a co-valent binding of 

a methyl group to the C5 atom of cytosine pyrimidine in the promoter, which results in the prevention 

of gene transcription, (B) Histone modification or post-translation modifications include histone 

acetylation, de-acetylation, methylation, de-methylation, and phosphorylation.(C) RNA interference or 

post-translation gene silencing. These epigenetic mechanisms are controlled by each other and form a 

complex regulatory machinery. Modified from (Barnes et al.,2005; Petrova et al., 2013; Zakhari., 

2013).    

1.5.2 DNA methylation 

     DNA methylation is defined as a biochemical process that alters the function of the gene 

without changing its own structure. This process id catalyzed by the enzyme DNA 

methyltransferase (DNMTs), which transfers a methyl group from S - adenosylmethionine 

(SAM) to C
5 

atom in cytosine pyrimidine ring, resulting in the SAM being transformed into 

S- adenosylhomocysteine (SAH) and the cytosine is converted to 5- methylcytosine (5mC) 

(Figure) (4) (Bird., 2002; Ulrey et al., 2005). 
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Figure 4: The mechanism of DNA methylation. DNA methylation usually happens through the 

transfer of the methyl group from S-adenosyl methionine (SAM) by methyltransferase into the 5th 

carbon atom in cytosine, followed by guanine base in a set known as CpGs Island. This is associated 

either with gene activation or gene silencing according to the position of the methylated CpGs in the 

genome. Modified from Zhong et al. (2016). 

     DNA methylation occurs solely in a region of the genome with a high abundance of CG, 

known as CpG islands (CGIs), where the cytosine is followed by a guanine base. CpG 

(cytosine phosphodiester bond-guanine) islands are almost 1k bp long. Most (abiut 50%) of 

the CpGs exist in the promoter and transcription start site (TSS) and the residual percent dole 

out intragenetic (gene body) and intergenetic (between genes) (Takai & Jones, 2002; 

Illingworth et al., 2010). Approximately 70–80 % of human genome promoter contains 

CpGs, and methylation in the promoter leads to the suppression of the transcription process 

either by the addition of methyl group into the major groove of DNA or through providing a 

binding site for the methyl-CpG-binding domain (MBD)-containing proteins such as MeCP2, 

which recruits repressor complexes, resulting in the chromatin structure (heterochromatin) 

being condensed. Both methods act as a barrier to prevent the binding of a transcription factor 

(RNA polymerase II) to the promoter, which results in the deactivation of the transcription 

process (Jones et al., 1998; Feng & Zhang, 2001; Fuks et al., 2003).  DNA methylation in 
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the gene body is described as beig associated with an activation of the transcription process. 

This correlation is thought to be dependent on the cell type; for instance, the embryonic stem 

cells did not indicate activation correlated with gene body methylation, whereas another study 

demonstrated that methylation in the gene body is associated positively with the efficiency of 

transcription elongation (Lorincz et al., 2004; Ball et al., 2009; Lister et al., 2009). The 

intergenic region is a base sequence of nucleotides found between a set of genes that 

occasionally play a functional role in the regulation of transcription of the adjacent genes. The 

best understanding of the functional role of the intergenic is that it is concerned with the 

regulation of two imprinting genes, namely H19 and IGF2, which are regulated by the same 

intergenic region known as the imprinting control region (ICR). Methylation of ICR prevents 

the binding of CTCF protein, which results in an interaction of the distal enhancer with the 

promoter of insulin growth factor 2 gene (IGF2) and, as a result, inhibits the expression of 

gene H19.  The CTCF protein, on the other hand, will bind into unmethylated ICR, and this 

will block the interplay of the enhancer with IGF2 and activate the transcription of the gene 

H19.  Figure 5 (Szabó et al., 2004; Moarefi & Chedin, 2011; Bartolomei & Ferguson-

Smith, 2011).  

 

Figure 5: Methylation in the intergenic region CpGs and its role in the regulation of 

imprinting genes H19 and IGF2. Unmethylated intragenic CpGs of ICR allow CTCF protein, 

which activates the interaction between the enhancer and the H19 gene, thus suppressing the 

expression of the IGF2 gene; on the other hand, methylated CpGs of ICR induce an 

interaction of the enhancer with the IGF2 gene and inhibit the transcription of the H19 gene. 

Modified from Kameswaran & Kaestner (2014).        
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     The DNA methylation process is catalysed by different DNA methyltransferase (DNMTs) 

enzymes, such as DNMT1, DNMT3a, and DNMT3b. DNMT1 plays an important role in 

maintaining DNA methylation during replication through adding methyl groups to the new 

strand, with DNMT3a and DNMT3b being associated with de novo and establishing the DNA 

methylation pattern during the embryonic development (spermatogenesis) (Okano et al., 

1999; Bestor, 2000; Bird, 2002). DNA methylation is considered to be an important 

epigenetic process which has a remarkable impact on several biological functions, such as 

imprinting genes, X chromosome inactivation, the maintenance and stability of the genome 

through repression of the movement elements (retrotransposons), the regulation of gene 

expression, early development of spermatozoa (Spermatogenesis), and embryo developments 

(Holmes & Soloway, 2006; Chow & Heard, 2009; Xu & Song, 2014). During the 

development, the male gremlin undergoes widespread epigenetic reprogramming, which 

includes DNA methylation and DNA de-methylation. Where DNA de-methylation occurs in 

the primordial germ cell during the development stage, the re-methylation process 

subsequently occurs with DNMT3a and DNMT3a (de novo methylation) before 

spermatogenesis, proper methylation in spermatozoa is therefore essential for normal 

fertilization, early embryo viability, adequate implantation and healthy live births (Morgan et 

al., 2005; Carrell & Hammoud., 2009; Wu et al., 2015; Jenkins et al., 2016).      

Figure 6: DNA methylation reprogramming in human germ cells. The primordial germ cells undergo 

de-methylation by the TET enzyme in the early stage of development followed by a de novo 

methylation (re-methylation) process in the presence of DNMTs 3a and DNMTs3b enzymes during 

the maturation of the germ cells and spermatogenesis. After the fertilization the second stage of DNA 

methylation reprogramming starts and demethylation is actively achieved through deamination. 

Modified from Dean et al., 2005; Cui et al. (2016).  
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1.5.3 Factors affecting DNA methylation 

     The best understanding of epigenetic alteration is DNA methylation where there are 

different factors affecting this epigenome (DNA methylation) mark; these factors are 

environmental or related to lifestyle. The environmental factors comprise toxins, metal, air 

pollution, UV radiation, and bisphenol A, whereas the lifestyle ones include nutrition, stress, 

exercise, smoking, and alcohol consumption (Figure 7). Folic acid, methionine, vitamin B6, 

vitamin B12 and selenium are considered to be vital dietary components and play a crucial 

role in DNA methylation (Alegría-Torres et al., 2011; Feil & Fraga, 2012). Folic acid and 

other supplementary components, such as vitamins B6 and B12, are essential for the activity 

of enzymes, for that intermediate synthesis of methionine and S- adenosylmethionine (SAM), 

a common donor for the methyl group, to maintain the DNA methylation patterns. Deficiency 

in these dietary components therefore leads to change in DNA that is related to genomic 

instability and genomic hypomethylation. Furthermore, DNA methylation is affected by 

selenium and polyphenols, which influence the metabolism of folate. The pregnancy period is 

principally susceptible to epigenetic disorders and nutrition can have a variety of impacts on 

the embryo; different studies have shown an association between prenatal nutrition and DNA 

methylation (Rampersaud et al., 2000; Fang et al., 2007; Heijmans et al., 2008; Tobi et al., 

2009; Waterland et al., 2010).  

 

 Figure 7: Environmental factors and lifestyle interplay with DNA methylation 
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     Air pollution, dioxin, and environmental metals, such as cadmium, nickel and arsenic, are 

correlated with various diseases, such as cardiovascular, autoimmune, respiratory disease, 

neurological disorders, cancer, and fertility problems (Jirtle & Skinner, 2007; Baccarelli & 

Bollati, 2009; Marsit & Christensen, 2011; Hou et al., 2011). Furthermore, continuous 

exposure to different environmental and lifestyle factors, such as UV radiation, sunlight, 

psychological stress and alcohol, has been correlated with alterations in DNA methylation 

patterns (Grönniger et al., 2010; Stein, 2011; Alegría-Torres et al., 2011). However, the 

jury is still out on the effect of smoking on sperm DNA methylation, and that is why it is the 

main issue in this study.     

1.6 Cigarette smoking and DNA methylation 

     Cigarette smoking is believed to be not only one of the major public health problems 

causing disease and premature death worldwide but is also an established environmental 

hazard factor for infertility. According tohe World Health Organization (WHO), almost one-

third of populations above 15-years-old are smokers (Mackay & Eriksen, 2002; Ezzati & 

Lopez, 2003; Oberg et al., 2011). Smoking contributes to the evolution of communicable 

diseases and has a negative impact on the genetic and epigenetic mechanisms inside the 

human cells. (Breitling, 2013). Cigarette smoke contains more than 4000 chemical 

compounds, many of which are harmful and/or carcinogenic such as nicotine, cotinine, 

benzene, phenols, polyaromatic hydrocarbon, radioactive polonium, tar, tobacco-specific 

nitrosamines, and cadmium. These toxic chemicals find their way into the respiratory 

passages through inhalation and are then diffused to all organs of the human body by the 

blood and consequently causing harmful effects to all tissue compartments within the body. 

Moreover, these toxins impair the healing power of tissues and impede their capability for 

renewal (Borgerding & Klus, 2005; Colagar et al., 2007; Kumar et al., 2011; Zhang et al., 

2013; Rodgman & Perfetti, 2016). Nicotine, the primary alkaloid and the most toxic 

ingredient in tobacco products, is an oxidizing substance and a psychoactive drug that is 

actively addictive. Moreover, it leads to damage of the cellular membranes and causes DNA 

fragmentation (Arabi, 2005; Fiore et al., 2008). In addition, cadmium disrupts the 

spermatogenesis process and decreases the level of zinc in seminal plasma; cotinine also 

reduces male fertility through affecting various semen parameters (Martelli et al., 2006; 

Chen & Kuo, 2007). Cigarette smoking leads to change the epigenetic mechanisms include 

histone modification, noncoding RNAs, and DNA methylation (Herceg &Vaissiere., 2011). 



Introduction 

14 

 

Moreover, cigarette smoke contributes to modify DNA methylation by the impact of nicotine 

on gene expression (Lee & D'Alonzo., 1993), and abnormality in sperm chromatin structure 

through disruption the ratio between P1/P2 (Hammadeh et al., 2010). Recent studies have 

conducted investigations on the relationship between the deleterious effects of smoking and 

their impact on transcription and epigenetic profiles, such as chromatin modifications and 

DNA methylation (Ostrow et al., 2013; Zeilinger et al., 2013). Therefore, understanding the 

disparity between the different effects of smoking and DNA methylation can give us a clue 

into the molecular mechanisms behind the evolution of diseases such as infertility where 

smoking is a causing agent.  
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2. Aims of the PhD thesis 

     As explained in the introduction, cigarette-smoking is considered as one of the main 

leading causes of different diseases and has deleterious effects on human fertility. 

Furthermore, DNA methylation plays a vital role in various biological functions in general 

and in the early developmental stages of spermatogenesis in particular. It has been postulated 

that smoking has a detrimental effect on different cellular functions in humans and also on the 

molecular DNA genome, causing alterations in epigenetic mechanisms. However, this 

relationship is questionable, still being contradictory and under investigation. Hence, the aim 

of the present study is to shed a light on the effect of cigarette smoking on human sperm DNA 

methylation.  

 

Genome-wide array analysis was used to define differential methylated CpGs between 

different groups of smokers and those who had never smoked and was then validated in more 

study group populations, using local deep bisulfate sequencing. The aims of the study were as  

following: 

1. To determine the influence of cigarette-smoking on sperm DNA methylation and 

on sperm parameters between heavy smokers and non-smoker males, and also to 

evaluate the correlation between the changes in sperm DNA methylation levels 

and sperm parameters. 

2. To assess whether there is an alteration in the methylation levels of sperm DNA 

obtained from subfertile males compared to that obtained from proven fertile 

males, as well as to evaluate the association between the changes in sperm DNA 

levels and sperm parameters in subfertile males.
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3. Results  

 

 

 

3.1 Impact of cigarette‐smoking on sperm DNA methylation and its effect on sperm 

parameters 

 

Alkhaled, Y., Laqqan, M., Tierling, S., Lo Porto, C., Amor, H., & Hammadeh, M. E. (2018). 

Andrologia. 
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3.2 Cigarette smoking induces only marginal changes in sperm DNA methylation levels 

of patients undergoing intracytoplasmic sperm injection treatment 

 

Al Khaled, Y., Tierling, S., Laqqan, M., Lo Porto, C., & Hammadeh, M. E. 
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3.3 Aberrant DNA methylation patterns of human spermatozoa in current smoker males 

Laqqan, M., Tierling, S., Alkhaled, Y., Porto, C. L., Solomayer, E. F., & Hammadeh, M. E. 

(2017). Reproductive Toxicology 
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3.4 DNA methylation level of spermatozoa from subfertile and proven fertile and its 

relation to standard sperm parameters. 

Alkhaled, Y., Laqqan, M., Tierling, S., Porto, C. L., & Hammadeh, M. E. (2018). Andrologia. 
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3.5 Alterations in sperm DNA methylation patterns of oligospermic males 

Laqqan, M., Tierling, S., Alkhaled, Y., LoPorto, C., & Hammadeh, M.E. (2017). Reproductive 

biology 
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3.6 Spermatozoa from males with reduced fecundity exhibit differential DNA 

methylation patterns 

Laqqan, M., Tierling, S., Alkhaled, Y., Lo Porto, C., Solomayer, E. F., & Hammadeh, M. 

(2017). Andrology 

 

 

 

  

 

 



Results 

62 

 

 



Results 

63 

 

 



Results 

64 

 

 



Results 

65 

 

 



Results 

66 

 

 



Results 

67 

 

 



Results 

68 

 

 



Results 

69 

 

 



Discussion 

70 

 

4. Discussion 

4.1 Cigarette-smoking and sperm DNA methylation 

     The impact of cigarette-smoking on sperm DNA methylation and the correlation between 

DNA methylation and sperm parameters remain contradictory and debatable issues. 

Consequently, the main concern of this thesis is to highlight the various arguments supporting 

the divergent opinions and results concerning the evaluation of the effect of cigarette-smoking 

on sperm DNA methylation and its direct consequences on sperm parameters. The 

mechanisms of the adverse effects of cigarette-smoking on sperm parameters are not fully 

understood, but a possible explanation is the direct toxic influence of nicotine and other 

chemical components on the epithelium of the male genital tracts with the subsequent release 

of chemical mediators of inflammation, such as interleukin-6 and interleukin-8, which can 

recruit and activate leucocytes (Kumosani et al., 2008; Saleh et al., 2002). Furthermore, the 

number of cigarettes consumed per day was found to be associated with an accumulation of 

cotinine and an increase in reactive oxygen species (ROS), which leads to sperm membrane 

damage. ROS causes severe damage to sperm membrane due to the presence of high 

proportions of polyunsaturated fatty acids in the cell membrane (El-Melegy & Ali, 2011).  

     In the present study, the harmful impacts of cigarette-smoking were investigated, with 

particular reference to the changes in DNA methylation levels as well as to the association 

between the alteration of DNA methylation levels and standard sperm parameters in male 

smokers. Infinium 450K BeadChip arrays were used to identify the alteration in the sperm 

DNA methylation patterns between the smoker and non-smoker males. A genome-wide 

assessment revealed differences of more than 20% between the case and control groups in the 

following CpGs (cg00648582, cg0932376, cg19169023, cg23841288, cg27391564, 

cg19455396, and cg07869343). This result already provides some clues to the potential effect 

of cigarette-smoking on DNA methylation. The cg00648582, cg19169023, cg23841288, 

cg19455396, cg07869343 are located in the gene body and are related to the PGAM5, TYRO3, 

PTPRN2, TAP2 and MAPK8IP3 genes respectively whereas the cg0932376, and cg2739156 

genes are located in the intergenic regions (ENCODE Project Consortium, 2012). 
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All the seven CpGs mentioned were subjected to bisulfite sequencing in more populations. 

Only six CpGs showed a significant difference between the case and the control groups. 

Moreover, when local deep bisulfite sequencing was applied to the larger cohort, different 

CpG sites were obtained besides the target CpG* which resulted from the Infinium 450k 

beadchip array. The following CpG sites showed significant differences in the case compared 

to the control cases. These sites are related to specific genes and were demonstrated as 

follows: Fifteen of the twenty-five CpG sites in a PGAM5 gene-related amplicon, three out of 

four CpG sites in gene TYRO3 related amplicon, nine out of twelve CpG sites in gene 

PTPRN2 related amplicon and six out of twenty two CpG sites in gene MAPK8IP3 related 

amplicons. Furthermore, a significant difference was observed in four out of five CpG sites 

adjacent to cg09432376, and seven out of fifteen CpG sites neighbouring the cg27391564-

related amplicon. The alterations detected in the sperm DNA methylation levels - in the 

current thesis - concur with those found in other previous studies. These studies found that the 

DNA methylation patterns were adversely afftected by cigarette-smoking (Breitling et al., 

2011; Dogan et al., 2014; Sun et al., 2013; Zhu et al., 2016). This present study, however, 

has uniquely demonstrated the relationship between these afore-mentioned genes, namely 

PGMA5, TYRO3 and PTPRN2, and the effect of cigarette-smoking on the human sperm DNA 

methylation level. Furthermore, the present thesis clearly showed an association between the 

sperm DNA methylation at some different methylation CpGs (DMCs) and sperm 

concentration, the mean percentage of sperm motility, and immotile sperms. Similar findings 

were found in the studies conducted by Montjean et al. (2015) and Laqqan et al. (2017). 

However, the current study remarkably showed a significant correlation between the sperm 

DNA methylation at some DMCs and the mean percentage of progressive sperm motility, the 

mean percentage of abnormal morphology, viability, and sperm membrane integrity (vitality). 

On the other hand, the present study found significant differences in sperm parameters 

between smokers and non-smoker males, and these results were in accordance with those 

from previous studies (Hammadeh et al., 2010;  Jong et al., 2014; Zhang et al., 2013). 

     Toxic substances in cigarette smoke have drastic effects on the sperm DNA methylation 

process. The hazardous consequences can be seen in the damage caused to various 

mechanisms. To give a few examples: (I) the cigarette-smoke induces a break in the DNA 

double-stranded helix where this fracture then leads to the recruitment of DNMTs that change 

the DNA methylation at CpGs neighbouring the repaired nucleotides (Huang et al., 2013); 

(II) carbon monoxide leads to hypoxia, which then causes a reduction in the methionine 
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adenosyltransferase2A that is responsible for the synthesis of S-adenosyl methionine (SAM), 

a methyl group donor for DNA methylation (Liu et al., 2011); (III) cigarette-smoking 

increases the oxidative stress which alters the DNA methylation level (Tunc & Tremellen., 

2009); (IV) Sp1 is a transcription factor which binds to CpG sites in the gene promoters, but 

cigarette smoke leads to an increase in Sp1 and thus prevents de novo methylation of these 

CpG sites during early development (Han et al., 2001). 

4.2 DNA methylation and male subfertility. 

     On the other hand, we also assessed whether there is an alteration in the methylation levels 

of sperm DNA obtained from sub-fertile males compared to that obtained from proven fertile 

males. We subsequently  investigated the correlation between the sperm DNA methylation 

and the sperm parameters of the subfertile males. After applying the Infinium 450K beadchip 

array, the following CpG sites (cg19779893, cg19406113, cg23081194, cg04807108, 

cg25750688, cg07227024, cg16338278, cg05799088, and cg08408433) showed significant 

differences among the case and control groups. The same CpG sites were validated by 

bisulfate sequencing on more cohort studies, where cg19779893, cg23081194, cg07227024, 

cg16338278, cg05799088, and cg0840843 were found to be located in the gene body of 

ADAMTS14, UBE2G2, ALS2CR12, ALDH3B2, PRICKLE2, and PTGIR genes respectively, 

and the three remaining cg19406113, cg04807108, and cg25750688 were located in the 

intergenic regions (ENCODE Project Consortium., 2012). When local deep bisulfite 

sequencing was applied, different CpGs were detected close to the target CpGs* that resulted 

from the screening study.  The following CpG sites showed significant differences in the case 

compared to the control groups. These sites are related to specific genes and were 

demonstrated as follows: three CpGs related to the ADAMTS14 gene,  six  out of  eleven CpG 

site related to cg19406113, three CpGs in the UBE2G2 gene, two CpG sites related to 

cg25750688, and eight out of fifteen related to cg04807108. In addition, two CpGs related to 

the PRICKLE2 gene, two CpGs related to ALS2CR12, seven CpGs related to the ALDH3B2 

gene, and nine CpGs related to the PTGIR gene also demonstrated a significant difference in 

the case compared to the control groups. These variations in the sperm DNA methylation 

levels are in accordance with previous ones noted by other researchers (Ferfouri et al., 2013; 

Aston et al., 2015; Jenkins et al., 2016; Laqqan et al., 2017).  Moreover, significant 

differences were observed between the alteration in sperm DNA methylation levels in some 

CpGs adjacent to those afore-mentioned CpG sites (cg19779893, cg19406113, cg23081194, 

cg04807108, cg25750688, and cg07227024, cg16338278, cg05799088, and cg08408433) and 
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standerd sperm parameters. These correlations are consistent with the results that were found 

by Houshdaran et al. (2007) and Montjean et al. (2015) where a significant association 

between sperm DNA methylation and conventional sperm parameters (in concentration and 

motility) was mentioned. DNA methylation is essential during the spermatogenic process. 

Diverse studies have found that any alteration in the sperm DNA methylation of some genes 

in the male reproductive system has an impact on the sperm parameters and causes a 

subsequent reduction in human male fecundity (Navarro-Costa et al., 2010; Krausz et al., 

2012; Xu et al., 2016). 

     In conclusion, the present study revealed biological differences in the DNA methylation 

levels of CpGs located in the gene body (cg00648582, cg19169023, and cg23841288) and 

those located in the intergenic regions (cg0932376, and cg27391564). These alterations could 

potentially be related to the effects caused by smoking on the developmental stages of 

spermatozoa. In addition, a variation in the sperm DNA methylation patterns between proven 

fertile and subfertile males was also detected. Furthermore, an association between the 

changes in sperm DNA methylation and semen parameters was found in the case groups.  

In view of the results presented in this Ph.D. thesis, there is clear evidence that cigarette-

smoking produces changes in sperm DNA methylation levels. These changes were also found 

to be correlated with sperm parameters. As a consequence of these findings, it is advised that 

further studies should be conducted to investigate the influence of altered DNA methylation 

levels on gene expression, fertilization rates, embryo quality, and the ICSI outcome of male 

smokers.
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6. Appendix 

Chapter 3.1   

Supplementary Table 1: Table shows the correlation between DNA methylation pateerns in DMCs with the neighbouring CpGs and sperm 

parameters 

     DNA Methylation level at (Cg09432376) and adjacent CpGs related amplicon 

 

CPGs 
Sperm 

concentration 
(mill/mL) 

Motility 
(%) 

Progressive 
(%) 

Non- 

progressive 
(%) 

Immotile 
(%) 

Normal 

form 
(%) 

Eosin 
(%) 

Hostest 
(%) 

CpG1 r 0.259* 0.253* 0.284* -0.037 -0.277* 0.275* 0.458** 0.496** 

P value 0.022 0.026 0.012 0.753 0.014 0.015 0.000 0.000 

CpG2 r 0.284* 0.304** 0.319** 0.001 -0.323** 0.282* 0.514** 0.570* 

P value 0.012 0.007 0.004 0.993 0.004 0.013 0.000 0.000 

CpG3* r 0.278* 0.246* 0.247* 0.044 -0.268* 0.228* 0.518** 0.524** 

P value 0.014 0.030 0.029 0.704 0.018 0.046 0.000 0.000 

CpG4 r 0.274* 0.201 0.232* -0.048 -0.221 0.230* 0.437** 0.445** 

P value 0.015 0.078 0.041 0.680 0.052 0.044 0.000 0.000 

CpG5 r 0.241* 0.249* 0.263* 0.007 -0.270* 0.248* 0.430** 0.461** 

P value 0.033 0.028 0.020 0.949 0.017 0.029 0.000 0.000 

DNA Methylation level at (cg19169023) and its adjacent CpGs in TYRO3 gene-related amplicon 

CpG1* r 0.154 0.183 0.229* -0.088 -0.203 0.273* 0.406** 0.606** 

P value 0.179 0.108 0.044 0.449 0.074 0.016 0.000 0.000 

CpG2 r 0.088 -0.075 -0.102 0.071 0.076 0.045 0.018 0.036 

P value 0.442 0.512 0.374 0.540 0.511 0.700 0.873 0.757 

CpG3 r 0.106 0.105 0.114 0.022 -0.131 0.219 0.288* 0.391** 

P value 0.354 0.362 0.320 0.849 0.251 0.056 0.011 0.000 

CpG4 r 0.106 0.121 0.125 0.050 -0.155 0.225* 0.292** 0.374** 

P value 0.355 0.291 0.275 0.663 0.176 0.049 0.010 0.001 
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DNA Methylation level at (cg23841288) and its adjacent CpGs in PTPRN2 gene-related amplicon 

CpG1 r -0.033 -0.011 -0.004 -0.035 0.021 -0.289* -0.326** -0.367** 

P value 0.774 0.923 0.969 0.765 0.858 0.011 0.004 0.001 

CpG2 r -0.085 -0.067 -0.067 -0.051 0.096 -0.227* -0.343** -0.427** 

P value -0.033 -0.011 -0.004 -0.035 0.021 -0.289* -0.326** -0.367** 

CpG3 r -0.100 -0.096 -0.093 -0.055 0.122 -0.247* -0.299** -0.412** 

P value 0.258 0.350 0.352 0.666 0.244 0.040 0.007 0.000 

CpG4 r -0.058 -0.061 -0.058 -0.056 0.088 -0.254* -0.333** -0.399** 

P value 0.613 0.597 0.614 0.628 0.444 0.026 0.003 0.000 

CpG5 r -0.054 -0.065 -0.067 -0.038 0.091 -0.241* -0.332** -0.436** 

P value 0.639 0.574 0.558 0.740 0.429 0.035 0.003 0.000 

CpG6 r -0.042 -0.102 -0.121 0.006 0.128 -0.218 -0.356** -0.467** 

P value 0.712 0.372 0.290 0.957 0.263 0.057 0.001 0.000 

CpG7 r -0.021 -0.096 -0.100 -0.044 0.127 -0.317** -0.349** -0.439** 

P value 0.858 0.403 0.381 0.705 0.266 0.005 0.002 0.000 

CpG8 r -0.051 -0.099 -0.109 -0.020 0.126 -0.225* -0.337** -0.473** 

P value 0.660 0.391 0.341 0.862 0.270 0.049 0.003 0.000 

CpG9 r -0.012 -0.075 -0.079 -0.038 0.103 -0.228* -0.267* -0.431** 

P value 0.916 0.514 0.492 0.742 0.371 0.047 0.018 0.000 

CpG10 r -0.169 -0.252* -0.211 -0.157 0.268* -0.165 -0.256* -0.383** 

P value 0.139 0.026 0.064 0.173 0.018 0.152 0.023 0.001 

CpG11 r -0.084 -0.139 -0.077 -0.167 0.131 -0.283* -0.119 -0.173 

P value 0.467 0.223 0.501 0.146 0.253 0.013 0.299 0.130 

CpG12* r -0.057 -0.135 -0.143 -0.026 0.161 -0.222 -0.341** -0.491** 

P value 0.622 0.238 0.210 0.825 0.159 0.052 0.002 0.000 

DNA Methylation level at (cg27391564) and its adjacent CpGs-related amplicon 

CpG1 r 0.174 0.120 0.177 -0.118 -0.143 0.176 0.290** 0.491** 

P value 0.128 0.294 0.121 0.307 0.210 0.126 0.010 0.000 

CpG2 r 0.010 0.165 0.158 0.011 -0.155 0.101 -0.004 -0.067 

P value 0.791 0.257 0.243 0.855 0.295 0.403 0.787 0.819 
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CpG3* r 0.167 0.275* 0.319** -0.084 -0.293** 0.269* 0.416** 0.591** 

P value 0.143 0.015 0.004 0.470 0.009 0.018 0.000 0.000 

CpG4 r 0.167 0.111 0.172 -0.124 -0.137 0.162 0.284* 0.489** 

P value 0.144 0.332 0.133 0.281 0.232 0.158 0.012 0.000 

CpG5 r -0.067 -0.070 -0.003 -0.198 0.074 -0.002 0.018 0.006 

P value 0.562 0.542 0.976 0.085 0.517 0.988 0.878 0.961 

CpG6 r -0.035 -0.024 0.039 -0.186 0.029 0.075 -0.006 -0.020 

P value 0.761 0.834 0.735 0.105 0.801 0.515 0.959 0.862 

CpG7 r 0.154 0.183 0.229* -0.088 -0.203 0.273* 0.406** 0.606** 

P value 0.179 0.108 0.044 0.449 0.074 0.016 0.000 0.000 

CpG8 r 0.143 0.166 0.212 -0.086 -0.189 0.274* 0.398** 0.596** 

P value 0.211 0.145 0.062 0.460 0.097 0.016 0.000 0.000 

CpG9 r -0.036 -0.029 -0.020 -0.032 0.033 0.071 0.045 -0.083 

P value 0.711 0.770 0.949 0.484 0.747 0.356 0.130 0.134 

CpG10 r -0.096 0.004 0.002 -0.004 0.002 0.071 0.028 -0.092 

P value 0.493 0.859 0.676 0.077 0.820 0.655 0.722 0.762 

CpG11 r -0.193 -0.139 -0.073 -0.194 0.140 -0.005 -0.089 -0.194 

P value 0.546 0.890 0.625 0.070 0.873 0.637 0.827 0.903 

CpG12 r -0.193 -0.164 -0.099 -0.207 0.174 -0.177 -0.040 0.056 

P value 0.090 0.152 0.390 0.072 0.129 0.124 0.730 0.623 

CpG13 r -0.161 -0.098 -0.088 -0.040 0.102 0.052 -0.034 -0.139 

P value 0.933 0.976 0.683 0.252 0.982 0.741 0.893 0.582 

CpG14 r -0.018 0.108 0.082 0.071 -0.103 0.101 0.033 -0.051 

P value 0.936 0.959 0.677 0.160 0.916 0.724 0.974 0.744 

CpG15 r -0.187 -0.076 -0.051 -0.079 0.079 -0.052 -0.213 -0.196 

P value 0.996 0.994 0.689 0.226 0.960 0.746 0.977 0.574 
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Chapter 3.3 

Supplementary Table 1: Table shows all CpG dinucleotides that differ in their methylation levels for sperm DNA between current smokers and 

never smoked males (n=30) 

Cgid Chromosome Start Strand 

Mean 

Methylation 

(Never 

smokers) 

Mean 

Methylation 

(Current 

smokers) 

Mean  

difference 
Absolute 

difference 

Differential 

Methylation 

(P value) 

SD 

(Never 

smokers) 

SD 

(Current 

smokers) 

cg21575308 chr15 29763183 - 0.0365 0.9008 -0.8643 0.8643 9.34E-09 0.0056 0.0034 

cg23081194 chr21 46219184 + 0.1174 0.9164 -0.7990 0.7990 1.94E-08 0.0048 0.0131 

cg22280068 chr11 285037 - 0.8492 0.0993 0.7498 0.7498 1.81E-08 0.0049 0.0077 

cg05813498 chr17 78093353 + 0.8298 0.1444 0.6854 0.6854 4.16E-08 0.0072 0.0053 

cg07227024 chr2 202163482 - 0.0433 0.9268 -0.8835 0.8835 4.82E-08 0.0116 0.0081 

cg26337497 chr3 31935279 + 0.5445 0.0583 0.4862 0.4862 1.01E-07 0.0168 0.0015 

cg01584086 chr11 10373718 + 0.0349 0.5240 -0.4891 0.4891 1.21E-07 0.0010 0.0506 

cg09998151 chr14 32926900 - 0.0545 0.5341 -0.4796 0.4796 1.92E-07 0.0065 0.0035 

cg02730303 chr11 103480630 + 0.4948 0.0511 0.4437 0.4437 1.87E-07 0.0156 0.0063 

cg02507579 chr3 97887864 - 0.5624 0.0465 0.5160 0.5160 2.07E-07 0.0133 0.0097 

cg24147543 chr6 32554481 - 0.0363 0.3473 -0.3110 0.3110 2.43E-07 0.0029 0.0102 

cg10881162 chr3 55613558 - 0.9190 0.5478 0.3712 0.3712 4.15E-07 0.0027 0.0042 

cg13740636 chr11 93754223 + 0.5242 0.0611 0.4630 0.4630 3.36E-07 0.0205 0.0092 

cg22963027 chr19 49527060 + 0.0954 0.6027 -0.5073 0.5073 4.04E-07 0.0101 0.0180 

cg17455348 chr2 213406960 - 0.9091 0.4859 0.4231 0.4231 3.79E-07 0.0053 0.0056 

cg08720028 chr2 716366 - 0.9713 0.4778 0.4935 0.4935 3.45E-07 0.0065 0.0011 

cg01188578 chr2 26464058 - 0.0644 0.5298 -0.4654 0.4654 3.22E-07 0.0077 0.0098 

cg06833981 chr6 31597708 + 0.9241 0.5236 0.4005 0.4005 3.17E-07 0.0035 0.0110 

cg20978247 chr6 32905085 - 0.9099 0.5061 0.4038 0.4038 4.10E-07 0.0010 0.0187 

cg27639199 chr15 81666528 - 0.0612 0.5156 -0.4544 0.4544 2.75E-07 0.0024 0.0401 

cg00017157 chr1 167127353 - 0.0729 0.5831 -0.5102 0.5102 4.54E-07 0.0106 0.0068 

cg23622129 chr1 214328927 - 0.9210 0.5575 0.3634 0.3634 4.88E-07 0.0032 0.0113 
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cg07869343 chr16 1797050 + 0.9312 0.4913 0.4399 0.4399 6.70E-07 0.0044 0.0498 

cg26805113 chr16 86112141 - 0.5623 0.9129 -0.3506 0.3506 6.92E-07 0.0125 0.0022 

cg08996597 chr6 130747460 - 0.4758 0.8786 -0.4028 0.4028 6.87E-07 0.0069 0.0055 

cg27086157 chr13 114872606 + 0.8877 0.4077 0.4800 0.4800 6.63E-07 0.0124 0.0054 

cg09663736 chr11 131554122 + 0.5645 0.9179 -0.3534 0.3534 6.60E-07 0.0152 0.0026 

cg22984586 chr3 46411541 - 0.0658 0.5531 -0.4873 0.4873 6.99E-07 0.0119 0.0082 

cg03457281 chr4 48912027 - 0.9019 0.4579 0.4440 0.4440 7.24E-07 0.0109 0.0036 

cg12648811 chr1 17053886 - 0.0696 0.3857 -0.3161 0.3161 8.23E-07 0.0051 0.0071 

cg04315227 chr2 106886503 - 0.0444 0.3173 -0.2729 0.2729 8.32E-07 0.0033 0.0266 

cg26303777 chr1 230311676 - 0.9212 0.5488 0.3724 0.3724 8.20E-07 0.0063 0.0234 

cg19169023 chr15 41853346 + 0.9259 0.5528 0.3731 0.3731 8.35E-07 0.0066 0.0231 

cg13386926 chr5 156890399 + 0.8898 0.4628 0.4270 0.4270 8.86E-07 0.0104 0.0121 

cg01397495 chr2 136496804 - 0.8532 0.4471 0.4061 0.4061 8.84E-07 0.0046 0.0012 

cg17240976 chr2 242248764 - 0.8643 0.4370 0.4273 0.4273 9.20E-07 0.0079 0.0167 

cg17671604 chr19 41032399 + 0.4267 0.8380 -0.4114 0.4114 9.94E-07 0.0095 0.0002 

cg08429705 chr19 2583601 + 0.9200 0.5618 0.3582 0.3582 1.05E-06 0.0080 0.0139 

cg04245870 chr16 1722957 + 0.9073 0.4811 0.4262 0.4262 1.12E-06 0.0119 0.0018 

cg09432376 chr22 36044226 - 0.8867 0.4800 0.4068 0.4068 1.29E-06 0.0120 0.0025 

cg16122736 chr22 49635337 - 0.4528 0.8825 -0.4297 0.4297 1.39E-06 0.0153 0.0175 

cg08338478 chr2 197104914 + 0.9179 0.5532 0.3647 0.3647 1.39E-06 0.0026 0.0447 

cg14230280 chr9 132502800 - 0.8920 0.5145 0.3775 0.3775 1.43E-06 0.0027 0.0360 

cg09737095 chr11 128787688 - 0.1306 0.5024 -0.3718 0.3718 1.54E-06 0.0078 0.0106 

cg11627968 chr7 139351108 + 0.9107 0.5151 0.3956 0.3956 1.63E-06 0.0093 0.0368 

cg16380681 chr16 66155275 - 0.5082 0.9039 -0.3956 0.3956 1.61E-06 0.0311 0.0089 

cg22816462 chr8 6633067 - 0.9838 0.6294 0.3544 0.3544 1.62E-06 0.0021 0.1007 

cg04698472 chr19 52000825 + 0.9196 0.5234 0.3962 0.3962 1.79E-06 0.0131 0.0068 

cg23109721 chr2 106886537 + 0.0400 0.2511 -0.2112 0.2112 1.94E-06 0.0050 0.0025 

cg10650398 chr10 11443364 + 0.8947 0.5050 0.3898 0.3898 2.01E-06 0.0102 0.0317 

cg09762182 chr1 1046164 + 0.9331 0.5287 0.4044 0.4044 2.13E-06 0.0128 0.0291 

cg14741888 chr10 3240019 + 0.7771 0.3789 0.3981 0.3981 2.18E-06 0.0096 0.0054 
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cg27391564 chr2 240530497 - 0.8623 0.5132 0.3491 0.3491 2.23E-06 0.0048 0.0215 

cg23667563 chr12 131258209 + 0.9282 0.6236 0.3046 0.3046 2.28E-06 0.0035 0.0421 

cg10280035 chr2 98827491 + 0.9099 0.4755 0.4344 0.4344 2.52E-06 0.0172 0.0039 

cg22508145 chr19 17015427 - 0.5094 0.9189 -0.4094 0.4094 2.68E-06 0.0441 0.0111 

cg27049594 chr11 124439146 - 0.8888 0.5236 0.3652 0.3652 2.86E-06 0.0132 0.0080 

cg16810310 chr11 66104993 + 0.4728 0.8407 -0.3678 0.3678 2.84E-06 0.0047 0.0170 

cg24432632 chr10 3935314 - 0.8900 0.5260 0.3640 0.3640 2.77E-06 0.0131 0.0099 

cg09471659 chr15 28753787 + 0.0537 0.3654 -0.3117 0.3117 3.19E-06 0.0084 0.0388 

cg27079096 chr11 4389638 - 0.8903 0.5867 0.3036 0.3036 3.33E-06 0.0081 0.0173 

cg02151632 chr8 23310132 - 0.9040 0.5149 0.3890 0.3890 3.35E-06 0.0154 0.0095 

cg15412446 chr2 106886593 - 0.0608 0.2695 -0.2088 0.2088 3.49E-06 0.0053 0.0082 

cg09015880 chr17 47207658 + 0.8693 0.5245 0.3448 0.3448 3.65E-06 0.0129 0.0004 

cg16099169 chr2 106886729 + 0.0696 0.3037 -0.2341 0.2341 4.64E-06 0.0040 0.0322 

cg17830140 chr19 626119 - 0.9404 0.5646 0.3758 0.3758 4.80E-06 0.0138 0.0201 

cg18137779 chr1 56163457 - 0.8984 0.4832 0.4152 0.4152 5.07E-06 0.0173 0.0368 

cg02745784 chr2 178970574 - 0.8758 0.5391 0.3367 0.3367 5.27E-06 0.0142 0.0196 

cg27160141 chr4 8473051 - 0.9066 0.5822 0.3244 0.3244 5.37E-06 0.0135 0.0255 

cg23837945 chr13 112806830 + 0.4807 0.8257 -0.3450 0.3450 6.13E-06 0.0261 0.0082 

cg22270863 chr8 129839439 + 0.0296 0.2982 -0.2686 0.2686 7.17E-06 0.0029 0.0845 

cg24100357 chr7 1311498 + 0.9033 0.5756 0.3277 0.3277 7.75E-06 0.0166 0.0122 

cg08108333 chr7 157320662 - 0.0713 0.4078 -0.3365 0.3365 8.41E-06 0.0170 0.0012 

cg06813297 chr12 132537251 - 0.7205 0.9493 -0.2288 0.2288 8.27E-06 0.0337 0.0080 

cg23436081 chr3 190594456 + 0.0663 0.2926 -0.2264 0.2264 8.34E-06 0.0074 0.0309 

cg00125893 chr15 71747687 + 0.4800 0.8345 -0.3545 0.3545 8.53E-06 0.0224 0.0236 

cg08335702 chr12 107381175 - 0.0509 0.2114 -0.1605 0.1605 9.26E-06 0.0036 0.0258 

cg11680857 chr1 152635200 - 0.5601 0.8522 -0.2921 0.2921 9.90E-06 0.0219 0.0124 

cg08603678 chr8 109235928 - 0.5727 0.9153 -0.3426 0.3426 1.10E-05 0.0375 0.0210 

cg22037249 chr6 33037690 + 0.8905 0.5573 0.3332 0.3332 1.13E-05 0.0094 0.0619 

cg00648582 chr12 133294524 + 0.4300 0.7979 -0.3678 0.3678 1.18E-05 0.0392 0.0043 

cg09785377 chr15 60644157 + 0.9073 0.5738 0.3335 0.3335 1.19E-05 0.0203 0.0079 
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cg12474013 chr6 33095865 + 0.8191 0.4938 0.3253 0.3253 1.31E-05 0.0191 0.0167 

cg05127924 chr17 18647524 + 0.6374 0.8723 -0.2348 0.2348 1.35E-05 0.0196 0.0034 

cg09975044 chr14 104007538 + 0.5337 0.9259 -0.3922 0.3922 1.38E-05 0.0749 0.0088 

cg23841288 chr7 158342105 + 0.1598 0.4414 -0.2816 0.2816 1.58E-05 0.0163 0.0083 

cg14302130 chr6 33032830 - 0.9342 0.7446 0.1896 0.1896 1.66E-05 0.0063 0.0347 

cg07469546 chr16 86927990 + 0.1081 0.4632 -0.3551 0.3551 1.77E-05 0.0132 0.0735 

cg05407200 chr11 93586725 + 0.5206 0.8587 -0.3382 0.3382 1.83E-05 0.0214 0.0320 

cg05531409 chr3 131637172 - 0.8985 0.5711 0.3274 0.3274 1.88E-05 0.0226 0.0074 

cg19885539 chr2 1358283 - 0.8949 0.4218 0.4731 0.4731 1.95E-05 0.0264 0.0774 

cg21584493 chr7 158342721 + 0.2113 0.4984 -0.2871 0.2871 1.98E-05 0.0160 0.0139 

cg26311454 chr12 49520648 - 0.8392 0.5077 0.3315 0.3315 2.03E-05 0.0238 0.0163 

cg27392904 chr19 50400714 + 0.5832 0.8651 -0.2818 0.2818 2.07E-05 0.0399 0.0013 

cg08470742 chr6 169653905 - 0.1005 0.4088 -0.3083 0.3083 2.13E-05 0.0110 0.0676 

SD: Standard deviation 
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Supplementary Figure 1: Agarose gel electrophoresis of genomic DNA obtained from sperm samples. Briefly, genomic DNA was extracted from 

sperm samples by using an Isolate II genomic DNA kit. The whole genomic DNA obtained was run on 1.5% agarose gel electrophoresis (lines 2-8 ), 

highly purified sperm DNA as a positive control from Qiagen (Germany) was used (line 1), and M corresponds to DNA ladder (0.1-10.0 kb) (NE 

Biolabs, UK) was used. The DNA was separated in a constant electric field of 45 V for about 60 minutes. After the separation was completed, the 

DNA bands were visualized and photographed using a gel documentation system (BIO-RAD, Germany). The data showed that the molecular weight 

of the extracted DNA was greater than 10 kbp. 
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Supplementary Figure 2: Agarose gel electrophoresis of PCR products. Briefly, various sperm samples were collected and genomic DNA was 

extracted. The whole genomic DNA obtained was used as the template for PCR analysis. The products of PCR that are related to MAPK8IP gene 

amplification showed in 334 bp as described in lines 1-19. M corresponds to DNA ladder (0.1-10.0 kb) from NE Biolabs was used. The DNA was 

separated in a constant electric field of 65V for about 90 minutes, on the basis of molecular weight. After the separation was completed, the DNA 

bands on the gel were visualized and photographed using a gel documentation system (BIO-RAD, Germany). 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Agarose gel electrophoresis of PCR products. Briefly, various sperm samples were collected and genomic DNA was 

extracted. The whole genomic DNA obtained was used as the template for PCR analysis. The products of PCR that are related to TKR gene 

amplification shown in 386 bp, as described in lines 1-8. M corresponds to the DNA ladder (0.1-10.0 kb) from NE Biolabs, which was used. The 

DNA was separated in a constant electric field of 65V for about 90 minutes, on the basis of its molecular weight. After the separation was 

completed, the DNA bands on the gel were visualized and photographed using a gel documentation system (BIO-RAD, Germany). 
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Chapter 3.5  

Supplementary Table 1:  CpG dinucleotides that differ in their methylation levels for sperm DNA between the oligospermic male “case” and the 

proven fertile male “control” (n = 40). 

CgID Chromosome Start Strand 

Mean 

Proven 

fertile 

males 

Mean 

Oligospermic 

males 

Mean 

difference 

Difference  

Methylation 

(P value) 

Annotation 

cg23081194 chr21 46219184 + 0.117 0.953 -0.83 7.93E-10 UBE2G2 

cg25750688 chr7 63037165 + 0.964 0.437 0.527 5.79E-06 / 

cg04807108 chr15 78697933 - 0.325 0.918 -0.593 1.50E-06 / 

cg19779893 chr10 72451501 + 0.852 0.595 0.256 6.13E-06 ADAMTS14 

cg19406113 chr6 170558063 - 0.667 0.904 -0.237 7.28E-06 / 

 

 

Supplementary Table 2: Correlation between the methylation level in the DMCs obtained by Bi-PROF and the different semen parameters 

investigated for the case group. 

CpG 
Sperm concentration 

(mill/mL) 
Total of sperm   

motility (%) 
Progressive 
Motility (%) 

Non- 

progressive 

motility (%) 

Immotile 
Sperm (%) 

Normal form 
of sperm (%) 

Methylation level at CpGs in UBE2G2 gene-related amplicon 

CpG1 r -0.094 -0.112 -0.156 0.014 0.106 0.307 
P value 0.404 0.322 0.164 0.898 0.345 ≤0.005 

CpG2 r 0.243 -0.056 -0.064 -0.111 0.046 -0.116 
P value ≤0.029 0.620 0.573 0.325 0.682 0.301 

CpG3 r 0.199 -0.133 -0.115 0.030 0.035 -0.246 
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P value 0.075 0.238 0.305 0.792 0.760 ≤0.027 
Methylation level at CpGs in cg25750688 site related amplicon 

CpG1 r 0.125 0.084 0.121 0.025 -0.112 0.160 
P value 0.266 0.458 0.282 0.827 0.318 0.154 

CpG2 r 0.114 0.305 0.494 0.087 -0.341 -0.112 
P value 0.313 ≤0.006 ≤0.00001 0.438 ≤0.002 0.321 

Methylation level at CpGs in cg04807108 site related amplicon 

CpG1 r -0.324 0.017 0.061 0.025 -0.101 0.089 
P value ≤0.003 0.882 0.589 0.827 0.368 0.431 

CpG2 r -0.039 -0.065 0.062 -0.253 0.055 0.184 
P value 0.732 0.565 0.583 ≤0.023 0.628 0.100 

CpG3 r -0.213 0.158 0.247 -0.001 -0.200 -0.031 
P value 0.056 0.158 ≤0.026 0.995 0.073 0.784 

CpG4 r -0.013 -0.254 -0.117 -0.415 0.254 0.267 
P value 0.906 ≤0.022 0.297 ≤0.00001 ≤0.022 ≤0.016 

CpG5 r 0.039 -0.295 -0.140 -0.460 0.272 0.220 
Pvalue 0.732 ≤0.007 0.211 ≤0.00001 ≤0.014 ≤0.049 

CpG6 r -0.196 -0.069 -0.090 -0.104 0.053 0.196 
P value 0.080 0.543 0.425 0.357 0.636 0.079 

CpG7 r -0.091 -0.217 -0.046 -0.345 0.189 0.190 
P value 0.419 0.052 0.681 ≤0.002 0.092 0.090 

CpG8 r -0.091 0.015 0.079 0.033 -0.136 -0.065 
P value 0.417 0.893 0.481 0.769 0.226 0.564 

CpG9 r -0.056 -0.054 0.068 -0.261 0.077 0.122 
P value 0.619 0.632 0.549 ≤0.019 0.496 0.276 

CpG10 r -0.066 -0.079 0.065 -0.251 0.077 0.212 
P value 0.559 0.482 0.565 ≤0.024 0.493 0.058 

CpG11 r -0.004 -0.079 -0.060 0.124 -0.004 0.262 
P value 0.972 0.483 0.594 0.271 0.975 ≤0.018 

CpG12 r -0.061 -0.149 0.068 -0.311 0.126 0.108 
P value 0.589 0.185 0.545 ≤0.005 0.261 0.338 
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CpG13 r -0.135 0.043 0.025 -0.034 -0.086 0.043 
P value 0.230 0.706 0.823 0.766 0.445 0.703 

CpG14 r 0.092 0.173 0.188 0.020 -0.213 0.060 
P value 0.412 0.123 0.092 0.862 0.056 0.592 

CpG15 r 0.308 0.118 0.137 0.056 -0.141 0.304 
P value ≤0.005 0.296 0.222 0.621 0.210 ≤0.006 

DMC, Differentially methylated CpGs,  

R, Correlation Coefficient,  

P value ≤ 0.05: Significant,   

P value > 0.05: Not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1: Methylation levels at DMC in the UBE2G2 gene-related amplicon in cases compared to controls 
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Supplementary Figure 2: Methylation levels at DMC in the cg25750688 site-related amplicon in cases compared to controls 
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Supplementary Figure 3: Methylation levels at DMC in the cg04807108 site-related amplicon in cases compared to controls 
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Chapter 3.6 

Supplementary Tables 1: CpG dinucleotides that differ in their methylation levels for sperm DNA between cases (Males suffering from a 

reduction in fecundity) and controls (Proven fertile) (n=30) 

CgID Chromosome Start Strand Mean Controls Mean Cases 
Mean  

difference 

Difference  

Methylation (P 

value) 
Annotation 

cg05799088 chr3 64080488 - 0.916 0.545 0.371 3.67E-07 PRICKLE2 

cg07227024 chr2 202163482 - 0.043 0.908 -0.865 7.33E-09 ALS2CR12 

cg16338278 chr11 67432957 - 0.935 0.733 0.202 2.00E-07 ALDH3B2 

cg08408433 chr19 47127358 + 0.370 0.069 -0.301 4.27E-06 PTGIR 

cg04807108 chr15 78697933 - 0.725 0.918 -0.203 1.50E-06 / 

cg23081194 chr21 46219184 + 0.117 0.903 -0.786 7.93E-10 UBE2G2 

cg25750688 chr7 63037165 + 0.865 0.638 0.227 5.79E-06 / 

cg19779893 chr10 72451501 + 0.853 0.596 0.257 6.13E-06 ADAMTS14 

cg19406113 chr6 170558063 - 0.667 0.905 -0.237 7.28E-06 / 

 

Supplementary Tables 2: Correlation between the methylation levels in the DMCs obtained by Bi-PROF and the semen parameters for the case 

samples (n=55) 

DMC 
Semen 

Volume 

(mL) 

Sperm 

count 

(mill/mL) 

Total sperm 

motility (%) 
Progressive 

motility (%) 

Non- 

progressive 

motility (%) 

Sperm 

immotile (%) 
Sperm 

vitality (%) 
Sperm normal form 

(%) 

Methylation level at CpGs in PRICKLE2 gene-related amplicon 

CpG1 r -0.059 0.026 -0.194 -0.244 -0.084 0.185 0.204 -0.092 
P value 0.671 0.849 0.155 0.073 0.543 0.176 0.135 0.503 

CpG2 r 0.255 0.153 0.021 0.229 -0.086 -0.073 0.090 -0.037 
P value 0.061 0.266 0.881 0.092 0.532 0.595 0.516 0.790 

Methylation level at CpGs in ALS2CR12 gene-related amplicon 
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CpG1 r -0.017 0.088 -0.274 -0.282 -0.170 0.278 0.147 0.027 
P value 0.901 0.522 ≤ 0.043 ≤ 0.037 0.214 ≤ 0.040 0.283 0.844 

 CpG2 r 0.135 -0.019 -0.173 0..266 -0.137 0.181 0.023 0.019 
P value 0.325 0.889 0.207 ≤ 0.049 0.319 0.185 0.869 0.891 

Methylation level at CpGs in ALDH3B2 gene-related amplicon 

CpG1 r -0.107 -0.002 0.206 0.042 0.290 -0.184 -0.101 -0.026 
P value 0.435 0.986 0.131 0.763 ≤ 0.032 0.180 0.465 0.850 

CpG2 r 0.204 0.270 -0.269 -0.258 -0.213 0.304 -0.132 -0.089 
P value 0.136 ≤ 0.046 ≤ 0.047 0.057 0.119 ≤ 0.024 0.337 0.518 

 CpG3 r 0.177 0.433 -0.101 -0.161 -0.041 0.115 0.077 -0.182 
P value 0.197 ≤ 0.001 0.463 0.240 0.767 0.403 0.578 0.184 

CpG4 r 0.167 0.119 0.054 -0.020 0.252 -0.104 0.079 -0.164 
P value 0.222 0.386 0.697 0.884 0.064 0.452 0.567 0.232 

CpG5 r 0.030 0.077 0.127 0.015 0.159 -0.069 -0.068 -0.018 
P value 0.829 0.578 0.355 0.911 0.247 0.614 0.622 0.894 

CpG6 r -0.046 0.075 -0.026 -0.173 -0.080 0.083 0.116 0.172 
P value 0.740 0.588 0.853 0.206 0.559 0.547 0.398 0.209 

CpG7 r -0.039 0.113 0.006 0.051 0.102 -0.048 -0.022 -0.204 
P value 0.775 0.411 0.964 0.713 0.458 0.725 0.876 0.135 

CpG8 r 0.070 0.185 0.059 0.092 -0.032 -0.035 -0.027 -0.092 
P value 0.610 0.177 0.667 0.502 0.814 0.801 0.848 0.503 

CpG9 r -0.052 0.019 0.113 -0.059 0.167 -0.055 -0.010 -0.033 
P value 0.709 0.889 0.412 0.668 0.222 0.689 0.944 0.808 

 CpG10 r 0.196 0.400 0.037 -0.054 0.112 -0.011 0.126 -0.146 
P value 0.152 ≤ 0.002 0.787 0.696 0.414 0.934 0.360 0.289 

CpG11 r -0.134 0.385 0.077 -0.117 0.246 -0.030 0.045 -0.048 
P value 0.328 ≤ 0.004 0.578 0.397 0.070 0.826 0.745 0.727 

CpG12 r -0.235 0.378 -0.065 -0.268 0.204 0.120 0.159 0.027 
P value 0.085 ≤ 0.004 0.637 ≤ 0.048 0.135 0.384 0.246 0.846 

CpG13 r -0.075 0.335 0.234 0.128 0.154 -0.172 0.192 -0.032 
P value 0.584 ≤ 0.012 0.086 0.350 0.262 0.210 0.159 0.819 

Methylation level at CpGs in PTGIR gene-related amplicon 

CpG1 r 0.024 0.204 -0.239 -0.242 -0.115 0.368 -0.472 0.003 
P value 0.908 0.329 0.249 0.243 0.585 0.070 ≤ 0.017 0.990 

CpG2 r 0.059 0.236 -0.232 -0.230 -0.144 0.367 -0.394 0.184 
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P value 0.778 0.255 0.264 0.269 0.492 0.071 0.050 0.379 

CpG3 r -0.051 0.347 -0.203 -0.246 -0.088 0.339 -0.386 0.143 
P value 0.809 0.089 0.330 0.235 0.676 0.097 0.057 0.496 

CpG4 r -0.081 0.305 -0.167 -0.293 -0.006 0.298 -0.310 0.207 
P value 0.701 0.139 0.424 0.155 0.976 0.148 0.131 0.320 

CpG5 r -0.094 0.272 -0.164 -0.270 0.025 0.299 -0.363 0.055 
P value 0.655 0.188 0.433 0.192 0.905 0.146 0.075 0.792 

CpG6 r -0.101 0.299 -0.227 -0.262 -0.123 0.362 -0.413 0.199 
P value 0.630 0.147 0.275 0.206 0.558 0.075 ≤ 0.040 0.340 

CpG7 r 0.071 0.195 -0.312 -0.206 -0.031 0.324 -0.365 0.023 
P value 0.735 0.351 0.128 0.324 0.884 0.115 0.073 0.913 

CpG8 r 0.114 0.332 -0.075 -0.037 0.068 0.077 -0.218 0.206 
P value 0.586 0.105 0.723 0.861 0.748 0.715 0.295 0.323 

CpG9 r -0.044 0.172 -0.201 -0.234 -0.144 0.336 -0.437 0.188 
P value 0.833 0.411 0.336 0.260 0.493 0.101 ≤ 0.029 0.369 

CpG10 r -0.041 0.153 -0.339 -0.309 -0.128 0.437 -0.542 0.017 
P value 0.847 0.466 0.097 0.133 0.543 ≤0.029 ≤ 0.005 0.934 

CpG11 r 0.022 0.162 -0.158 -0.228 -0.030 0.295 -0.325 0.197 
P value 0.916 0.439 0.451 0.273 0.887 0.152 0.112 0.344 

CpG12 r 0.027 0.194 -0.162 -0.175 -0.138 0.303 -0.395 0.193 
P value 0.897 0.353 0.439 0.403 0.512 0.141 0.050 0.355 

CpG13 r -0.008 0.069 -0.398 -0.395 -0.195 0.518 -0.491 0.091 
P value 0.970 0.742 ≤ 0.049 0.050 0.350 ≤ 0.008 ≤ 0.013 0.665 

CpG14 r 0.010 0.111 -0.325 -0.337 -0.206 0.453 -0.477 0.307 
P value 0.960 0.599 0.113 0.100 0.323 ≤ 0.023 ≤ 0.016 0.135 

CpG15 r 0.066 0.317 -0.080 -0.129 -0.058 0.224 -0.282 0.167 
P value 0.755 0.123 0.702 0.537 0.783 0.283 0.172 0.426 

CpG16 r -0.119 0.217 -0.312 -0.337 -0.194 0.443 -0.474 0.206 
P value 0.571 0.297 0.129 0.099 0.352 ≤ 0.026 ≤ 0.017 0.322 

CpG17 r -0.017 0.156 -0.199 -0.259 -0.066 0.335 -0.318 0.270 
P value 0.935 0.456 0.340 0.212 0.752 0.101 0.121 0.191 

CpG18 r -0.015 0.299 -0.081 -0.114 -0.099 0.223 -0.450 0.007 
P value 0.945 0.146 0.699 0.586 0.637 0.285 ≤ 0.024 0.974 

CpG19 r -0.039 0.193 -0.251 -0.314 -0.087 0.384 -0.325 0.196 
P value 0.852 0.356 0.226 0.126 0.679 0.058 0.113 0.349 
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CpG20 r -0.056 0.269 -0.231 -0.280 -0.108 0.364 -0.350 0.112 
P value 0.789 0.194 0.266 0.175 0.606 0.074 0.087 0.593 

CpG21 r -0.118 0.268 -0.272 -0.375 -0.055 0.401 -0.419 0.184 
P value 0.573 0.196 0.188 0.065 0.792 ≤ 0.047 ≤ 0.037 0.377 

CpG22 r -0.062 0.254 -0.301 -0.311 -0.169 0.429 -0.475 0.159 
P value 0.770 0.221 0.144 0.131 0.418 ≤ 0.032 ≤ 0.016 0.447 

CpG23 r 0.013 0.322 -0.275 -0.166 0.021 0.286 -0.367 0.135 
P value 0.949 0.116 0.183 0.427 0.919 0.166 0.071 0.520 

CpG24 r -0.103 0.236 -0.231 -0.270 -0.195 0.366 -0.437 0.290 
P value 0.625 0.256 0.266 0.192 0.350 0.072 ≤ 0.029 0.160 

CpG25 r -0.071 0.152 -0.210 -0.214 -0.187 0.347 -0.475 0.228 
P value 0.736 0.469 0.313 0.304 0.372 0.090 ≤ 0.016 0.274 

CpG26 r 0.063 0.110 -0.142 -0.208 -0.131 0.268 -0.307 0.242 
P value 0.766 0.600 0.498 0.320 0.534 0.196 0.136 0.243 
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