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Abstract 

Infertility affects 10 15% of couples and approximately 50% of cases are linked 

to male factor infertility. In recent decades, many studies have found that genetic 

causes, aberrant patterns of DNA methylation and histone modification have been 

shown to play a role in male infertility or fecundity decline, and have been identified in 

15 30% of infertile males. Besides, several studies have illustrated that changes in 

the DNA methylation of specific genes in germ cells are linked with oligozoospermia, 

reduced progressive sperm motility, and abnormal sperm morphology. Likewise, a 

recent study detected aberrant in DNA methylation levels for genes involved in the 

spermatogenic program and located outside of imprinted regions in poor quality 

spermatozoa. The present thesis aimed (I) to determine whether sperm DNA 

methylation level at CpG dinucleotides is different in males suffering from a reduction 

in fecundity compared to proven fertile males, (II) to determine the relationship 

between changes in sperm DNA methylation levels in this gene and abnormalities in 

semen parameters, (III) to identify whether cigarette smoking alters sperm DNA 

methylation patterns and to determine whether this alteration in sperm DNA 

methylation is associated with basic semen parameters like sperm count, sperm 

motility, and morphology, (IV) to evaluate the association between the gene 

expressions level for the genes included in this study and semen parameters, 

addition to assessing the correlation between the gene expression and the alteration 

in spermatozoa DNA methylation levels. The strategy of this research was applied as 

the following: Infinium 450K BeadChip array was used as screening study, to 

evaluate the variation in sperm DNA methylation levels between cases and controls 

groups. Then the differentially methylated CpGs (DMC) underwent to deep bisulfite 

sequencing to validate on large cohort samples (as validation study). In the end, 

Quantitative RT-PCR assay was used to evaluate the expression of the gene 

included in this study. According to the results of the validation study, the 

bioinformatics analysis found that more than one CpG showed a difference in the 

methylation level addition to CpGs obtained from the screening study between 

subfertile males and proven fertile males. Some of this CpGs were located in gene 

bodies and CpG islands (PRICKLE2, ALS2CR12, ALDH3B2, PTGIR, KCNJ5, MLPH, 

SMC1b, GAA, PRRC2A, and TYRO3), while the 
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other CpGs were located in intergenic regions. Besides, a significant correlation was 

found between the methylation levels at the CpGs in genes related amplicon of 

subfertile males and semen parameters like sperm count, a percentage of total 

sperm motility, the percentage of progressive motility, a percentage of non-

progressive motility, a percentage of immotile sperm and sperm vitality. On the other 

hand, this study showed more than one CpGs have significant differences in 

methylation levels between current smokers as compared to never smoked males 

like CpGs namely cg07869343 and cg19169023, which are located in the MAPK8IP3 

and TKR genes. Moreover, the results showed a significant correlation between the 

methylation levels at more than one CpGs in the genes related amplicon of current 

smoker males and semen parameters such as sperm count, the percentage of total 

sperm motility, a percentage of sperm immotile, a percentage of progressive motility, 

and a percentage of sperm normal form. In conclusion, this study identified CpGs 

related to different genes have an alteration in sperm DNA methylation levels in 

cases compared to controls groups. In addition, an association between changes in 

the methylation level for these CpGs and different semen parameters was found. The 

observed variations may have an influence on sperm phenotype. More studies are 

needed to clarify the mechanisms relating to these alterations and to discover their 

significance and functional consequences for male fecundity. 
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Zusammenfassung 

Unfruchtbarkeit betrifft 10 - 15% der Paare und etwa 50 % der Fälle werden an 

männliche Faktorunfruchtbarkeit verbunden. In den letzten Jahrzehnten haben viele 

Studien haben festgestellt, dass die genetische Ursachen, abweichendes Muster der 

DNA-Methylierung und Histonmodifikation gezeigt haben, eine Rolle in der 

männlichen Unfruchtbarkeit oder Fruchtbarkeit Rückgang zu spielen, und haben in 

15 identifiziert wurde - 30% der infertile Männer. Neben, mehrere Studien haben 

gezeigt, dass die Veränderungen in der DNA-Methylierung spezifischer Gene in 

Keimzellen verbunden sind mit oligozoospermie, reduzierte progressive 

Beweglichkeit der Spermien, die Morphologie der Spermien und abnormal. Ebenso 

wird eine aktuelle Studie entdeckt aberrante DNA-Methylierung von Genen, die in die 

spermatogene programm beteiligten und außerhalb der geprägten Regionen in 

schlechter Qualität der Spermien. Die vorliegende Arbeit soll (I), um zu bestimmen, 

ob die Spermien-DNA Methylierung bei CpG dinucleotides verschiedenen in Männer 

leiden unter einer Verringerung der Fruchtbarkeit ist im Vergleich zu den bewährten 

fruchtbare Männer, (II) die Beziehung zwischen Veränderungen der Spermien-DNA 

Methylierung Ebenen in diesem Gen und Missbildungen im Samen Parameter zu 

bestimmen, (iii) um zu ermitteln, ob das Rauchen verändert Spermien-DNA 

Methylierungsmuster und zu ermitteln, ob diese Änderung der Spermien-DNA 

Methylierung mit grundlegenden Samen Parameter wie die Zahl der Spermien, die 

Beweglichkeit der Spermien zugeordnet ist, und die Morphologie, (iv) die Assoziation 

zwischen den gen Ausdrücke für die Gene, die in dieser Studie und Samen 

Parameter enthalten, zusätzlich zu der Bewertung der Korrelation zwischen der 

Genexpression und der Veränderung der Spermien-DNA-Methylierung. Die Strategie 

dieser Forschung war, wie die Folgenden: Infinium 450K BeadChip Array war als 

screening Studie verwendet, die Veränderung der Spermien-DNA Methylierung 

Ebenen zwischen Fällen und Kontrollen Gruppen zu bewerten. Dann die differentiell 

methylierte CpGs (DMC) wurde zu tief Bisulfite Sequencing auf große Kohorte 

Proben (als validierungsstudie) bestätigen. Am Ende, Quantitative RT-PCR Assay 

wurde verwendet, um die Expression des Gens in dieser Studie zu bewerten. Nach 

den Ergebnissen der Validierungsstudie, die bioinformatik Analyse ergab, dass mehr 

als ein CpG zeigten einen Unterschied in der methylierung Ebene neben der CpGs 

vom screening Studie zwischen subfertile Männer und bewährte fruchtbare Männer 
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gewonnen. Einige dieser CpGs wurden in gen Stellen und CpG-Inseln (KRIBBELN 2, 

ALS 2 CR 12, ALDH3 B2, PTGIR, Kcnj 5, MLPH, SMC 1b, GAA, PRRC2A, MAPK 8 

und TYRO3), während die anderen CpGs in intergenic 

Regionen entfernt wurden. Außerdem wurde eine signifikante Korrelation zwischen 

der Methylierung der CpGs in Genen amplikon der Subfertile Männer und Samen 

Parameter wie die Zahl der Spermien gefunden wurde, einen Prozentsatz der 

gesamten Beweglichkeit der Spermien, der Prozentsatz der Spermienbeweglichkeit, 

ein Anteil von Nicht-progressive Motilität, einen Prozentsatz der Immotile Spermien 

und Spermien Vitalität. Auf der anderen Seite ist diese Studie zeigte mehr als ein 

CpGs haben signifikante Unterschiede in der Methylierung Ebenen zwischen 

Rauchern gegenüber nie geraucht Männchen wie CpGs nämlich cg cg 07869343 

und 19169023, die in der Mapk 8 IP3 und TKR Gene befinden. Darüber hinaus. Die 

Ergebnisse zeigten einen signifikanten Zusammenhang zwischen der Methylierung 

Niveaus an mehr als einem CpGs in den Genen amplikon der aktuellen Raucher 

Männer und Samen Parameter wie die Zahl der Spermien, der Prozentsatz der 

gesamten Beweglichkeit der Spermien, einen Prozentsatz der Spermien Immotile, 

einen Prozentsatz der Spermienbeweglichkeit und ein Prozentsatz der Spermien 

normale Form an. Im Ergebnis dieser Studie identifizierten CpGs im Zusammenhang 

mit verschiedenen Genen haben eine Veränderung in der Spermien-DNA 

Methylierung Ebenen in Fällen verglichen mit Kontrollen Gruppen. Zusätzlich wird 

eine Verbindung zwischen den Veränderungen in der Methylierung für diese CpGs 

und verschiedenen Samen Parameter gefunden wurde. Die beobachteten 

Abweichungen können einen Einfluss auf die spermien Phänotyp. Weitere Studien 

sind notwendig, um die Mechanismen, die im Zusammenhang mit diesen 

Veränderungen und deren Bedeutung und funktionelle Konsequenzen für männliche 

Fruchtbarkeit zu entdecken, zu klären.  
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1 Introduction 

1.1 Overview 

Infertility is a growing problem in human health and is defined as the inability to 

achieve pregnancy after 12 months, despite unprotected sexual intercourse 

(Poongothai et al., 2009). In addition, infertility is a complex disease related to 

several factors such as hormonal, biological, genetic, and lifestyle factors (Dada et 

al., 2001; Krausz et al., 2014; Yassin et al., 2017). Approximately 10 15% of 

couples suffering from infertility problems and about 50% of cases are correlated with 

male factor (Raheem et al., 2012; Inhorn & Patrizio, 2015; Kumar & Singh, 2015). 

Oligozoospermia is one of the most prevalent disorders in male suffered from 

infertility problems, which characterized by abnormally decrease in the semen 

parameters. Besides that, the genetic problems were considered as one of the 

causes lead to male infertility problems, despite the differences in their origins and 

their etiologies. For examples: chromosome abnormalities, alterations linked to the Y 

chromosome and single gene mutations (  et al., 2005; Kitamura et 

al., 2015). Also, the recent studies found that the epigenetic alterations, abnormality 

in the sperm DNA methylation patterns and histone modification play a role in male 

infertility or fecundity decline (Esteves, 2013; Soubry, 2015; Jenkins et al., 2016a). 

The molecular mechanisms of these defects need more explanation since male 

infertility has been classified as a phenotype of the deficiency in the transcription of 

various genes (Matzuk & Lamb, 2002). So, epigenetic is considered as one of the 

most promising approaches, which have the ability to explain some etiologies of 

fertility disorders. 

1.2 Epigenetics  

Epigenetics refers to heritable and reversible forms of gene activity and 

expression without any actual modification in the DNA sequences, or epigenetics 

defined as changes occur in gene expression by changing DNA and histone structure 

without changing the DNA sequence itself. The epigenetic processes include several 
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of activities like such as DNA methylation, post-translational modifications of histone 

(PTMs), chromatin remodeling, and RNA interference (Vaissière et al., 2008) 

(Figure 1.1), and these epigenetic alterations can be inherited through both mitotic 

and meiotic divisions (Ferfouri et al., 2013; Urdinguio et al., 2015). The body of the 

human has at least 400 different kind of cells and the DNA is similar in all cells 

(Razin, 1998). The regulation of mRNA transcription is considered the main effector 

of cellular differentiation and diversity; epigenetic and histones modification is a key 

modulator of this process (Mitchell et al., 2016). The DNA wraps around histones to 

form nucleosomes and the nucleosomes are grouping into a special order of 

structures called chromatin. The gene expression was controlled through the 

chromatin modifications (Klose & Bird, 2006). The compactness of DNA in a 

particular region of chromatin is regulated by epigenetics, which plays a critical role in 

deciding which genes will be expressed and when. 

 

Figure 1-1 Major epigenetic mechanisms influencing gene expression  
(Rajender et al., 2011). 
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1.2.1 DNA methylation 

DNA methylation is an epigenetic mechanism, used to control the expression 

of the genes in all cells, and occurs by the transfer of a methyl (CH3) group from S-

adenosylmethionine to a fifth carbon atom of cytosine pyrimidine ring (5meC) in the 

CpG islands (CGIs) clusters (Schübeler, 2015) (Figure 1.2). The methylated state of 

CpGs has a critical impact on genes transcription during embryonic growth, genomic 

imprinting, X-chromosome inactivation, and development of tumors (Liyanage et al., 

2014; Heyn et al., 2016). In human, DNA methyltransferase (DNMT) is responsible 

for the transfer of a methyl group (CH3) from S -adenosylmethionine to 5-cytosine of 

CpG dinucleotides to form 5-methylcytosine (5meC) (Celik et al., 2016). The CpG 

islands (CGIs) are short (~500 base pairs long) interspersed C+G rich DNA 

sequences and found in the promoter or in the regulatory regions of transposable 

elements (Zhu et al., 2008; Illingworth & Bird, 2009).  

 

Figure 1-2 Chemical structures of cytosine and 5-methyl cytosine in DNA 
(Information from: http://bscb.org/learning-resources/softcell-e-learning/epigenetics-its-not-
just-genes-that-make-us/). 
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The methylation of these CGIS is correlated with silencing or inactivation of 

promoters through inhibiting the attached of a transcription factor with methylated 

cytosines or suppression mediated by methyl-CpG-binding proteins (Jones, 2012), 

while the hypomethylation usually correlated with gene expression activation (Deaton 

& Bird, 2011) (Figure 1.3). Suppression of transcription by CpG methylation can 

occur by different mechanisms. (I) The presence of methyl groups at specific CpG 

sites leads to directly blocked for the DNA recognition and binding of transcription 

factors (Nomura et al., 2007), (II) arrive the transcription factor to the regulatory 

elements might be blocked (Handy et al., 2011), (III) histone deacetylation promotes 

chromatin condensation, further inhibiting transcription (Chen  et al., 2016).  

 

Figure 1-3 Epigenetic regulation of gene expression  
As described in figure 1-3 (A) DNA methylase catalyzes the transfer of a methyl group to the cytosine 
residues in CpG dinucleotide sequences. (B) Inhibition the gene expression by methylation of the CpG 
islands in the gene promoter region. (C) Histone acetylation plays an important role in the regulation of 
gene expression. Hyperacetylated chromatin is transcriptionally active whereas hypoacetylated 
chromatin is silent. Methyl-CpG-binding proteins interact with histone deacetylase causing gene 
silencing (Muhonen & Holthofer, 2009). 
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In vertebrates, CpG islands are usually related with the promoters of many 

housekeeping genes which are necessary for general cell functions, as well as 

certain tissue-specific genes, and methylation of these sites attenuates or halts 

transcription (Gardiner-Garden, 1987; Mitchell et al., 2016). Also, the methylated 

CpG clusters distributed within genes, intergenic regions, and within silencers and 

enhancers, which plays a role in cellular physiology. These CpG sites are considered 

as a subject for research, especially they play an important role in controlling of 

genes transcription (Mitchell et al., 2016). The DNA methylation patterns within 

regulatory regions are characterized as stable; nevertheless, the dynamic de novo 

methylation occurs in the regulatory regions to avoid re-expression (Weber et al., 

2007). The regulatory mechanisms depending on the DNA methyltransferase 

(DNMT) protein family, which includes different kinds of DNA methyltransferases 

(DNMTs) like DNMT1 which is responsible for maintenance of DNA methylation 

during DNA replication, besides facilitates the activities of other enzymes (DNMT3A 

and DNMT3B) (Goll & Bestor, 2005; Jones, 2012). While, DNMT3A, DNMT3B, and 

DNMT3L mediate de novo methylation of genomic DNA during the early phase of 

embryo growth specifically in germ cells, and they have an active role in the process 

of spermatozoa production (Kaneda et al., 2004). Recent findings showed that 

epigenetic regulation contributed in neurodevelopment, aging, and many human 

diseases (Kaas et al., 2013; Jones et al., 2015). 

1.2.2 Histone modifications 

The DNA of eukaryotic is packaged into a compacted chromatin structure and 

the nucleosome is the essential compound of this structure. Nucleosomes are formed 

from eight histone molecules with two copies of histones H2A, H2B, H3, and H4 

(Barnes et al., 2005) (Figure 1.4), which is fundamental to spermatozoa production, 

structure, and function (Okada et al., 2007). Histone modifications are performed by 

acetylation of lysines, methylation of lysines and arginines, ubiquitylation of lysines, 

and phosphorylation of serines and threonines (Kouzarides, 2007). Histone 

modifications are known as chromatin regulatory proteins, ultimately leading to 

variations in DNA transcription, replication, repair, and recombination (Dada et al., 

2012; Tvrda et al., 2015). The open and/or closed chromatin statuses determine the 
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gene accessibility to the transcriptional machinery and regulated through the 

modifications to both DNA and histone tails. Briefly, the open status is less densely 

packed chromatin state allows binding of transcription factors (TF) and the general 

transcriptional machinery to the gene regulatory region and leads to transcriptionally 

active. This open status is correlated with demethylated DNA and highly acetylated 

histone tails (H3, and H4). In contrast, the closed status is more densely packed, 

does not allow the binding of transcription factors and leads to transcriptionally silent. 

This close status is characterized by the following, DNA methylation and 

deacetylated; methylated histone lysine (H3K9 and H3K27) residues (Carlberg & 

Molnár, 2016; Prakash, 2017) ( ). 

 

Figure 1-4 A structure of Nucleosome 
As described in figure 1-4: A histone octamer composed of two copies each of the histones H2A, H2B, 
H3, and H4. A histone octamer surrounded by with a DNA strand wrapped (Tsankova et al., 2007). 
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Figure 1-5 Open and closed status of chromatin 
As described in figure 1-5: the close status on the left is characterized by DNA methylation and 
deacetylated histones, is condensed and inaccessible to transcription factors, which is repressive 
regulation of transcription. In contrast, open status on the right is in a loose form and transcriptionally 
active; DNA is unmethylated and histone tails acetylated, which is active regulation of transcription 
(Hatzimichael & Crook, 2013). 

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are the major 

enzymes that contribute in the Histone acetylation. HATs catalyze the addition of 

acetyl group to the lysine residues and associated with the local chromatin expansion 

and activation of gene expression (Rice et al., 2001). While HDACs removes the 

acetyl group from the lysine residue which and leads to chromatin condensation and 

inhibition of gene expression (Tsankova et al., 2010). A complex interaction occurs 

between modifications of the histone tails of H3 and H4, some of which work 

antagonistically to regulate the change from an active to inactive chromatin state and 

one of them termed as histone code (Lachner et al., 2003). Histone 

methyltransferases (HMTs) are enzymes responsible for the addition of methyl 

groups to either lysine and/or arginine residues (Upadhyay & Cheng, 2011). In 

contrast to DNA methylation, histone methylation is associated with either 

suppression or activation of gene expression depending on the number and the 
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position of methyl group that added to amino acid residues, for examples: 

methylation of histone H3 at Lys4 (H3K4), Lys36 (H3K36) and Lys79 (H3K79) has an 

activating influence on gene expression, while methylation of histone H3 at Lys9 

(H3K9) and Lys27 (H3K27) is correlated with gene silencing (Filipponi & Feil, 2009; 

Upadhyay et al., 2011; Ho et al., 2015). Additionally, chromatin remodeling 

complexes play a vital role in remodels nucleosome structure to cover or expose 

regions of DNA for transcriptional regulation. Currently, four different families of 

chromatin remodeling complexes were identified SWI/SNF (switching 

defective/sucrose non-fermenting), CHD (chromo-domain, helicase, DNA binding), 

ISWI (imitation switch), and INO80 (inositol requiring 80). All of these types need to 

ATP (ATP hydrolysis) to change histone-DNA and act together with chromatin 

modifiers to direct nucleosome dynamics (Clapier & Cairns, 2009; Hargreaves & 

Crabtree, 2011). It is worth mentioning that, histone methylation is considerably more 

complex compared to histone acetylation, and it can occur on conserved lysine and 

arginine residues and across all four histone proteins (Zhang & Reinberg, 2001). 

Recently, the researchers believed that the histone methylation is a more permanent, 

stable modification (Bannister & Kouzarides, 2005; Black et al., 2012)  

1.3 Epigenetic and spermatozoa development 

Spermatozoa are very organized and differentiated cells, which connected to 

specific structural and functional integrity. In the past, the major function of the 

spermatozoa was to transfer the paternal genetic information encoded in the DNA 

sequence to the embryo, besides the appropriate epigenetic information (Carrell & 

Hammoud, 2010; Rando & Daddy, 2012). While, the current information pointed 

that the spermatozoa structures have active participation in the early development 

stage (Krawetz, 2005; Carrell, 2008; Inbar-Feigenberg et al., 2013). Each type of 

cell have private epigenetic signature which shows in the developmental history and 

environmental influences and finally reflected in the cell's functions (Dada et al., 

2012). However, the epigenetic of spermatozoa has been dynamically changing 

during development (Surani et al., 2007; Saitou et al., 2012).  
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1.3.1 Histone-to-protamine transition in spermatozoa 

The structure of spermatozoa DNA is very special compared to the structure of 

the somatic cell, whereas the main part of DNA in spermatozoa is coiled into very 

compressed, and this issue occurs due to an incorporation of protamines. A less 

amount of DNA is joined with histones in a very relaxed form and the residual amount 

of DNA is joined to the sperm nuclear matrix within matrix attachment regions 

(MARs) (Agarwal & Said, 2003). During the progress of spermatogenesis, the 

spermatozoa undergo a dramatic change in the genome that not only influence 

genetic and epigenetic information but also in the structure of nuclear such as in 

chromatin structure. The majority (90 95%) of histones are replaced with protamines 

late in the haploid stage of spermatogenesis and these proteins are vital for the 

spermatozoa to become effective (Rousseaux et al., 2005; Oliva, 2006; Kitamura 

et al., 2015). Protamines are small molecules created during advanced stages of 

spermatogenesis and rich of arginine (Bao & Bedford, 2016). The DNA compaction 

plays a very important role in the formation and development of spermatozoa and in 

protecting the spermatozoa genome from the environmental factors, and harmful 

molecules within the female reproductive system (H Cree et al., 2011) (Figure 1.6). 

Acetylation process is controlled through the interactions between the acetylase and 

deacetylase enzymes. The major purpose of histone hyperacetylation represent in 

the open of chromatin structure and which stimulates DNA strand breaks caused by 

topoisomerase enzyme and facilitates the replacement of histones with transition 

proteins (TPs) (Nair et al., 2008; Rousseaux et al., 2011). Hyperacetylated 

considered as a starting point and then several extra events lead to the final 

protamine replacement such as the transition proteins are eliminated and replaced by 

protamines (Rousseaux et al., 2009; Tvrda et al., 2015). Two protamines (P1 & P2) 

are approximately equally expressed in human (Carrell et al., 2007). The 

phosphorylation of protamines and the ratio of the two protamines in human are 

essential for optimal sperm function. The normal ratio of P1/ P2 in proven fertile 

males found between 0.8-1.2 (Carrell & LIU 2001), and any defect in this ratio, 

higher or lower than normal correlated with declined sperm counts, and function, 

increased DNA damage and decreased males fecundity (Aoki et al. 2005; Simon et 

al., 2011). In addition, change in the ratio of P1 to P2 indicates abnormal 
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spermatogenesis and is a probable direct cause of abnormal methylation of 

differentially methylated regions (DMRs) (Hammoud et al., 2010; Hammoud et al., 

2011). 

 

Figure 1-6 Epigenetic events during spermatogenesis 
As described in figure 1-6: In primodial germ cells (PGCs), DNA methylation occurs to set up the 
paternal specific imprints. Hyperacetylation occurs during spermiogenesis to assist in the Histone-
Protamine exchange (Tvrda et al., 2015). 
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1.4 Environmental factors and epigenetic modifications  

Male fecundity influenced by different factors and environmental factors are 

one of this factors. Several kinds of toxins like volatile organic solvents, physical 

agents, chemical dust, and pesticides had been associated with male infertility 

problems (Hruska et al., 2000; Olooto, 2017). Besides, lifestyles such as tobacco 

smoking and alcohol intake also contribute to the male infertility problems (Gaur et 

al., 2007; Aitken et al., 2014). Environment factors have a strong influence on the 

epigenetic modifications and alteration in gene expression and having a profound 

role on development and health as well as development and progression of the 

disease (Poulsen et al., 2007; Miao et al., 2014). Indeed, several of previous 

studies have assessed the effects of different environmental agents on the male 

fertility and showed that the environmental factors lead to aberrant in epigenetic 

regulation which adversely affects semen parameters (Jenkins & Carrell, 2011; 

Huang et al., 2015). 

Nutrition: Diet consists of different types of supplements (folate, methionine, vitamin 

B6, and B12) which correlated with epigenetic modification and DNA methylation 

(Feil & Fraga, 2012). This compounds can influence on the carbon metabolism and 

consequently, the available amount of S-adenosylmethionine (SAM) can be affected 

which in turn affects the process of DNA methylation (Van den Veyver, 2002). 

Environmental toxicants: The male fertility could be influenced by gonadal 

endocrine disruption or by direct damage on steroidogenesis (Hammoud et al., 

2010). Endocrine disruptors and steroidotoxic agents are present in air pollution 

(Jensen et al., 2002), which contains a high level of carbon monoxide, nitrous 

dioxide, and lead. These toxic agents could influence on semen parameters and 

modification in the integrity of sperm DNA (Mendiola et al., 2014; Santi et al., 2016). 

Several of previous studies found that exposure to endocrine disrupting chemicals 

during the early stage of development leads to continual changes in DNA 

methylation. Whereas, the endocrine disruptors have the ability to change DNA 

methylation patterns found in the key genes and lead to significant changes in 

transcriptional process (Li et al., 2003; Guerrero-Bosagna et al., 2008; Kumar et 
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al., 2013). Another study showed that the used of 5-aza-20-deoxycytidine as 

anticancer agent causes a decrease in the global DNA methylation which leads to 

changed sperm morphology, reduced sperm motility, reduced fertilization capacity, 

and reduced the survival rate of the embryo (Oakes et al., 2007).  

Cigarette smoking: Cigarette smoke is recognized as one of the environmental 

factors that effect on the DNA methylation (Breitling et al., 2011). However, there is 

a lack of information about the effect of cigarette smoking on sperm DNA methylation 

patterns. The cigarette smoking potentially contributes to the reduction in male 

fertility, specifically effects sperms motility and morphology (Sharpe, 2010; Breitling 

et al., 2011; Nielsen et al., 2016), and sperm DNA damage (Niu et al., 2010; 

Caserta et al., 2015)  Approximately 4000 chemical compounds produce from 

cigarette combustion such as nicotine, carbon monoxide, cadmium, and other 

mutagenic compounds which inhaled by smokers (Figure 1.7), all of this compounds 

have potentially to influences on the germ cells of males (Wu et al., 2016) and can 

reduce the activity of sperm mitochondrial, and damage the chromatin structure in 

human sperm, consequently reducing the fertilization capacity of spermatozoa 

(Calogero et al., 2009; Sharma et al., 2013; Condorelli et al., 2017).  

 

Figure 1-7 Harmful chemical compounds found in cigarettes smoke 
As described in figure 1-7: Cigarette smoke contains over 4000 chemical compounds. Only a few of 
them are provided in this figure (information from http://hamrah.co/en/pages/nicotine/). 
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Recent studies found that the cigarette smoking have adversely influence in the 

transcriptome (Charlesworth et al., 2010; Shen et al., 2016), causes chromosomal 

aberration (Kumar et al., 2015; Vaghela et al., 2016), inverse effect on the 

protamination process by disrupting P2 (Hammadeh et al.,2010, Hamad et al., 

2014), alteration in the sperm DNA methylation pattern (Zeilinger et al., 2013; 

Thomas, 2016), and decreased in the sperm membrane permeability and in the 

activity of acrosin (Sofikitis et al., 2000; Sreenivasa et al., 2016). Nevertheless, the 

influence of cigarette smoking on sperm DNA methylation remains controversial, and 

there are various mechanisms have been hypothesized to clarify this issue (Sakkas 

et al., 2002; Calogero et al., 2009). One of mechanisms candidate is the oxidative 

stress caused by increase in the generation level of reactive oxygen species (ROS) 

or free oxygen radicals within the testis plus decreased in the levels of antioxidant 

such as Vitamin E and Vitamin C, which lead to impaired spermatogenesis (Lee et 

al., 2007; Meri et al., 2013). Depend on the available data, which related to 

environmental factors and epigenetic alteration, it may be concluded that we should 

be focused on the environmental toxins as one of strong etiology that related with 

epigenetic changes in spermatozoa, in order to assist in improving diagnostic and 

treatment options in males who suffer from infertility problems (Skinner et al., 2010; 

Jenkins et al., 2011). 

1.5 Sperm DNA methylation and male infertility  

The spermatozoa are specialized cells with a flagellum, produced through the 

spermatogenesis process. This process includes a complex of events such as 

extensive cellular, epigenetic and chromatin changes. The mature spermatozoa will 

be shown at the end of this process, which is required for reproduction, fertilization, 

and normal embryo development (Ioannou et al., 2016). Spermatozoa characterized 

by unique DNA methylation patterns which generated in the early stages of 

spermatogenesis and needed for normal spermatogenesis and sperm development 

(Santos & Dean, 2004; Ankolkar et al., 2012; Hackett & Surani, 2013). Unlike 

somatic cells, germ cells have hypomethylated DNA (Oakes et al., 2007). The 

increase in the methylation levels of human spermatozoa has been shown to 
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influence human male fertility. For example, hypermethylation of the promoter region 

of CREM gene in spermatids leads to an abnormality in the P1/P2 ratios and is 

correlated with incomplete sperm chromatin compaction, reduced sperm motility, and 

male subfertility (Nanassy & Carrell, 2011). Several studies have illustrated that 

changes in the DNA methylation levels of specific genes in germ cells are linked with 

oligozoospermia, reduced progressive sperm motility, and abnormal sperm 

morphology (Marques  et al., 2008; Hammoud et al., 2010; Nanassy & Carrell, 

2011; Li et al., 2013; Montjean et al., 2015). Besides, other studies found a 

correlation between the alterations in sperm DNA methylation pattern and male 

infertility problems (Navarro-Costa et al., 2010; Bahreinian et al., 2015; Tavalaee 

et al., 2015; Jenkins et al., 2016a). Aberrant in sperm DNA methylation is one of the 

most relevant aspects of epigenetic abnormalities in spermatozoa; these defects can 

disease (Wei et 

al., 2014). Cheng et al revealed a significant relationship between DNMT1 

polymorphisms and oligozoospermia compared to proven fertile, and this result 

suggests that these polymorphisms may influence in the DNMT1 expression levels 

and a defect in the spermatogenesis (Cheng et al., 2014). All of the previous studies 

support the hypothesis that spermatozoa DNA methylation patterns of printed as well 

as non-imprinted genes are necessary for normal sperm function, embryo 

development, and male fecundity. However, in a number of cases, the cause of 

infertility is still unknown because of a lack of knowledge of the genetic and molecular 

mechanisms that play a role in the control of sperm cell production and maturation. 

Therefore, the discovery of new genes that may participate in spermatogenesis and 

study of the DNA methylation of CpG dinucleotides at differentially methylated 

regions (DMRs) is the best epigenetic mark to understand some infertility problems in 

males. 

1.6 Human spermatozoa RNAs and male infertility 

The nucleus of spermatozoa considered inert because of it is extreme 

compaction. However, spermatozoa RNA can act as an epigenetic regulator 

(Grunewald et al., 2005). Indeed, spermatozoa contain many specific kinds of RNAs 
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like mRNAs, miRNAs, noncoding RNAs (ncRNAs), small interfering RNAs (siRNAs), 

and Piwi-interacting RNAs (piRNAs) (Yan et al., 2008; Frost et al., 2010; Song et 

al., 2011; Hamatani, 2012). Both of miRNAs and noncoding RNAs have the ability to 

regulate the different genes expression by various processes and it is known that the 

differential susceptibility to microRNAs contributes to tissue-specific gene expression 

(Ostermeier et al., 2002; Tani et al., 2010; Liu et al., 2012). Additionally, the small 

non-coding RNAs and long noncoding RNAs (lncRNAs) have a significant function in 

germline development (Yadav & Kotaja, 2014). On the other hand, at transcriptional 

and post-transcriptional of miRNAs and siRNAs regulate the mRNA translation and 

degradation either by triggering endonuclease cleavage, promoting translation 

repression, or accelerating mRNA decapping (Yadav & Kotaja, 2014). Moreover, it 

has been found that spermatozoa RNA is capable of saving nucleosome-bound DNA 

and blocks the protamination in specific regions of chromatin (Hamatani, 2012) 

(Figure 1.8). In human, the mature spermatozoa have a specific mRNAs, and some 

of them encoding protamines and hormonal receptors (Dadoune, 2009). 

Furthermore, it has been found that the sperm RNAs could help in the stabilization of 

nuclear envelope, an interaction between DNA and histones during the protamine 

transition, and they have a significant function in marking the DNA sequences that 

stay bound to histones (Hamatani, 2012). A high amount of messenger RNAs 

(mRNAs) stored during spermatogenesis and which considers as an important 

feature, whereas the mRNAs are playing an important role in recognizing genes 

associated with the spermatogenesis and, consequently, genes correlated to 

infertility (Wykes et al., 2000; Zhao et al., 2006). Besides that, certain mRNAs 

remnants in the adult spermatozoa are important in fertility and early embryo 

development in humans (García-Herrero et al., 2011). In addition, several of 

previous studies illustrated that the spermatozoa RNAs have an important role in the 

epigenetic regulation of genes expression especially in the early stage of embryo 

development (Grandjean et al., 2015; Chen et al., 2016a). Moreover, other studies 

found an alteration in the expression of some genes in males who suffered from 

infertility problems compared to proven fertility males (Gu et al., 2010; Montjean et 

al., 2012). 
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Figure 1-8 Parameters for sperm quality analysis 
As described in figure 1-8: The molecular indicators that use to evaluate the sperm quality analysis 
and their roles on a male fertility and reproductive key process. RNA: non-coding RNAs (miRNAs, 
piRNAs, and lncRNAs) and mRNAs; DNA and epigenetic status (Robles et al., 2017). 

This different kind of RNA could act at different levels and have different roles in 

regulation phase: (I) inhibit miRNA function, (II) avoid translation, (III) influence in 

chromatin remodeling (Kung et al., 2013). Interestingly, some lncRNAs have a 

specific function in the development of male germ cell such as Testis-specific X-

linked (Tsx) is associated with meiosis progression and the Dmrt1-related gene (Dmr) 

plays a role in the switching between mitosis and meiosis of the germ cell 

development (Lee & Xiao, 2012), and depending on the information reviewed, it 

seems clear that the small and long non- coding RNAs have a critical role in post-

transcriptional regulation, which considers a very necessary for successful 

spermatogenesis (Robles et al., 2017). 
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2 Aims of the PhD thesis 

As summarized in the introduction, Epigenetic plays a critical role in the 

regulation of genes expression. Besides that, Spermatozoa have unique DNA 

methylation patterns which are created during early stages of spermatogenesis and 

are necessary for normal spermatozoa production and development. In patients with 

infertility problems, epigenetic alterations, abnormality in the sperm DNA methylation 

patterns and histone modification are considered as one of the causes leading to 

fecundity decline. So, epigenetic is considered as one of the most promising 

approaches, which have the ability to explain the etiologies of some infertility 

disorders. 

The purposes of this study were summarized as the following  

I. To determine whether sperm DNA methylation at CpG dinucleotides is 

different in males suffering from a reduction in fecundity compared to proven 

fertile males.  

II. To determine the relationship between changes in sperm DNA methylation 

levels in the genes of this study, and abnormalities in semen parameters. 

III. To identify whether cigarette smoking alters sperm DNA methylation patterns 

and to determine whether the change in DNA methylation is associated with 

basic semen parameters like sperm count, sperm motility, and morphology. 

IV. To evaluate the association between the gene expressions level for the 

genes included in this study and semen parameters, addition to assessing 

the correlation between the gene expression and the alteration in 

spermatozoa DNA methylation levels.  
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3 Results 

This thesis is a cumulative thesis based on five of published scientific manuscript as 

follows: In this thesis, we determine whether sperm DNA methylation at CpG 

dinucleotides is different in males suffering from subfertility problems compared to 

proven fertile males. Also, this study evaluated the relationship between changes in 

sperm DNA methylation patterns and semen parameters in subfertile males. On the 

other hand, two from the attached manuscript has been designed to identify whether 

cigarette smoking alters sperm DNA methylation patterns and to determine whether 

the change in DNA methylation is associated with basic semen parameters like 

sperm count, sperm motility, and morphology. 

 In the first manuscript, nine regions were identified have a variation in the 

methylation levels between the males with reduced fecundity (as cases) and 

the proven fertile males (as controls) without overlap common annotation 

SNPs. Six out of nine differentially methylated regions (cg05799088, 

cg07227024, cg16338278, cg08408433, cg23081194, and cg19779893) is 

located in the CpG island and the bodies of the following genes (PRICKLE2, 

ALS2CR12, ALDH3B2, PTGIR, UBE2G2, ADAMTS14, respectively), while 

three were found in intergenic regions (cg04807108, cg25750688, and 

cg19406113). In addition, an association between changes in the methylation 

level for these CpGs and different semen parameters was found.  

 In the second manuscript, eight CpG were identified have a variation in the 

methylation levels between subfertile males, who have been unable to have 

children after ten years of attempting childbearing (cases) and proven fertile 

males (controls) without overlap common annotation SNPs. Six out of eight 

differentially methylated regions (cg09737095, cg14271023, cg17662493, 

cg26038514, cg20311754, and cg12403190) were located in CpG island and 

the bodies of the following genes (KCNJ5, MLPH, SMC1B, ASAP1, COL4A1, 

MAGI1, respectively), and two were found in intergenic regions (cg13496755 

and cg04733911). In addition, an association was shown between the 
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alterations in the methylation levels at these CpGs and sperm count, a 

percentage of total sperm motility. 

 In the third manuscript, only seven CpG regions showed a significant 

 males, who have been unable to have children 

Each one of 

this CpGs (cg05813498, cg06833981, cg07869343, cg02745784, 

cg09785377, cg22963027 and cg19169023) was located in gene bodies and 

CpG islands (

respectively), and these genes were found to be related to male fertility, sperm 

count and sperm function. 

 The fourth manuscript showed ninety-five CpG have significant differences in 

current smokers (cases) as compared to never smoked males (controls). 

However, only 11 of those have significant differences in cases as compared 

to controls without overlap common annotation SNPs. Six out of eleven CpGs 

(cg20978247, cg07869343, cg19169023, cg09432376, cg00648582, 

cg23841288) were located in CpG the bodies of the following genes (HLA, 

MAPK8IP3, TYRO3, APOL6, PGAM5, PTPRN2, respectively), and two were 

found in intergenic regions (cg01584086, cg23109721, cg27391564, 

cg15412446, cg08108333). Besides that, a significant correlation has been 

found between the percentage of total sperm motility, the percentage of sperm 

immotile and the methylation level at CpGs in gene related amplicon included 

in this study. 
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4 Discussion 

In this thesis, we conducted a genome-wide DNA methylation analysis to identify 

alterations in sperm DNA methylation patterns between proven fertile males and 

males suffering from subfertile problems, and then we determined the association 

between changes in sperm DNA methylation levels and semen parameters. The DNA 

methylation in germline-related genes plays a vital role in the proper 

spermatogenesis process (Carrell, 2012; Bao & Bedford, 2016), and various 

studies have found that the defects in spermatogenesis and reduction in the 

reproductive potential of males could be caused by abnormal methylation in genes 

expressed in the testes (Poplinski et al., 2010; Grégoire et al., 2013; 

Niederberger, 2013; Jenkins et al., 2016a). Furthermore, different studies have 

found a strong relationship between a change in the level of DNA methylation in 

spermatozoa and infertility problems in males (Hammoud et al., 2010; Sato et al., 

2011; Ramasamy et al., 2014; Urdinguio et al., 2015). The results obtained from 

the first three articles which related to male subfertility problems was line with the 

study of Aston et al whose showed that some CpGs in the sperm genome of patients 

who suffered from a reduction in fecundity and underwent assisted reproductive 

technologies had alterations in the DNA methylation pattern and they proposed 

performing a genome-wide evaluation of sperm DNA methylation and hypothesized 

that DNA methylation may help to predict male fertility status as well as embryo 

quality (Aston et al., 2015). Overall, these changes in the sperm DNA methylation 

levels are in agreement with previous results that showed that the methylation levels 

in sperm DNA tend to be altered in subfertile males compared with control males (El 

Hajj et al., 2011; Montjean et al., 2013; Montjean et al.,2015).  Other previous 

studies reported that males suffering from a reduction in fecundity have a low level of 

sperm DNA methylation compared with control males (Boissonnas et al., 2010; 

Ferfouri et al., 2013). Furthermore, the correlations shown in this thesis between the 

methylation levels and semen parameters are consistent with the results of other 

authors who found a high correlation between sperm count, sperm motility, and 

sperm DNA methylation levels (Marques et al., 2004; Kläver & Gromoll, 2014). It is 

worth mentioning that, the following genes ALS2CR12, ALDH3B, PRICKLE2, and 
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PTGIR play a critical role in the process of spermatogenesis and sperm capacity 

(Curry et al., 2009; Fuchs et al., 2010; Choi & Cho, 2011; Matzkin et al., 2012; 

Gong et al., 2013). Besides that, the MLPH gene expressed with high level in the 

testes and contributes to the development of spermatid tail, through the intra-

manchette transport (IMT) mechanism (Fukuda et al., 2002; Kierszenbaum et al., 

2003). Furthermore, expression of the  gene is shown in the M phase of 

spermatogonia as a checkpoint gene (Roy et al., 2010), this, in turn, can result in 

spermatogonial apoptosis, meiotic arrest, or gametes with genomic instability, leading 

to either infertility or congenital malformations of the offspring (Kurahashi et al., 

2012). As well as the GAA gene which plays a role in the maturation of germ cells 

and fertilization, also the PDE11A gene was found in the acrosomal cap and 

flagellum of spermatozoa (Raben et al., 2000; Baxendale & Fraser, 2005). In 

addition, the ANXA2 is found in the acrosome and flagellum of the sperm cells and 

could be implicated in different events that are known to be calcium dependents, 

such as flagellar motility, acrosome reaction and fertilization (Skrahina et al., 2008). 

On the other side, the results of the fourth manuscript indicated that cigarette 

smoking causes biochemical changes in the sperm DNA methylation in many 

differentially methylated CpG (DMC), which related to MAPK8IP and TKR gene 

amplicon in current smoker group compared to never smoke control group. Several 

of previous studies showed that the MAPK8IP gene is associated with human 

spermatozoa functions and sperm capacitation (De Lamirande & Gagnon, 2002). 

Besides that, TKR proteins play very important roles in controlling cell survival, 

proliferation and differentiation, spermatogenesis, and phagocytosis (Manning et al., 

2002; Hafizi & Dahlbäck, 2006; Xiong et al., 2008). In general, the variation in 

methylation levels between cases and controls group in the fourth manuscript is in 

oxidative stress, and this plays an important role as a potential cause of change in 

the level of DNA methylation (Hammadeh et al., 2010; Hayes & Knaus, 2013; 

). Besides, the correlations those shown in the fourth manuscript are 

agreement with previous studies that found an association between alterations in the 

methylation patterns of sperm DNA methylation and sperm parameters of 

males (El Hajj et al., 2011, Montjean et al., 2013). 
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5 Conclusion 

The manuscripts included in this thesis identified different CpGs related to the 

following genes ALS2CR12, ALDH3B2, PRICKLE2, PTGIR KCNJ5, MLPH

GAA, PRRC2A, PDE11A, ANXA2, and MAPK8Ip3 with consistently altered 

methylation levels in sperm DNA from males with reduced fecundity. In addition, an 

association between changes in the methylation level at these CpGs and different 

semen parameters was found. In addition, the results of this study indicated that 

cigarette smoking causes biochemical changes in the sperm DNA methylation in 

many regions, which related to MAPK8IP and TKR gene amplicon and could 

adversely affect semen parameters. These data indicate that the identified CpGs play 

a crucial role in spermatogenesis and the change in the methylation levels has 

negatively affect semen parameters. So, these results will contribute to increasing the 

knowledge about sperm methylation process and subfertility problems. Furthermore, 

to understand the complex relationship between subfertility problems and abnormal 

DNA methylation in this genes, more studies are needed to clarify the mechanisms 

relating to these alterations and to discover their significance and functional 

consequences for male fecundity. Therefore, in this regard, the CpGs related to this 

gene may have future diagnostic value and shed more light on the molecular 

mechanisms of male infertility problems. 
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