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Abstract/ Zusammenfassung

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: () 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 (l1) to
assess whether there is an alteration in the sperm DNA methylation levels between subfertile
and proven fertile males; and furthermore, (I11) 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, c¢g0932376, ¢g19169023, 923841288, cg27391564,
€g19455396, and cg07869343) were subjected to bisulfite sequencing. The cg00648582,
€g19169023, ¢g23841288, cg19455396, cg07869343 are located in the gene body and are
related to PGAM5, TYRO3, PTPRN2, TAP2 and MAPKS8IP3 genes respectively whereas the
€g0932376, 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
PGAMS5 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 MAPKB8IP3-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 c¢g27391564-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,
€g23081194, ¢g04807108, ¢g25750688, 907227024, ¢gl16338278, 905799088, and
cg08408433) were validated by deep sequencing where c¢gl19779893, c¢g23081194,
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, ¢g19169023, cg23841288,
€g19455396, cg07869343) and those located in the intergenic regions (cg0932376, and
€g27391564). 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.



Abstract/ Zusammenfassung

Zusammenfassung

Zigarettenrauchen ist immer noch eines der haufigsten Gewohnheiten weltweit. Laut WHO
sind fast ein Drittel der ber 15-jahrigen Raucher. Mehrere Studien fanden bereits eine
negative Assoziation zwischen Zigarettenrauchen und Standard-Spermienparametern,
Spermienpenetration und Befruchtungskapazitat. Daruber hinaus fiihrt Zigarettenrauchen
auch zu Veranderungen im Epigenom und beeintréachtigt auch die DNA-Methylierung. Die
DNA-Methylierung spielt eine entscheidende Rolle bei der Genomstabilitat, der Pragung von
Genen, der Inaktivierung von X-Chromosomen und der Regulation der Gentranskription. Das
Ziel der vorliegenden Arbeit war (1), die Variation der Spermien-DNA-Methylierungslevels
zwischen Rauchern und Nichtrauchern (als Kontrollgruppe) zu untersuchen. AuBerdem sollte
der Zusammenhang zwischen Verénderungen der Spermien-DNA-Methylierungslevel und
Spermienparameter bei ménnlichen Rauchern untersucht werden (11). Es sollte beurteilt
werden, ob es eine Veranderung der Spermien-DNA-Methylierungslevel bei subfertilen und
fertilen Mannern gibt. Weiterhin sollte die Korrelation zwischen Veranderungen der
Spermien-DNA-Methylierung und Spermienparametern bei subfertilen Mé&nnern untersucht

werden.

Infinium 450K BeadChip-Arrays wurden verwendet, um die Verdnderung 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 bestétigen,
die von Infinium 450K BeadChip-Arrays erhalten wurden. Folgende CpGs wurden der
Bisulfitsequenzierung unterzogen: ¢g00648582, c¢g0932376, ¢gl19169023, cg23841288,
€g27391564, ¢g19455396 und c¢g07869343). cg00648582, ¢gl19169023, cg23841288,
€g19455396, cg07869343, sind im Genkdrper lokalisiert und mit PGAMS5-, TYRO3-,
PTPRN2-, TAP2- und MAPKS8IP3-Genen assoziiert, wahrend die ¢g0932376- und
€g2739156-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 auferdem 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 Kontrollféllen. Sie sind mit spezifischen Genen verwandt und wurden wie folgt
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nachgewiesen: Funfzehn von fiinfundzwanzig CpG-Stellen in einem PGAM5-Gen-, drei von
vier CpG-Stellen im TYRO3-, waren mit neun von zwolf CpG-Stellen in Gen-PTPRN2 und
sechs von zweiundzwanzig CpG-Stellen in Gen-MAPKS8IP3.

Daruber hinaus wurde ein signifikanter Unterschied in vier von funf CpG-Stellen von
benachbart zu cg09432376 und sieben von flinfzehn 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 ménnlichen Rauchern (Fallgruppe) gefunden. Zusétzlich 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 ¢g19779893, c¢g23081194,
cg07227024, cgl16338278, cg05799088 und cg0840843 im Genkdrper 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 Nahe 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 funfzehn verwandten cg04807108. Daruber 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. Darliber hinaus wurden signifikante
Unterschiede zwischen Veranderungen der Spermien-DNA-Methylierungslevels in einigen
CpG-Adjacents und den zuvor erwédhnten CpG-Stellen, sowie den Standard-

Spermienparametern beobachtet.

Zusammenfassend wurden in der vorliegenden Arbeit biologische Unterschiede im DNA-

Methylierungsgrad von CpGs im Genkorper (cg00648582, ¢g19169023, 923841288,

€g19455396, ¢g07869343) und in Bereichen zwischen den Genen (cg0932376 und

€g27391564) gefunden. Diese Verdnderungen konnten moglicherweise mit Auswirkungen

des Rauchens auf die Entwicklungsstadien der Spermatozoen zusammenhangen. Zusétzlich
v
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wurde eine Variation in den Spermien-DNA-Methylierungsmustern zwischen fertilen und
subfertilen Mannern festgestellt. Daruber hinaus wurde in den Fallgruppen ein
Zusammenhang zwischen den Verdnderungen der Spermien-DNA-Methylierung und den

Spermienparametern gefunden.
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Introduction

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 | division to produce secondary spermatocytes which
contain haploid genetic material (2N); this is then followed by meiosis Il to produce four
haploid spermatids with either (22, Y) or (22, X) chromosome (De Kretser et al., 1998)
(Fiqurel).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
Il 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

2
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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.

Causes of male infertility
J\
[ \
Obstructive causes Non-obstructive causes
¢ Congenital absence of vas ¢ Hormonal abnormalities
deferens ¢ Autoimmunity (Anti-
* Vasectomy sperm antibodies)
¢ Vasal obstruction ¢ Varicocele
¢ Epididymal obstruction ¢  Orchitis
e Ejaculatory duct obstruction * Testicular trauma
e Testicular tumors
¢ Genetic causes

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
Expressed during sperm tail formation | Sperm with a bent tail and its
TEKT Tektins 1-5 and plays an important role in the progressive motility is thereby reduced.
normal tail structure and function. (Tanaka et al., 2004; Royet al., 2009).
Voltage dependent Hgs a crucia_tl role i_n the function o_f_ Reduc_es the sperm motility due to the
VDACs anion channel mitochondria required for the stability | defective structure of the axenome.
of the axoneme in the tail. (Hinsch et al., 2004).
Extracellular glycoproteins on the Reduces motility due to a defect in the
SEPP1 Selenoprotein flagella of the spermatid supply axoneme microtubules and in the outer
plasma selenium to the testes and play a vital | dense fibres from the principal piece of
role in the flagella functions. the sperm tail (Olson et al., 2005).
Signal transduction in the fibrous Normal sperm count but reduced
AKAP4 A-kinase anchor sheath of the developing spermatids. motility due to the lack of a fibrous
proteins sheath, which results in a shortened
flagella (Miki et al., 2002).
. Associated with the microtubules for Low sperm motility because of the
Sperm associated - . - .
SPAG6 antigen6 the flagella function of the sperm disorganized flagellar structure (Sapiro
(zhang et al., 2005). et al., 2002).
The signalling molecule required for No sperm motility despite a normal
sperm motility and considered a count and morphology (Esposito et al.,
ADCY10 major source _of the CAMP in sperm 2004).
(sAC) Adenylyl cyclase which is required for the capacitation
of the sperm to acquire the ability to
fertilize the oocyte (Lefievre et al.,
2002).
Acts as ion channel-mediated Sperm fails to develop hyperactive
. signalling and if located in the mid- motility, resulting in male infertility
CATSPER ﬁatlon channel of piece of the sperm. It is required for (Nikpoor et al., 2004).
uman sperm ) 1 .
sperm hyperactivated motility (Jin et
al., 2007; Qi et al., 2007)
A sufficiently high concentration of Low condensed sperm nuclei, moreover,
Transition Protein proteins to_ support normal nuclear with a high level of DNA fragmentation
TNPs1 &2 1&2 condensation. form defects such as heads bent back on
midpiece (Yu et al., 2000; Zhao et al.,
2004)
The DNA packed in the sperm Male infertility due to the defect of
PRMs1&2 | Protamine 1&2 nucleus. This is _essential for sperm nuclear condensation (Cho et al., 2003).
DNA condensation and head
formation (O’Brien & Zini., 2005).
Golgi associated Plays an important role in acrosome Male infertility because of the disruption
N biogenesis. to the mitochondrial sheath. In addition,
PDZ and coiled- . .
GOPC - - there is the production of round sperm
coil motif .
containing heads without the acrosome (Yao et al.,
2002).
spermatid Nuclear eloqgation and cytoplasm_ Sperms with bent-back heads.
SPEM1 maturation 1 removal during the spermatogenesis
(Zheng et al., 2007).
The encoded protein B glycosidase2, Accumulation of the lipid in the
. expressed in the Sertoli cells in the endoplasmic reticulum of the Sertoli
GBA2 Beta glycosidase 2 testes, plays a crucial role in the cells and resulting in round sperm
endoplasmic reticulum. lacking acrosome (Roy et al., 2006)
Protein Casein Itis expr_essed in the spgrmatids and Male infer_tility due to the absence of the
CSNK2A2 Kinas 2 plays an important role in the acrosome in the sperm.
acrosome biogenesis.
Contributes to post-translation Meiotic arrest in spermatogenesis stops
P-elements modification of late spermatid gene the gene expression of spermatid
PIWIL induced wimpy expression, and it is important for the | (Carmell et al., 2007).

testes

meiotic phase of male germ cell
developments.
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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; protaminel
(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; Garcia-Peir¢ 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; Vaissiere 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;
Vaissiere 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 the 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 (dASRNA) with approximately
20-24 base pairs with nucleotide overhang in the 3" end through the specific endonuclease
enzyme ribonuclease Ill (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.

DNA methylation
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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 (DNMTSs), which transfers a methyl group from S - adenosylmethionine
(SAM) to C° 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 (CGls), 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 I1) 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 (Szabd et al., 2004; Moarefi & Chedin, 2011; Bartolomei & Ferguson-
Smith, 2011).
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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).

J)e—methylation>< Re-methylation -

+ Fertilization
Male germ cells
~ /Zygote

Level of DNA methylation

Developmental stages

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 (Alegria-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).
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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 (Gronniger et al., 2010; Stein, 2011; Alegria-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).
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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., Laqgan, M., Tierling, S., Lo Porto, C., Amor, H., & Hammadeh, M. E. (2018).

Andrologia.
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1 | INTRODUCTION
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Summary

DNA methylation is an epigenetic modification of the genome. The purpose of this
study was to determine the influence of cigarette-smoking on sperm DNA methylation
from a genomewide survey of sperm samples and to ascertain its effect on sperm pa-
rameters. Twenty-eight sperm DNA samples (from 14 fertile smokers as a case study
and 14 proven fertile nonsmokers as controls) were subjected to Infinium 450K
BeadChip arrays to identify the changes in the DNA methylation level between the
two groups. Then, deep bisulphite sequencing was used to validate five CpGs on 78
samples. The results from the Infinium 450K found that only 11 CpGs showed a sig-
nificant difference in DNA methylation between the case and the control groups. Five
CpGs of the eleven (cg00648582, cg0932376, cg19169023, cg23841288 and
cg27391564) underwent deep bisulphite sequencing where cg00648582, related to
the PGAM5 gene, and the cg23841288 CpGs, related to the PTPRN2 gene amplicons,
showed a significant increase in their DNA methylation level in more than one CpG in
the case group. In contrast, a significant decrease was found at cg19169023 and at its
various neighbouring CpGs in the TYRO3 gene-related amplicons. Furthermore, this
study demonstrated a significant correlation between the variation in sperm DNA
methylation level and standard sperm parameters in the case group.

KEYWORDS
cigarette-smoking, sperm DNA methylation, sperm parameters

Rylander, Hagmar, & Giwercman, 2008). Cigarette-smoking has many
deleterious effects on human health in general and on the reproduc-

Cigarette-smoking is still a common practice worldwide. Indeed, ac-
cording to the World Health Organization (WHO), about one-third of
populations above 15 years old are smokers (Saleh, Agarwal, Sharma,
Nelson, & Thomas, 2002). Several studies have revealed that cigarette-
smoke contains no less than 4,000 harmful chemicals (including mu-
tagenic substances and carcinogens) (Bernhard, Rossmann, & Wick,
2005; Kumar, Matthews, Joshi, de Jager, & Aspiras, 2011; Kumosani,
Elshal, Al-Jonaid, & Abduljabar, 2008). Moreover, many of these chem-
icals are poisonous substances, such as nicotine and its metabolite,
cotinine, as well as radioactive polonium, and cadmium (Colagar,
Jorsaraee, & Marzony, 2007; Jarup et al., 2000; Richthoff, Elzanaty,

tive system in particular (Zhang et al., 2013). Results from various pub-
lications have documented the adverse effects of cigarette-smoking
on human sperm parameters (volume, concentrations, morphology,
motility and vitality), which in turn and in time affect male fertility
(Hammadeh, Hamad, Montenarh, & Fischer-Hammadeh, 2010; Kiinzle
et al., 2003; Ramlau-Hansen et al., 2007; Zinaman, Brown, Selevan,
& Clegg, 2000). Furthermore, the results from tests on cigarette-
smokers have shown poor sperm penetration and fertilisation capacity
(Sofikitis et al., 1995; Vine, 1996). In addition, there has been shown
to be a decrease in embryo implantation rates in smokers compared
to nonsmokers (Ramlau-Hansen, Thulstrup, Olsen, & Bonde, 2008;

Andrologia. 2018;e12950.
https://doi.org/10.1111/and.12950
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Soares, Simon, Remohi, & Pellicer, 2007; Zitzmann etal., 2003).
Other researchers have found a high level of reactive oxygen species
(Agarwal et al., 2014; Hammadeh et al., 2010; Homa, Vessey, Perez-
Miranda, Riyait, & Agarwal, 2015) and leucocytes (Zhang et al., 2013)
in the seminal plasma of smokers. Moreover, cigarette-smoking has a
negative impact on the process of protamination through the disrup-
tion of P2, leading to a change in the P1/P2 ratio (Hammadeh et al.,
2010). Cigarette-smoking also produces changes in the histone H2B
(Hamad, Shelko, Kartarius, Montenarh, & Hammadeh, 2014) and in the
sperm DNA methylation level (Marsit, Houseman, Schned, Karagas, &
Kelsey, 2007).

DNA methylation is a type of epigenetic modification of the ge-
nome, where a methyl group is added to the 5th position of cytosine,
located in the cytosine-phosphate-guanine dinucleotide “CpGs”
(Portela & Esteller, 2010). The methylation of DNA is catalysed by
methyltransferase enzymes (DNMT1, DNMT3a and DNMT3b)
(Jeltsch, 2006). DNA methylation plays a vital role in the regulation
of gene expression through modulating the transcription of DNA into
RNA (Shukla et al., 2011) and is involved in the protection of genome
integrity through the inhibition of the movement of the transposal el-
ement (Lee & Pausova, 2013; Levin & Moran, 2011). The DNA meth-
ylation process can also be altered by many other factors, such as
genetic (Bell et al., 2011) and environmental ones, of which cigarette-
smoking is a prime example (Breitling, Yang, Korn, Burwinkel, &
Brenner, 2011). The interaction of these factors results in changes
in the phenotypic identity or can cause diseases such as cancer (Feil
& Fraga, 2012). Carcinogenic substances in the cigarette-smoke in-
duce a break in the DNA double-strand; this fracture is considered
the ignition point for changes in DNA methylation (Huang et al.,
2013). Furthermore, carbon monoxide leads to hypoxia, which then
causes a reduction in the methionine adenosyltransferase2A that
is responsible for the synthesis of S-adenosyl methionine, a methyl
group donor for DNA methylation (Liu et al., 2011). Previous studies
conducted on male fertility have suggested that sperm DNA methyl-
ation may be used as a biomarker for semen quality and fertility. The
mammalian germline undergoes broad epigenetic reprogramming,
during which DNA demethylation occurs in the primordial germ cell
development stage, and the remethylation (de novo methylation) pro-
cess ensues before spermatogenesis (Morgan, Santos, Green, Dean,
& Reik, 2005). In males, the remodelling of chromatin takes place
during spermatogenesis (Flanagan et al., 2006). Disruption in the
DNA methylation has been shown to correlate with poor spermato-
genesis, which results in compromised sperm parameters and infer-
tility (Aston, Punj, Liu, & Carrell, 2012; Hammoud, Purwar, Pflueger,
Cairns, & Carrell, 2010; Houshdaran et al., 2007; Li, 2002; Nanassy &
Carrell, 2011; Schaefer, Ooi, Bestor, & Bourc’his, 2007). As a conse-
quence of this, the fertilisation capability of spermatozoa is impaired,
affecting embryo development and resulting in poor embryo quality.
This will affect the implantation potential or can even have detrimen-
tal effects on the embryo, resulting in a poor pregnancy outcome or
even the failure of the whole cycle (Anifandis, Messini, Dafopoulos, &
Messinis, 2015; Aoki et al., 2006; Oakes, La Salle, Smiraglia, Robaire,
& Trasler, 2007).

18

This study was conducted to determine the influence of cigarette-
smoking on sperm DNA methylation and on sperm parameters. The
correlation between the changes in sperm DNA methylation and
sperm parameters was also evaluated.

2 | MATERIAL AND METHODS

2.1 | Ethics statement

Institutional review board approval (No. PHRC/HC/13/14) was ob-
tained from the Ethics Committee of Helsinki before the initiation of
this study. In addition, each participant gave written consent to their
inclusion in this study. The study itself was conducted in the labora-
tory of biochemistry and molecular biology of reproductive medicine
within the Department of Obstetrics and Gynecology at the University
Hospital of Saarland, Homburg, Germany.

2.2 | Sample collection and semen analysis

One hundred and six semen samples were from participants, who were
required to abstain from sexual activity for 3 days before masturbat-
ing; the samples were collected in clean, dry, sterile and leak-proof
plastic containers; the procedure was carried out in a collection room
attached to the laboratory. Following the liquefaction of the semen
samples at 37°C for 30 min, the sperm parameters were performed
according to the World Health Organization guidelines (WHO.,
2010), using a Makler chamber. From each sample included in this
study, six smears were prepared (10 pl) for a morphology assessment.
Furthermore, 100 pl semen was mixed with 1.0 ml of a hypo-osmotic
solution (HOS) to assess the sperm membrane integrity (a vitality test).
Moreover, 5 ul semen was mixed with 5 pl of a 0.5% aqueous yellow-
ish Eosin solution (the Eosin test) to assess the sperm viability.

All males were in the reproductive age group, namely 25-50 years
old.

2.3 | Smoking estimation

The cigarette-smoking status was evaluated according to guidelines
previously established by Anifandis et al. (2014). This basically in-
volved recording the number of cigarettes consumed per day/year
for each participant. Cigarette-smokers were categorised into the
following two groups: fertile heavy smoker males who had smoked
more than 20 cigarettes per day in the last 2 years until their enrol-
ment in this study as a case study (n = 59) and proven fertile non-
smoker males who had never smoked or lived with smokers as a
control (n = 47).

2.4 | Exclusion criteria

The following parameters were taken into consideration for exclu-
sion: varicocele, antisperm antibodies, Y chromosome microdeletions,
males subjected to surgical operation in the reproductive system,
heavy body mass index and advanced age > 50 years old.
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2.5 | Spermatozoa purification and DNA isolation

Each semen sample was loaded on 45%-90% discontinuous
PureSperm gradients (Nidacon international, Sweden) and centrifuged
at 2,300 rpm for 20 min at room temperature to remove somatic
cells. The pellet was washed twice with a HAMs-F 10 medium, supple-
mented with human serum albumin (5 mg/ml) and penicillin G/strep-
tomycin sulphate (0.1 mg/ml; PAN Biotech, Germany) and carefully
overlaid with 0.75 ml of the same medium. The samples were placed in
an incubator at 37°C, and after 45 min, the upper layer containing the
motile sperm was withdrawn, immediately assessed for sperm count
and motility and then stored at -20°C until processing. The sperm
DNAwas isolated using an isolation genomic DNA kit according to the
standard protocol provided by the manufacturer (Cat. #: BIO 52066,
Bioline, UK). The concentration of extracted DNA was measured using
a Nanodrop spectrophotometer 2000c (Thermo Scientific).

2.6 | Sodium bisulphite treatment

As previously described, 500 ng extracted sperm DNA was treated
with sodium bisulphite using an Epitect bisulphite conversion kit (Cat.
#: 59104, Qiagen, Germany) that converted unmethylated cytosines
into uracil, while the 5-methylcytosine (5MeC) remained unaltered,
(Wu, Kang, Zheng, Liu, & Liu, 2015).

2.7 | DNA methylation analysis by Infinium 450K
BeadChip array

As a pilot study, twenty-eight samples were subjected to Infinium
450K BeadChip arrays (lllumina, San Diego, CA, USA) at the Life and
Brain GmbH Biomedicine and Neuroscience technology centre in
Bonn, following the manufacturer’s recommendations (Bibikova et al.,
2011), to identify any variations in the sperm DNA methylation regions
between the fertile heavy smoker and the proven fertile nonsmoker
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males. The samples were whole-genome amplified and put on the

bead arrays, as described in Sandoval et al. (2011). Bioinformatic pro-
cessing and evaluation were performed with the RnBeads program
package (Assenov et al., 2014). The beta values were then generated
by analysing the intensities for methylation or for no methylation
at each CpG, tiled on the array, using the following calculation: p-
value = methylated/ (methylated + unmethylated). The p-value results
ranged from O to 1 and indicated the methylation level for each CpG.
A value of 1 represented a completely methylated CpG and a score
of O meant a completely unmethylated CpG. The methylation level in
each CpG was considered as a differentially methylated CpG (DMC)
when the absolute difference of the means of the average beta values
between the two groups was above 0.1. Furthermore, a Benjamini-
Hochberg-corrected t test FDR (false discovery rate) of <0.1, no. of
beads per sample > 5 and an absolute log 2 ratio > 0.2 were consid-
ered significant findings. p < .01 was used to select for differentially
methylated CpG (DMC) with possible biological as well as statistical
significance. According to these results, we selected CpGs not over-
lapping any common SNP site, according to dbSNP142, and studied
78 samples using local deep bisulphite sequencing (Gries et al., 2013).

2.8 | Bisulphite profiling (Bi-PROF)

Three hundred ng of sperm DNA was bisulphite-treated using an
Epitect bisulphite conversion kit (Cat. #: 59104, Qiagen, Germany).
PCRs encompassing the differentially methylated CpGs that had been
identified by 450K BeadChip array were performed in a 30 pl total vol-
ume reaction, using a “MyTaq™ HS Red Mix" with a 2x concentration
(Catalog #: BIO-25047, Bioline, UK), according to the manufacturer's
protocol. For the amplification, fusion primers were used, consist-
ing of a specific 3'-portion (Listed in Table 1, together with respec-
tive annealing temperatures) and a universal 5'-portion, containing
the necessary nucleotide sequences for Illumina sequencing. About
5 ul of the PCR product was loaded onto a 2% agarose gel, including

TABLE 1 Identified differentially methylated CpG sites in sperm samples from heavy smokers and proven fertile nonsmokers males (n = 28)
Diff meth.
cigd Chro Start Annotated Nonsmoker Smoker p value
cg00648582 chr12 133294524 PGAMS, Body/Island 0.43004664 0.797863227 1.18E-05
cg094302376 chr22 36044226 = 0.886717598 0.479951418 1.29E-06
cg19169023 chr15 41853346 TYRO3-Body/S Shore 0.9258933 0.552754264 8.35E-07
€g23841288 chr7 158342105 PTPRN2, Body/N 0.159790018 0.441430882 1.58E-05
Shore
€g27391564 chr2 240530497 = 0.862300155 0.51321121 2.23E-06
cg07227024 chr2 202163482 ALS2CR12, Body/ 0.043273629 0.926757907 4.82E-08
cg01584086 chri1 10373718 3 0.034917006 0.524015616 1.21E-07
cg08108333 chr7 157320662 ~/Island 0.071346757 0407840484 841E-06
cg15412446 chr2 106886593 -/Island 0.060752763 0.269507355 349E-06
cg20978247 chré 32905085 HLA-DMB-Body/ 0.90991696 0.506085887 4.10E-07
€g23109721 chr2 106886537 ~/Island 0.039950676 0.251148581 1.94E-06

The CpG sites taken for testing in larger individuals are highlighted in grey.
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the DNA ladder (Cat. #: NO467S, Biolabs) and stained with ethidium
bromide. The PCR products were purified using the Agencourt®

AMPure XP beads (Beckman Coulter, USA) and then measured using
the Quant-iT™ DNA Assay Kit (Fisher Scientific, USA), according to
the manufacturers' recommendations, and finally diluted and pooled.
Deep sequencing was performed on the lllumina MiSeq, according to
the manufacturer’s protocols, aiming at 10.000 reads per amplicon.
All the data obtained from the sequencing step were processed, fil-
tered and aligned, using the BiQ Analyzer HT software (Lutsik et al.,
2011) and excluding all reads containing more than 10% of missing
CpG sites (the maximal fraction of unrecognised sites > 0.1).

2.9 | Statistical analysis

Data were analysed using IBM SPSS for the Windows software pack-
age version 23.0 (SPSS Inc., USA). The samples included in this study
were non-normal distributed according to the value of the skewness
test, the Kurtosis test, the Z-value and the Shapiro test. An independ-
ent sample t test (Mann-Whitney test) was used to compare the
means of the quantitative variables. In addition, Spearman’s test was
used to assess the correlation coefficient between the methylation
levels in different CpG and sperm parameters. The results from all the
above-mentioned procedures were accepted as statistically signifi-
cant when the p -value was less than 5% (p < .05).

3 | RESULTS

3.1 | Cigarette-smoking and sperm DNA methylation

Twenty-eight sperm DNA samples (14 from proven fertile nonsmok-
ers and 14 from fertile heavy smokers) were subjected to an Infinium
450K Bead Chip analysis to detect the DNA methylation level of
~485,000 CpGs covering 99% positions in each sample. As shown in
Table 1, the 450k BeadChip analysis revealed that 11 CpGs, namely
900648582, cg01584086, cg07227024, cg08108333, cg09432376,
815412446, cg19169023, cg20978247, cg23109721, cg23841288
and ¢g27391564 were showing a significant difference of >20%
between the two analysed groups. Five CpG sites (cg00648582,
909432376, cg19169023, cg23841288 and cg27391564) of the 11
were selected randomly to validate this observed methylation differ-
ence using bisulphite profiling.

The cg00648582 is located in intron 4 of the phosphoglycerate
mutase family member 5 (PGAM5) gene within chromosome 12. This
CpG (Cg00648582) is close to DNasl hypersensitivity and is related to
the transcription factor binding site motif of:

* POLR2A, which is responsible for the production of messenger
RNA in eukaryotes as it encodes for the largest portion (subunit) of
RNA polymerase II;

* MYC, which is considered as a gene regulator where its encoded
proteins contribute to many vital processes, such as apoptosis, cel-
lular differentiation and cell cycle progression (ENCODE Project
Consortium, 2012).

The cg09432376 is related to the transcription factor binding site
motifs of:

e WRNIP1, which plays a crucial role in modulation episodes
due to the synthesis of DNA polymerase delta-mediated DNA.
Furthermore, it has a principal ATPase activity. It joins the DNA
repair system where it searches for any missing DNA or inhib-
ited replication forks, thus controlling the process of vital DNA
synthesis;

¢ NFIC hasa vital role in the induction of transcription and replication
processes;

e SIN3AK20 functions as a corepressor interacting with HDAC1,
N-coR, SMRT and MeCP2;

e STAT3 promotes the expression of a variety of genes, and it is es-
sential for multiple cell functions, such as cell growth and differen-
tiation, apoptosis and possibly stem cell self-renewal;

e TBP plays a pivotal role in the formation of the DNA helix com-
plex and in the start of the transcription episode (ENCODE Project
Consortium, 2012).

The Cg19169023 is located in exon 2 of the TYRO3 gene and does
not overlap with the DNasl hypersensitivity and transcription factor
binding site (ENCODE Project Consortium, 2012).

The Cg23841288 is located in intron 1 of the protein tyrosine
phosphatase, receptor type, N polypeptide 2 (PTPRN2) gene. This
gene encodes a protein with a sequence similarity to the receptor-like
protein tyrosine phosphatases (ENCODE Project Consortium, 2012).

The Cg27391564 is related to the transcription factor binding site
motifs of:

GM12878, H1-hESC, K562, HelLa-S3, HepG2 and HUVEC
(ENCODE Project Consortium, 2012).

The results of this study show a significant increase in the DNA
methylation level of cg00648582 (0.79 + 0.004) versus (0.43 + 0.03),
and ¢g23841288 (0.44 + 0.008) versus (0.15 + 0.01) in the fertile,
heavy smoker group compared to the proven fertile nonsmoker group
respectively.

By contrast, there was a significant decrease in the DNA methyl-
ation level at the following CpGs, cg09432376 (0.47 + 0.002) versus
(0.88 + 0.01), cg19169023 (0.55 + 0.02) versus (0.92 +0.006), and
€g27391564 (0.51 +0.02) versus (0.86 + 0.004) respectively (See
Table 1).

Moreover, primers were designed to amplify the target CpGs re-
gion. Bisulphite-specific PCRs were performed on a large sample co-
hort (78 samples but without those that had been subjected to the
Infinium 450K Bead Chip analysis) to validate the results obtained by
the 450K BeadChip array (See Table 2).

The samples were divided into two groups, 45 from the fertile
heavy smoker males with a mean age of (38.7 + 7.9) as a case study
group, and 33 samples from the proven fertile nonsmoker males as a
control group with a mean age of (39.2 + 6.1). When local deep bisul-
phite sequencing was applied on the larger cohort, different CpG sites
were obtained besides the target CpG* which resulted from the 450k
bead chip.
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TABLE 2 Primers sequences and PCR annealing temperatures used to amplify the region

Annealing Length of
cglD Chr temperature (°C)  product (bp)
Cg00648582 Chr12 50.7 396
Cg09432376 Chr22 52.8 367
Cgl19169023 Chr15 52.8 380
Cg23841288 Chr7 51.6 369
Cg27391564 Chr2 51 392

Sequence (5'-3")

GGTTTTGTTGGGTTTATTAT
TCTTCCTCATACTTTTCTCTAA
TGTTGTGTATTTTATAGGGTTGT
CTTTCAATTTCCTTTTTACC
AAGAGAATGGGAATTGTTTATAG
CCAAAAAAAAAACATAACCTACC
ATGTTGGGAGAGAAGGGAGT
CCCTAAAATTCAAAAATTAAATC
ATGAGGGGAGATGTTAAATTGATAA
CCAAACAAAATAAAAAACACCC

A M XV M X M X M XX M

To the 5'-end of the oligos, universal adaptor sequences to perform lllumina sequencing were added in silico and then ordered.

Figure 1 illustrates the significant increase in the DNA methylation
levels in the case study males compared to those in the control group.
Fifteen CpGs of 25 CpGs in the PGAM5 gene-related amplicon were
detected; these were as follows: CpG2, CpG4, CpG6, CpG8*, CpG12,
CpG13, CpG15, CpG1l6, CpG19, CpG20, CpG21, CpG22, CpG23,
CpG24 and CpG25 (p <.02, p=<.04, p <.03, p<.05 p=<.02 p=.02,
p<.03,p<.04,p=<.02,p<.008 p=<.04p=<.02 p<.01p<.01and
p < .009 respectively).

The ¢g09432376 and its four neighbouring CpGs, which were
found after deep sequencing, showed a decrease in the sperm DNA
methylation level in the case group compared to the control group.

Only four of five CpG sites (CpG1, CpG2, CpG3* and CpG5) were sig-
nificant (p <.009, p <.01, p < .04 and p < .001 respectively) (Figure 2).
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FIGURE 1 DNA methylation levels

at (cg00648582) and its different
neighbouring CpGs in PGAM5 gene-related
amplicons among smokers (n = 45) and
nonsmokers (n = 33) p < .05%, p < .01**
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Similarly, a significant decrease in the sperm DNA methylation level was
shown at CpG1*, CpG3 and CpG4 in the TYRO3 gene-related amplicon
(p <.008, p <.005, p and p < .02 respectively) (Figure 3). Furthermore,
a significant decrease was found at nine of twelve CpG sites in the
PTPRN2 gene-related amplicon, namely CpG2, CpG3, CpG4, CpG5,
CpGé, CpG8, CpG9, CpG10 and CpG 12* in the case group compared
to the control group, (p < .006,p < .004,p <.01,p < .01,p <.01,p < .01,
p <.03, p <.006 and p < .01 respectively) (See Figure 4).

In addition, a significant decrease was observed in the
cg19455396 amplicons (CpG1, CpG3*, CpG5 CpGé, CpG7, CpG8
and CpG10) in the case group compared to the control group
(p<.03,p=<.03,p=.04, p=.03, p=.008, p=<.01and p <.005 re-
spectively) (Figure 5).
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FIGURE 2 DNA methylation levels at cg09432376 and its
different neighbouring CpGs-related amplicons p < .05%, p <.01**,
.001*

3.2 | Effect of cigarette-smoking on
sperm parameters

As illustrated in Figure 6, a comparison of the investigated sperm pa-
rameters interestingly revealed that there was a significant difference
between the two groups in the following parameters: sperm concen-
tration (57.65 +21.00 versus 83.49 + 8.02; p <.004), total sperm
motility (46.30 +23.21 versus 61.93 + 13.98; p <.002), number of
progressive sperms (32.47 + 22.31 versus 49.21 + 15.11; p < .0001),
number of immotile sperms (54.36 + 24.02 versus 38.06 + 13.98;
p =.002), sperm morphology (31.02 +20.26 versus 35.60 + 9.59;
p <.004), sperm viability (using an eosin test) (49.95 + 13.08 versus
59.21 + 13.10; p < .003) and vitality (Hos test) (72.10 + 15.00 versus
80.66 + 7.33; p < .02) (See Figure 6).

3.3 | Correlation between sperm DNA
methylation and sperm parameters in male smokers

The correlation between the DNA methylation level obtained by Bi-
PROF in different CpGs and sperm parameters was assessed.

There was a significant correlation between Cg09432376 and its
adjacent CpGs and sperm parameters in the following pattern:

e Sperm concentration: where CPG1, CPG2, CPG3, CPG4 and CPG5
(p<.02,p=.01,p<.01,p=<.02and p < .03 respectively) showed a
positive correlation;

o Total sperm motility: where CPG1, CPG2, CPG3 and CPGS5 (p < .02,
p <.007,p < .03 andp < .02 respectively) were positively correlated;
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FIGURE 3 DNA methylation levels at (cg19169023) and its
different neighbouring CpGs in TYRO3 gene-related amplicons
p <.05% p <.01**

e Mean percentage of progressive motility: All CpGs were positively
correlated (CpG1, CpG2, CpG3, CpG4 and CpG5) showing (p < .01,
p <.004, p < .03, p < .04 and p < .02 respectively);

Immotile sperms: where CpG1, CpG2, CpG3 and CpG5 (p < .01,
p <.004, p < .02 and p < .01 respectively) were negatively related;

e Normal sperm forms: where the entire CpGs revealed positive sig-
nificant correlation (CpG1, CpG2, CpG3, CpG4 and CpG5 respec-
tively) (p < .01, p .01, p <.04, p < .04 and p = .02 respectively);

Sperm viability (using an Eosin test): CpG1, CpG2, CpG3, CpG4 and
CpG5 showed significant correlation (p <.000, p <.000, p <.000,

p <.000 and p < .000 respectively);

e and sperm membrane integrity (vitality): where CpG1, CpG2, CpG3,
CpG4 and CpG5 were intensely correlated (p <.000, p <.000,
p <.000, p <.000 and p < .000 respectively), as shown in Table S1.

Moreover, a significant correlation between Cg19169023—and
its adjacent CpGs in the TYRO3 gene-related amplicon—and the other
sperm parameters was observed as follows:

e The mean percentage of progressive motility was correlated with
CpG1 (p < .04);
Normal sperm forms (morphology) showed a correlation with CpG1

and Cp4 (p < .01, p < .04 respectively);

e Both sperm viability and sperm membrane integrity (vitality)
showed a similar positive correlation with CpGs 1, 3 and 4 where
the correlation of sperm viability was (p < .000, p <.01 and p < .01
respectively) and that of sperm membrane integrity was (p < .000,
p <.000 and p < .001 respectively), as shown in Table S1.
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FIGURE 6 Effect of cigarette-smoking on sperm parameters in
smokers (n = 45) and nonsmokers (n = 33) p < .05% p <.01**, .001***

A significant correlation was also found between the DNA methyl-
ation level at Cg23841288 and its adjacent CpGs in the PTPRN2 gene-

related amplicon and the sperm parameters in the following distribution:

e The mean percentage of the sperm normal forms (Morphology): a
significant correlation was found between the DNA methylation
level at the following CpG1, CpG2, CpG3, CpG4, CpG5, CpG7,
CpG8, CpGY, CpG1l (p=<.01, p=<.04, p<.04, p=<.02, p=<.03,
p <.005, p <.04, p < .04 and p < .01 respectively);
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e For both viability (using an Eosin test) and vitality (using a Hos test),

the sperm parameters showed a negative correlation with almost

all the related CpGs except for CpG11, which did not show any

correlation. The correlation for viability accounted for (p <.004,
p <.002, p <.007, p <.003, p <.003, p <.001, p <.002, p <.003,
p <.01, p<.02 and p =< .002 respectively) and that of vitality was
(p <.001, p <.000, p =.000, p <.000, p <.000, p <.000, p <.000,
p <.000, p <.000, p <.001 and p < .000 respectively);

e The mean percentage of total sperm motility and immotile sperm

parameters showed a similar correlation regarding CpG10; how-

ever, sperm motility was negatively correlated (p < .02) in compar-

ison with the immotile sperms, which were positively correlated
(p <.01), as illustrated in Table S1.

The correlation found between the DNA methylation level at
€g27391564—and its adjacent CpGs resulting from using a Bi-PROF-
related amplicon—and the sperm parameters was only restricted to the

following CpGs:

e CpG1 was significantly correlated with the mean percentage of sperm

vitality and sperm membrane integrity (p < .01, p < .000 respectively);

e CpG3 was significantly correlated with the mean percentage of

total sperm motility, progressive motility, immotile sperm, normal

form, viability and sperm membrane integrity (p <.01, p <.004,
p <.009, p <.01, p <.000 and p < .000 respectively);
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* CpG4 was significantly correlated with the mean percentage of
sperm viability and sperm membrane integrity (p < .01 and p < .000
respectively);

CpG7 was correlated with the mean percentage of progressive
sperm, normal form, sperm viability and sperm membrane integrity
(p <.04,p <.01, p <.000 and p < .000 respectively);

CpG8 was significantly correlated with the mean percentage of
morphologically normal spermatozoa, sperm viability and mem-
brane integrity (p <.01, p<.000 and p <.000 respectively), as
shown in Table S1.

The remaining CpGs, however, did not show any significant correla-
tion with the sperm parameters.

4 | DISCUSSION

The effects of cigarette-smoking on sperm DNA methylation and
the correlation between DNA methylation and sperm parameters
remain contradictory issues. Consequently, the main concern of
this study was to highlight the various arguments supporting the
divergent opinions/results concerning the evaluation of the effect
of cigarette-smoking on sperm DNA methylation and its direct con-
sequences on sperm parameters. Furthermore, this study aimed to
assess the correlation between the alteration of sperm DNA meth-
ylation—as a result of smoking—and sperm parameters. A genom-
ewide assessment of CpG methylation revealed only 11 sites with
more than a 20% difference between the cases and the controls,
among which the first five CpGs were randomly selected to be
tested by bisulphite sequencing. This result very clearly indicates the
influence of cigarette-smoking on DNA methylation. When bisul-
phite sequencing was applied to a large cohort, the results showed
a significant increase in the level of DNA methylation between the
cases and the controls at 15 CpG sites in a PGAM5 gene-related
amplicon and nine CpG sites in a PTPRN2 gene-related amplicon
(See Figures 1 and 4). In contrast, the results demonstrated a sig-
nificant decrease in the level of DNA methylation at three CpG sites
in the TYRO3 gene-related amplicon in the case group compared to
the control group (See Figure 3). In addition, a decrease in the level
of DNA methylation was shown in ¢g09432376 and cg 27391564
and some of their neighbouring CpGs (See Figures 2 and 5). That
this alteration in the sperm DNA methylation level was detected in
this study is in agreement with other previous studies that showed
that the DNA methylation level is significantly altered by cigarette-
smoking (Breitling et al., 2011; Dogan et al., 2014; Sun et al., 2013;
Zhu et al., 2016).

The PGMAS gene is located on chromosome 12 and encodes two
protein isoforms, PGAM5s and PGMAGSL (phosphoglycerate mutase
family member 5), which are mitochondrial proteins (ENCODE Project
Consortium., 2012). Both proteins are expressed in the testes and play
a vital role in mitophagy, which is a cellular process that eliminates
damaged mitochondria (Chen et al., 2014; Wu et al., 2014). Moreover,
it is also considered as an antioxidant regulator through binding to the
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substrate of the E3 ligase cul3 adaptor Keap1 (Lo & Hannink, 2006,
2008).

The TYRO3 gene is part of a 3-member transmembrane receptor
kinase family (TYRO3, Axl and Mer), located on chromosome 15; it en-
codes the Tyrosine-protein kinase receptor (TYRO3), which is stimu-
lated by the growth arrest-specific gene 6 (Gasé) and protein S genes
and plays a vital role in the spermatogenesis process (Godowski et al.,
1995; Joseph, 1997; Richard et al., 1994). Moreover, the Sertoli cells
are essential for the maturation of germ cells, endocytosis and the deg-
radation of apoptotic and residual bodies, which results from most of
the degraded spermatogenic cells (Jégou, 1991). Any defect in TYRO3
leads to failure in the production of mature sperm (Lu et al., 1999).

The PTPRN2 gene is located on chromosome seven and encodes
the protein tyrosine phosphatase receptor type, N polypeptide 2. Itis
also known as an islet cell autoantigen-related protein ICAAR, phog-
rin, IA2R (ENCODE Project Consortium, 2012; Leiter et al., 1997; Van
den Maagdenberg et al., 1998). This encoded protein (PTPRN2) has a
crucial role in insulin-dependent diabetes mellitus through its involve-
ment in insulin secretion (Li et al., 1997; Smith et al., 1996). Disruption
of the PTPRN2 gene leads to a slight change in the results of a glucose
tolerance test and influences insulin secretion as well (Kubosaki et al.,
2004). Previous studies found that diabetic patients have a reduction
in semen parameters (a low volume of seminal fluid, sperm concen-
tration, motility and morphology) compared to nondiabetics (Vignera,
Condorelli, Vicari, D'Agata, & Calogero, 2012).

The present study has uniquely demonstrated the relationship
between these afore-mentioned genes, namely PGMA5, TYRO3 and
PTPRN2, and the effect cigarette-smoking has on the human sperm
DNA methylation level.

Cigarette-smoking adversely affects sperm parameters. The exact
mechanism of this negative effect still remains incompletely under-
stood but it might be due to the effect of toxic chemicals in cigarette-
smoke, such as carbon monoxide, nicotine, cotinine, cadmium and
carcinogens, which interact with gametes and disrupt their functions
and viability (Sepaniak et al., 2006; Thompson & Bannigan, 2008).
The accumulation of cadmium leads to a reduction of zinc in semi-
nal plasma and to the disruption of spermatogenesis, which causes
low sperm concentration, impaired motility, abnormal morphol-
ogy and disturbed sperm membrane stability (Liu, Sie, Liu, Agresta,
& Baker, 2009; Mankad, Sathawara, Doshi, Saiyed, & Kumar, 2006;
Martelli, Rousselet, Dycke, Bouron, & Moulis, 2006; Shelko, F Hamad,
Montenarh, & E Hammadeh, 2016). Furthermore, smoking leads to
an alteration in the balance between oxidants and endogenous anti-
oxidants, through decreasing vitamins, such as ascorbic acid (vitamin
C) (Mostafa et al., 2006), Tocopherol (Vitamin E) (Sobczak, Gotka, &
Szottysek-Botdys, 2004) and enzymatic antioxidants, which all act as
useful scavengers. It also has a pivotal role in elevating the harmful
oxidants such as reactive oxygen species (ROS) (Aitken & Baker, 2006).
Cigarette-smoking leads to a high production of ROS through a myriad
of different mechanisms, such as the high level of ROS being present
in the cigarette-smoke per se. Furthermore, the inflammatory reaction,
induced by smoking metabolites that adversely affect the male genital
tract, leads to the release of inflammatory substances, which activate
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leucocytes that produce a high amount of ROS. In addition, the ele-
vation of ROS contributes to the destruction of endogenous antiox-
idants (Cross, Traber, Eiserich, & Van Der Vliet, 1999), which impairs
spermatogenesis and induces sperm DNA damage (Aitken & Koppers,
2011). Moreover, ROS induce lipid peroxidation of the polyunsatu-
rated fatty acids in the sperm membrane, and this causes a loss of
membrane fluidity and integrity, and subsequently a loss of sperm fer-
tilisation capacity (Arabi & Moshtaghi, 2005; Kao et al., 2008; Velando,
Torres, & Alonso Alvarez, 2008). In the present study, the mean per-
centage of sperm concentration, motility, progressive motility, viability
and sperm membrane integrity (vitality) is lower in heavy smokers. In
addition, the mean percentage of immotile sperm is higher in heavy
smokers (See Figure 6) compared to nonsmokers.

There has been considerable discussion regarding the effect of
cigarette-smoking on sperm parameters. Some authors found that
cigarette-smoking negatively affects sperm parameters; others found
that it does not affect sperm parameters. In the present study, sig-
nificant differences were found in heavy smokers compared to non-
smoker males. These results were in accordance with those from
many previous studies (Hammadeh et al., 2010; Jong, Menkveld, Lens,
Nienhuis, & Rhemrev, 2014; Zhang et al., 2013).

Furthermore, the present study showed a correlation between the
DNA methylation of some DMCs and sperm concentration, the mean
percentage of motility and immotile sperms (See Table S1), which
agreed with the results found by Montjean et al. (2015) and Laggan
et al. (2017). However, this study remarkably showed a significant cor-
relation between the DNA methylation of some CpGs and the mean
percentage of progressive sperm, abnormal morphology, viability and
sperm membrane integrity (vitality) (See Table S1).

5 | CONCLUSION

This study has demonstrated biologically the relevant differences in
sperm DNA methylation levels at different CpGs in PGAMS5, PTPRN2
and TYRO3 gene-related amplicons, which could be potentially related
to the effects of smoking on the development of spermatozoa. In ad-
dition, a correlation was clearly found between the alteration in sperm
DNA methylation levels at some CpGs and sperm parameters (con-
centration, total motility, progressive motility, normal morphology, vi-
ability and vitality).
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1 | INTRODUCTION
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Summary

DNA methylation plays important roles in genome stability and regulation of gene ex-
pression. This study was designed to determine the influence of cigarette smoking on
sperm DNA methylation. From a genome-wide survey on sperm samples, differentially
methylated target CpGs should be selected and subjected to local deep bisulphite se-
quencing. Obtained methylation data are compared to sperm parameters and (ICSI)
outcome. Similar to pilot study, samples were subjected to Infinium 450K BeadChip
arrays to identify alterations in sperm DNA methylation between smokers and
nonsmokers males. Routine testing on a significantly altered CpG site was performed
on more samples using local deep bisulphite sequencing. Of approximately 485,000
CpG sites analysed, only seven CpGs were found to show a significant DNA methyla-
tion difference of >20% with the top six CpGs overlapping common SNP sites. The
remaining CpG site (cg19455396) is located in intron 12 of the TAP2 gene. The results
of deep bisulphite sequencing showed only a tendency towards hypomethylation in
the smoking group. This study could not detect biologically relevant CpG positions that
are altered in sperm DNA methylation on the influence of cigarette smoking beyond
individual-specific effects that may be caused by other environmental factors.

KEYWORDS
DNA methylation, ICSI, smoking, sperm, TAP2 gene

factors on male infertility (Feil & Fraga, 2012). According to the World
Health Organization (WHO) and American Society for Reproductive

Epigenetics is defined as stable but reversible modification of the
DNA and histone structure without changing the DNA sequence it-
self, which can be inherited through mitotic or meiotic division (Carrell,
2012). Epigenetic processes include actions such as DNA methylation,
histone modifications, and chromatin remodelling (Anway, Cupp,
Uzumcu, & Skinner, 2005; Richardson, 2002). DNA methylation plays
an important role in the regulation of gene expression and occurs by
the action of DNA methyltransferases (DNMTs) mostly on the fifth
carbon atom of cytosine (5mC) found in cytosine-phosphate-guanine
dinucleotides “CpGs" (Portela & Esteller, 2010). DNA methylation
could be modified by genetic, environmental factors, etc. Cigarette
smoking is one example of environmental factors and it can poten-
tially integrate the effects of both gene expression and environmental

Medicine (ASRM), infertility is defined as failure of couples to get a
child during 12 months of unprotected regular intercourse (Bayer,
Alper, & Penzias, 2011; Rowe & Combhaire, 2000). Worldwide, about
10%-20% of couples suffer from infertility (Krausz, Quintana-Murci,
& McElreavey, 2000). In many cases, the underlying causes are un-
known and about 60%-70% of male infertility cases are idiopathic
(Filipponi & Feil, 2009). Previous studies revealed that aberrant DNA
methylation levels in spermatozoa may be correlated with male infer-
tility (Hammoud, Purwar, Pflueger, Cairns, & Carrell, 2010; Nanassy &
Carrell, 2011). Moreover, changes in DNA methylation levels of some
genes were related to a decrease in semen parameters (Aston, Punj,
Liu, & Carrell, 2012; Houshdaran et al., 2007). Cigarette smoking was
considered as a major cause of premature death and many diseases

Andrologia. 2017;e12818.
https://doi.org/10.1111/and.12818
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worldwide. Besides, it leads to serious defects of spermatozoa (Ezzati
& Lopez, 2003; Mathers & Loncar, 2006; Thun, DeLancey, Center,
Jemal, & Ward, 2010). It has been previously shown that cigarette
smoking increases reactive oxygen species (ROS) and decreases the
level of antioxidant concentrations, which leads to many changes in
semen parameters (Frey, Navarro, Kotelchuck, & Lu, 2008; Soares &
Melo, 2008). This is in agreement with other studies (EI-Melegy & Ali,
2011; Hammadeh, Hamad, Montenarh, & Fischer-Hammadeh, 2010;
Pasqualotto, Sharma, Pasqualotto, & Agarwal, 2008; Saleh, Agarwal,
Sharma, Nelson, & Thomas, 2002; Taha, Ez-Aldin, Sayed, Ghandour,
& Mostafa, 2012) which found that smoking has a negative effect
on sperm parameters, including semen volume, sperm concentra-
tion, motility and DNA fragmentation. Contrary to that, some studies
failed to find any influence of cigarette smoking on sperm parameters
(Jong, Menkveld, Lens, Nienhuis, & Rhemrev, 2014; Ozgur, Isikoglou,
Seleker, & Donmez, 2005). Besides, cigarette smoking has an influence
on the process of protamination, which results in the change in the
ratio of P1 to P2 by the disruption of P2 (Hammadeh et al., 2010).
In addition, cigarette smoking leads to changes in the histone H2B
and protamine ratio P1/P2 (Hamad, Shelko, Kartarius, Montenarh, &
Hammadeh, 2014). Moreover, cigarette smoking has been correlated
with poor sperm function in sperm penetration tests (Vine, 1996) as
well as a decrease in fertilisation capacity and implantation rate ef-
ficiency (Ramlau-Hansen, Thulstrup, Olsen, & Bonde, 2008; Soares,
Simon, Remohi, & Pellicer, 2007; Zitzmann et al., 2003). Many studies
reported that cigarette smoking affects gene expression and is asso-
ciated with changes in DNA methylation (Charlesworth et al., 2010;
Monick et al., 2012; Shenker et al., 2013; Zeilinger et al., 2013). It has
been documented that epigenetics is associated with poor spermato-
genesis, decreased male fertility, declined fertilisation potential of
spermatozoa and ICSI outcome (Glaser et al., 2009; Oakes, La Salle,
Smiraglia, Robaire, & Trasler, 2007). Also, DNA methylation may impact
embryo development and consequently may correlate with reduced
results of pregnancy, due to the global sperm DNA hypomethylation
(Anifandis, Messini, Dafopoulos, & Messinis, 2015; Benchaib et al.,
2005). CpG methylation within gene promoter regions is of particular
importance because hypermethylation of promoter CpG islands plays
a key role in transcriptional suppression, while hypomethylation in that
region is associated with elevated levels of gene expression (Bronner,
Chataigneau, Schini-Kerth, & Landry, 2007; Zhang et al., 2006).

The purpose of this study was to determine the influence of cig-
arette smoking on sperm DNA methylation level and its association
with sperm parameters and ICSI outcome. Genome-wide array analy-
sis was used to define differential methylated CpGs between smokers
and nonsmokers males, which was validated in more patients using
local deep bisulphite sequencing.

2 | MATERIAL AND METHODS

2.1 | Ethics statement

Institutional review board approval (No. PHRC/HC/13/14) was ob-
tained before initiation of this study, and informed consent was
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provided according to the Declaration of Helsinki. Each participant
had given a written agreement for inclusion into this study. The study
was conducted in the Laboratory of Biochemistry and Molecular
Biology of Reproductive Medicine, Department of Obstetrics and
Gynecology at the University Hospital of Saarland, Germany.

2.2 | Sample collection and semen analysis

Semen samples were collected from partners of couples who under-
went assisted reproduction techniques for infertility treatment, at
the Department of Obstetrics and Gynecology, Saarland University,
Germany. Semen samples were collected by masturbation after 3 days
of sexual abstinence in a clean, dry, sterile and leak-proof plastic con-
tainer in a collection room attached to the laboratory. Following lig-
uefaction of semen at 37°C for 30 min, the sperm parameters such
as sperm concentration and motility were determined according to
World Health Organization guidelines (World Health Organization,
2010) using Meckler chamber (Sefi-Medica, Haifa, Israel). Briefly, the
normal concentration was 15 x 10° mill/ml, and the motility was clas-
sified into three categories: (A) progressive motility, (B) nonprogres-
sive motility and (C) immotile spermatozoa. In this study, we included
motile sperm categories (A +B) together and excluded immotile
sperm category (C). According to smoking status, samples were clas-
sified into two groups.

2.3 | Smoking assessment

The cigarette smoking status was evaluated according to the number
of cigarettes consumed per day. Smokers had smoked >20 cigarette
per day during the last year until the enrolment in this study. Cigarette
smoking persons were categorised into two groups: nonsmokers
(n = 20) and heavy smokers (n = 19).

2.4 | Embryo quality assessment

Embryo quality was evaluated on day 2 (pronucleus stage) and day
3 after ICSI, according to Scott, Alvero, Leondires, and Miller (2000),
Anifandis, Dafopoulos, Messini, Chalvatzas, and Messinis (2010).
Briefly, embryos at day 3 were scored based on the following mor-
phological parameters: the number of blastomeres, their regular-
ity, multinucleation (more than one nucleous in each blastomere)
and the amount of cytoplasmic fragmentation. Embryos have four
same-size non-multinucleated blastomeres, and those that were not
fragmented were classified as grade one. Grade two embryos have
about 25% fragments or two to four multinucleated blastomeres
with different size. Grade three embryos have less than two blas-
tomeres, multinucleated blastomeres, and between 25% and 35%
fragmentations.

2.5 | Exclusion criteria

The following parameters were taken into consideration for the exclu-
sion: varicocele, antisperm antibodies, Y chromosome microdeletions,
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males subjected to surgical operation in the reproductive system,
heavy body mass index and advanced age >55 years.

2.6 | Spermatozoa purification

Each semen sample was loaded on 45%-90% discontinuous PureSperm
gradients (Nidacon International, Sweden) and centrifuged at 500x g
for 20 min at room temperature to separate sperm cells from
semen fluid. The pellet was washed twice with Ham-F10 medium
supplemented with human serum albumin (5 mg/ml) and penicillin
G/streptomycin sulphate (0.1 mg/ml; PAN Biotech, Germany) and
carefully overlaid with 0.75 ml of the same medium. Samples were
placed in an incubator at 37°C, and after 45 min, the upper layer
containing the motile spermatozoa was withdrawn, immediately as-
sessed for sperm count and motility and stored at -20°C until pro-
cessing (not more than 3 months).

2.7 | Sperm DNA isolation

Sperm DNA was isolated using the Isolate Il Genomic DNA Kit accord-
ing to the standard protocol provided by the manufacturer (Cat. #:
BIO 52066, Bioline, UK). The extracted DNA was measured using the
NanoDrop Spectrophotometer 2000c (Thermo Scientific).

2.8 | Sodium bisulphite treatment

500 ng of extracted sperm DNA was treated with sodium bisulphite,
using the Epitect Bisulfite Conversion Kit (Cat. #: 59104, Qiagen,
Germany), that converts unmethylated cytosines to uracil, while the
5-methylcytosine (5MeC) remains unaltered, as previously described
(Wu, Kang, Zheng, Liu, & Liu, 2015).

2.9 | DNA methylation analysis by Infinium 450K
BeadChip array

Samples were subjected to Infinium 450K BeadChip arrays at Life and
Brain GmbH Biomedicine and Neuroscience Technology in Bonn fol-
lowing the manufacturer’'s recommendations (Bibikova et al., 2011) as
a pilot study, to identify alterations in sperm DNA methylation regions
between smokers and nonsmokers males with unexplained infertility.
Samples were whole-genome-amplified and put on the bead arrays as
described (Sandoval et al.,, 2011). Bioinformatic processing and evalu-
ation were performed with the RnBeads program package (Assenov
etal, 2014). DNA methylation differences between smokers and
nonsmokers males were found to be significant when p <.01.

ANDROLOGIaR LIS 3 A

According to these results, we selected CpGs not overlapping any
common SNP site according to dbSNP142 and located in candidate
genes that are related to male infertility to study them in 19 samples
using local deep bisulphite sequencing (Bi-PROF, Gries et al., 2013).

2.10 | Bisulphite profiling (Bi-PROF)

Hundred nanogram of genomic DNA was bisulphite-treated using the
Epitect Bisulfite Conversion Kit (Cat. #: 59104, Qiagen, Germany).
PCRs encompassing the differentially methylated CpGs identified by
450K BeadChip array were performed in a 30 pl total volume reac-
tion using the “MyTaq™ HS Red Mix” with 2x concentration (Catalog
#: BIO-25047, Bioline, UK) according to the manufacturer’s protocol.
For the amplification, fusion primers were used that consist of a spe-
cific 3'-portion (listed in Table 1 together with respective annealing
temperatures) and a universal 5'-portion containing the necessary nu-
cleotide sequences for lllumina sequencing. Five microlitre of PCR was
loaded on a 2% agarose gel, including the DNA ladder (Cat. #: NO467S,
Biolabs), and stained with ethidium bromide. PCR products were puri-
fied using the Agencourt® AMPure XP beads (Beckman Coulter, USA)
and measured by using Quant-iT™ DNA Assay Kit (Fisher Scientific,
USA), according to the manufacturer’'s recommendations, then diluted
and pooled. Deep sequencing was performed on the lllumina MiSeq
according to the manufacturer’s protocols aiming at 10,000 reads per
amplicon. All data obtained from the sequencing step were processed,
filtered and aligned using BiQ Analyzer HT software (Lutsik et al.,
2011), and all reads containing more than 10% of missing CpG sites
were excluded (maximal fraction of unrecognised sites >0.1).

2.11 | Statistical analysis

Data were analysed using IBM SPSS for Windows software package
version 23.0 (SPSS Inc., USA). Samples included in this study were
non-normally distributed according to the value of skewness test,
Kurtosis test, Z-value and Shapiro test. The independent-samples t-
test (Mann-Whitney U-test) was used to compare means of quanti-
tative variables. The results in all the above-mentioned procedures
were accepted as statistically significant when the p-value was less
than 5% (p < .05).

3 | RESULTS

Sperm samples obtained from smokers and nonsmokers males were
subjected to Infinium 450K BeadChip analysis detecting the DNA

TABLE 1 Primer sequences and PCR annealing temperatures used to amplify the region including cg19455396. To the 5'-end of the oligos,
universal adaptor sequences to perform Illlumina sequencing were added in silico and then ordered

Annealing Amplicon
Gene Name CpG Position Chr temperature (°C)  length (bp) Sequence (5'-3')
TAP2 1,797,050 Chré 524 167 bp F GTAAAATGGGGATAATAATTAA
R AAAACAAAAAACAATTCCCT
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methylation level of ~485,000 CpGs covering 99% positions in each

sample. As shown in Table 2, 450K BeadChip analysis revealed seven
CpGs (namely cg08225549, cg01835922, cg13284789, cg06202802,
cg13496755, cg04012354, and cg19455396) showing a signifi-
cant and biologically relevant difference of >20% between the two
analysed groups. The six most different CpG sites (cg08225549,
cg01835922, ¢g13284789, ¢g06202802, cgl3496755,
cg04012354) were found to overlap annotated common polymor-

and

phisms, so they were excluded from further analysis. The least dif-
ferent CpG site (cg19455396) was found to be located in intron 12
of the TAP2 gene, a member of transporter associated with antigen-
processing genes that are located within MHC class Il loci on the short
arm of human chromosome 6 (Campbell & Trowsdale, 1993; Spies
et al., 1990; Trowsdale et al., 1990). CG19455396 did not overlap any
enhancer-related histone marks (i.e., H2K4me1 or H3K27ac) or tran-
scription factor binding sites (ENCODE Project Consortium, 2012).
There was a significant hypomethylation of cg19455396 in the smok-
ers group (72.7% versus 93.6%) compared to the nonsmokers group.
Although we did not have any indication for a regulatory role of this
CpG site, primers were designed to amplify the target CpG region
and bisulphite-specific PCRs were performed on a larger sample co-
hort (39 samples) to validate the results obtained by 450K BeadChip
array. After local deep bisulphite sequencing obtaining several thou-
sand reads per CpG and sample, we found a noncommon SNP in 20

samples, so these samples were excluded from further evaluation.
The remaining 19 samples were grouped into 10 samples nonsmokers
(52.6%) with a mean age (40.10 + 9.09 years), and nine samples smok-
ers (47.4%) with a mean age (37.67 + 3.71 years).

Although a tendency towards hypomethylation in the smokers
group could be observed, the methylation difference at cg19455396
between smokers and nonsmokers was not significant (0.97 + 0.01
versus 0.88 + 0.20; p = .28; Figure 1). This result is mostly due to
high individual variation (standard deviation of ~20%) of methyla-
tion in the smokers group. Comparison of investigated sperm pa-
rameters revealed no significant changes between the two groups
in sperm count (10.13 + 8.18 versus 11.25 + 3.94; p < .16), sperm
motility (37.13 + 19.17 versus 25.93 + 12.12; p < .15), number of
fertilised oocytes (8.10 + 6.11 versus 4.11 + 2.52; p < .09), fertilisa-
tion rate (2.3 + 1.63 versus 1.55 + 1.58; p < .27) and ICS| outcome
(1.80 + 0.78 versus 2.11 + 0.78; p < .38; Table 3). To assess the in-
fluence of age on sperm parameters, the samples of this work were
classified according to the reproductive age into younger than or
equal to 40 years (n = 12) and older than 40 years (n = 7; Table 4).
Sperm count, sperm motility, fertilisation rate, ICSI outcome and
methylation level were similar in both age groups. However, the
mean number of fertilised oocytes (4.00 + 1.90 versus 10.00 + 6.63)
showed significant differences (p < .008) among the different age
groups.

Identification of differentially methylated CpG sites in sperm samples from three subfertile smokers and three subfertile

TABLE 2
nonsmokers. The CpG site taken for testing in a larger cohort is highlighted in bold
cigd Chromosome Start Strand
cg08225549 chr8 80,550161 -
cg01835922 chr11 121,626,930 +
cg13284789 chr3 113,254,986 =
cg06202802 chr4 7.436,239 +
cg13496755 chr9 92,681,430 -
cg04012354 chr4 143,771,325 -
cg19455396 chré 327,96,056 -

cg19455396

Methylation level
Methylation level

Nonsmoker
450K

Smoker

Smoker
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Nonsmoker Smoker Diff meth.p.adj.fdr
0.919473281 0.54090129 0.005753125
0.046942809 0481236921 0.005753125
0.506531427 0.893586647 0.005753125
0.392985674 0.884584572 0.005753125
0.912903277 0481296324 0.006200438
0.910077769 0.53827173 0.012719443
0.936038247 0.726639221 0.047734324

cg19455396

FIGURE 1 DNA methylation level at
cg19455396 in smoker versus nonsmoker
groups. Left: 450K BeadChip results, right:
local deep bisulphite sequencing results

Nonsmoker
Miseq
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1a
result parameters of the studied sample By sokes R v o
cohort Concentration (10 11.25+ 3.94 10.35+8.18 28.00 .16
spermatozoa/ml)
Sperm motility 25.93+:12.12 3713+ 1947 27.50 45
Fertilised oocytes 411+252 8.10+6.11 25.00 .09
Fertilisation rate 1.55+1.58 23+1.63 32.50 .27
ICSI results 2.11+078 1.80+0.78 35.00 .38
Methylation rate 0.88 £ 0.20 0.97 £ 0.01 32.00 .28
2U = Mann-Whitney U-test.
®p = p value.

TABLE 4 Comparison between sperm Iyear)

parameters and DNA methylation levels at Age fymar

€g19455396 in relation to the study age Variables Age <40 Age >40 pvalue

group
Sperm count milli/ml % 10.91 + 5.66 10.54 +7.92 .61
Sperm motility % 29.53+12.16 35.75+23.38 et
Number of Fertilised oocytes 4,00 + 1.90 10.00 + 6.63 .008
Fertilisation rate of oocytes 0.55 £ 0.29 0.73+0.16 AT
ICSI results 2.00+£0.73 1.86 +0.90 .68
TAP2 Methylation level at 0.90 £ 0.20 0.98 + 0.005 .86

€g19455396
4 | DISCUSSION could be observed with high individual DNA methylation variation at

The purpose of this study was to investigate the relationship be-
tween cigarette smoking and DNA methylation of spermatozoa ob-
tained from males who presented for treatment at the Andrology
Laboratory of the Department of Obstetrics; Gynecology & Assisted
Reproduction Laboratory, University of Saarland, Germany. Genome-
wide assessment of CpG methylation revealed only seven sites with
more than 20% difference between smokers and nonsmokers with six
CpG sites overlapping common SNPs. This result clearly points to the
influence of cigarette smoking on DNA methylation to be minimal and
probably not of high biological relevance. Of course, 450K BeadChip
arrays only cover ~2% of all CpGs present in the human genome and
the selection of CpGs for analysis on this platform was biased towards
cancer-related loci. However, most of the loci analysed are located in
promoter and known enhancer sequences, so potentially regulatory
regions are well covered. The remaining differential methylated CpG
site is located in intron 12 of the TAP2 gene with no overlap to known
regulatory marks like transcription factor binding sites or enhancer-
marking histone modifications (H3K4me1 and H3K27ac (ENCODE
Project Consortium, 2012). CG19455396 barely overlaps a weak
DNAsel hypersensitivity site, which might point to its accessibility in
an at least partially open chromatin region. When local deep bisul-
phite sequencing on a larger cohort was applied, 18 samples showed
an SNP at ¢g19455396 which was not annotated as common SNP in
dbSNP142 database. Excluding those from analysis and looking at the
remaining 19 samples revealed no significant difference in the level
of DNA methylation at cg19455396 (p < .28) between smokers and
nonsmokers. Still, a tendency towards hypomethylation in smokers
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€g19455396 in the smoker group only. The effect may vanish when a
larger cohort is analysed, which may, of course, be beneficial to sup-
port our findings.

TAP gene family contains TAP1 and TAP2, which encode TAP1
and TAP2 transporters, that harbour ATP-binding cassettes (ABC)
(Higgins, 1992). ABC proteins transport different molecules across the
extra- and intracellular membrane linking the TAP2 gene with autoim-
mune diseases such as insulin-dependent diabetes (Jackson & Capra,
1995). According to the results found in the studies by Garcia-Diez,
Corrales Hernandez, Hernandez-Diaz, Pedraz, and Miralles (1991) and
Miralles-Garcia and Garcia-Diez (2004), insulin-dependent diabetes
mellitus is associated with male infertility (low volume of seminal fluid,
sperm concentration, motility, and morphology). Although no obvious
regulatory features were found overlapping cg19455396, it cannot
be excluded that its hypomethylation influences the expression of
the TAP2 gene. At least for some patients in the analysed cohort, this
finding could be relevant. The mechanisms of the impact 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 in the epithelium of the male genital tracts with subse-
quent release of chemical mediators of inflammation, such as inter-
leukin-6 and interleukin-8, which can recruit and activate leucocytes
(Kumosani, Elshal, Al-Jonaid, & Abduljabar, 2008; Saleh et al., 2002;
Zenzes, 2000). The activated leucocytes can produce high amounts of
reactive oxygen species (ROS) in semen and may decrease the antioxi-
dant capacity resulting in oxidative stress (Aitken, 1995). Furthermore,
the number of cigarettes consumed per day was found to associate
with the accumulation of cotinine andincrease in the ROS, which leads
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to damage of sperm membrane, due to their structure with a high pro-
portion of polyunsaturated fatty acids (El-Melegy & Ali, 2011; Sharma
& Agarwal, 1996). In the present study, sperm concentration was not

significant and also higher in the heavy smokers than in nonsmokers
(Table 3). These results are in accordance with the results found by
Trummer, Habermann, Haas, and Pummer (2002), Hassa et al. (2006)
and Anifandis et al. (2014).

In addition, the fertilisation rate showed no significant changes
between nonsmokers and smokers when all patients independently
of their age were analysed. However, when grouping the samples
into those obtained from patients younger than or equal to 40 years
(n = 12) and older than 40 years (n = 7), a highly significant difference
in the number of fertilised oocytes among the different age groups
(p <.008) was found. Also, no significant differences were found at
this CpG site in the two different age groups, but there was only a
tendency of DNA methylation levels to be elevated at advanced age.

5 | CONCLUSION

This study revealed only marginally biologically relevant differences in
DNA methylation that could potentially be related to effects caused
by smoking on the development of spermatozoa. Hypomethylation of
sperm DNA obtained from smokers at a single CpG site in intron 12
of the TAP2 gene was individual specific and cannot be regarded as
a general hypomethylation effect. Besides, there was no association
between methylation and age in both groups.
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methylationpatterns. A total of 108 males (51 current smokers and 57 never smoked males) were included
in the study. Using 450 BeadChip Arrays, the differentially methylated CpGs between current smokers
(n=15) and never smoked males (n=15) were identified. Out of significantly 11 CpGs identified, 2 CpGs
namely cg07869343 and cg19169023, which are located in the MAPK8IP3 and TKR genes were selected
for further analysis. Using deep bisulfite sequencing in an independent cohort of current smokers (n=36)
and never smoked males (n=42), 6 and 1 CpGs showed a significant difference in the MAPKSIP (CpG3,
CpG5, CpG6, CpG7, CpG8, and CpG21) and in the TKR (CpG4) were identified, respectively (P < 0.05). Our
results indicate that cigarette smoking causes biochemical changes in the sperm DNA methylation in
many regions and could adversely affect semen parameters.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Epigenetics defined as alterations in gene expression without
changing the DNA sequence or a change in phenotype without a
change in genotype [1]. These changes can be transmitted through
both mitotic and meiotic cell divisions and occurred through var-
ious mechanisms like DNA methylation, histone modifications,
and chromatin remodeling [2]. The addition of a methyl (CH3)
group to a 5th carbon atom of a cytosine of CpG dinucleotides
to form 5-methylcytosine by DNA methyltransferase defined as
DNA methylation [3]. In mammals, the CpG islands occur mostly in
the promoter region and remain unmethylated, while the major-
ity of all other CpG islands are methylated [4]. When CpG islands
in promoter regions are methylated, the transcription of the corre-
sponding gene is usually suppressed | 5]. Methylation status of CpGs
located in the promoter and intragenic regions play an important
role in gene repression and activation, respectively [6]. In addition,
the DNA methylation involves the regulation of gene splicing [7],
modulates the activity of enhancers [8] and maintains the chro-
mosomal stability [9]. In human, the DNA methylation patterns
can be influenced by several factors including environmental and
lifestyle factors, like cigarettes [10]. The cigarette smoke is con-

* Corresponding author at: Department of Obstetrics & Gynecology, Assisted
Reproduction Laboratory, University of Saarland, Germany.
E-mail address: m.laggan@gmail.com (M. Laggan).
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sidered one of the environmental factors that affect on the DNA
methylation [ 11,12]. However, there is a lack of information about
theeffect 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
[13-15]. Recent studies showed that the cigarette smoking can
adversely influence the transcriptome [16], causes chromosomal
aberration [15,17] and alter the DNA methylation patternin sperms
[18]. However, the impact of cigarette smoking on sperm DNA
methylation remains debatable, and there are several mechanisms
have been hypothesized. These mechanisms were concerning the
deterioration of spermatogenesis [19], induction of ultrastructural
abnormalities, and apoptosis [20,21]. In this study, we aim 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.

2. Material and methods
2.1. Ethics statement

This study was approved by the Institutional Ethics Commit-
tee of Saarland University, and consent was provided according to

the declaration of Helsinki. All participants gave written consent
before participation in this study. All of the samples were analyzed
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in the laboratory of the Department of Molecular Biology, Genetics
& Epigenetics at the University of Saarland. Samples were analyzed
according to standard operating procedures.

2.2. Samples collection and semen analysis

Semen samples were collected from 108 males, including 51
current smokers and 57 never smoked control males by mastur-
bation after 3days of sexual abstinence, The samples allowed to
liquefy at 37 °C for 30 min and then the sperm count was assessed
using Meckler counting chamber (Sefi-Medica, Haifa, Israel). The
sperm parameters were analyzed according to World Health Orga-
nization guidelines [22]. Somatic cells were removed from semen
samples, by loaded the semen samples onto 45%-90% discon-
tinuous Puresperm gradients (Nidacon International) and then
centrifuged at 500g for 20min at room temperature. The pure
sperm was incubated with Somatic Cell Lysis Buffer (SCLB) on ice
for 30 min and washed two-time with phosphate-buffered saline
(10 min at 500g). The absence of somatic cells contamination has
been confirmed by microscopic examination [23]. The samples
were stored at —80°C until processing. All participants who have
diabetes mellitus, alcohol drinkers, the presence of anti-sperm
antibodies, varicocele, Y chromosome microdeletions, males sub-
jected to surgical operation in the reproductive system, abnormal
hormonal parameters, abnormal body mass index, and infertility
related to the woman were excluded from this study. In contrast,
the included criteria for the current smoker group were as follows:
current smokers, duration of smoking about five years at least, and
consume at least 20 cigarettes per day. Besides, the inclusion cri-
teria for the study population were the following: age between 20
and 50, proven fertile males, and males of the same nationality,
ethnicity, and food supplementation.

2.3. Study design

Human Methylation 450 k BeadChip Arrays was used as screen-
ing phase, to determine the differentially methylated CpGs (DMC)
between current smokers (n=15) and never smoked control males
(n=15). Then, the two differentially methylated CpGs were selected
for further analysis using deep bisulfite sequencing (validation
phase) in an independent cohort of current smokers (n=36) and
never smoked control males (n=42).

2.4. Sperm DNAisolation and sodium bisulfite treatment

Sperm DNA was extracted using the Isolate II genomic DNA
kit according to the standard protocol provided by the manufac-
turer (Bioline, UK). DNA was eluted with 30 L of RNase-free water,
and the concentration of extracted DNA was measured with by
using a Nanodrop spectrophotometer ND-2000c, (Thermo Scien-
tific, USA) and then the integrity of gDNA was assessed using gel
electrophoresis (Supplemental Fig. 1). Five hundred nanograms of
isolated sperm DNA was treated with sodium bisulfite using the
Epitect bisulfite conversion kit (Qiagen, Germany) that converts
unmethylated cytosines to uracil, while 5-methylcytosine (5MeC)
remains unaltered, as previously described [24].

2.5. DNA methylation analysis by infinium 450K BeadChip array
(Screening phase)

In the screening phase, 15 current smokers and 15 never
smoked control samples were subjected to Human Methyla-
tion 450k BeadChip Arrays (Illumina, USA) screening according
to the manufacturer's instructions [25], and the arrays were
scanned using the Illumina iScan. 3-values were then generated
by analyzing the intensities for methylation or no methylation
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at each CpG tiled on the array using the calculation: (-
value = methylated/(methylated + unmethylated). 3-values ranged
from 0 to 1 and indicate the methylation level for each CpG. Avalue
of 1 represents a completely methylated CpG and 0 represents
a completely unmethylated CpG. Raw intensity values obtained
from Illumina were used to generate (3-values, and the bioinfor-
matic processing and evaluation were performed with the RnBeads
program package [26]. The methylation level in each CpG was con-
sidered as being differentially methylated CpG (DMC) when the
absolute difference of the means of the average (3-values between
two groups was=> 20%. To determine differentially methylated
CpGs (DMC) with possible biological and statistical significance,
a Benjamini-Hochberg corrected t-test FDR (false discovery rate)
of 0.05 was applied, and all CpG sites with a coverage (no. of
beads) of < 5 were excluded from the analysis. Findings were con-
sidered significant when p < 0.01. Referring to the technical results
of hybridization, the gene call rate above 98% per sample and a
detection value p<0.01 per CpG site were set as internal quality
criteria. All CpGs that covered a common SNP site in the dbSNP137
database were excluded.

2.6. Bisulfite profiling (Bi-PROF) (Validation phase)

In this part of the work and according to the results of screen-
ing phase, we took two CpG sites located in MAPKS8IP and TKR gene
to study them on 78 samples (36 samples from current smoker
males, and 42 samples from never smoked control males), not
including the screening phase samples, using local deep bisulfite
sequencing [Bi-PROF, [27]]. In the validation phase, anindependent
cohort of current smokers (n=36) and never smoked control males
(n=42) were included. Briefly, 500 ng gDNA of each sample was
subjected to bisulfite treatment using EpiTect Bisulfite Kits (Qiagen,
Germany). PCR reactions were prepared with the MyTaq™ HS Red
Mix Kit (Bioline, UK) according to the manufacturer’s instructions
using 100 nanograms of the bisulfite-converted gDNA template ina
total of 30 L reaction volume. For the amplification, fusion primers
consist of a specific 3'-portion (listed in Table 2 together with
respective annealing temperatures and a number of CpGs present
within the amplicon sequence) and a universal 5'-portion contain-
ing the necessary nucleotide sequences for Illumina sequencing
were used. Primers were designed to react with DNA after bisulfite
treatment using the BiSearch primer design tool (http://bisearch.
enzim.hu/?m=search) using the following criteria: max length of
PCR 400, primer concentration 0.167 pumol, potassium concentra-
tion 50 mmol, magnesium concentration 2.5 mmol, primer length
20-30, max Tm difference 2.0. By using BiSearch, placing primers
onto common SNPs could be eliminated. The annealing tempera-
ture was adjusted before started, to avoid the formation of primer
dimer. Five microliters of PCR product were then loaded on 2%
agarose gels stained with Ethidium bromide (Biolabs, USA) (Sup-
plemental Fig. 2 and 3). Using the Agencourt” AMPure XP beads kit
(Beckman Coulter, USA) and Quant-iT™ DNA Assay Kit (Fisher Sci-
entific, USA), the PCR products were purified and then measured,
respectively, both steps were carried out according to the manu-
facturer's instructions, then diluted and pooled. Deep sequencing
was performed on the Illumina MiSeq according to the manufac-
tureris protocols aiming at 10,000 reads per amplicon. All data
obtained from the deep sequencing step were processed, filtered,
and aligned by using BiQ Analyzer HT software 28], excluding all
reads containing equal or more than 10% of missing CpG sites (max-
imal fraction of unrecognized sites > 0.1). The obtained alignments
sequence showed an absence of alterations at CpG positions (no
SNP was detected).
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Table 1
CpG dinucleotides that differ in their methylation levels for sperm DNA between current smokers and never smoked males (n=30).
cglD Chr nt (hg19) Strand Mean Mean Diff. meth P.  SD. never SD. current Annotation
methylation methylation value smokers smokers
never smokers current
(%) smokers (%)
cg01584086 chr11 10373718 + 349170 5240156 1.21E-07 0.000979 0.050596 -/
€g20978247 chr6 32905085 - 90.99170 50.60859 4.1E-07 0.00097 0.018688 HILA-DMB-Body/
cg07869343 chr16 1797050 + 93.11966 49.13377 6.7E-07 0.004419 0.049764 MAPK8IP3-Body
€g19169023 chr15 41853346 + 92.58933 5527543 8.35E-07 0.006632 0.023077 TKR —
TYRO3-Body/S_Shore
€g09432376 chr22 36044226 - 88.67176 4799514 1.29E-06 0.011979 0.00252 APOL6-TSS200/
€g23109721 chr2 1.07E+08 + 3.99507 25.11486 1.94E-06 0.004959 0.002534 ~/Island
€g27391564  chr2 241E+08 - 86.23002 5132112 2.23E-06 0.004823 0.0215 -/
cg15412446  chr2 1.07E+08 - 6.07528 26.95074 3.49E-06 0.005289 0.008227 ~/Island
¢g08108333 chr7 1.57E+08 - 7.13468 40.78405 8.41E-06 0.016992 0.001209 ~/Island
cg00648582 chr12 1.33E+08 + 43.00466 79.78632 1.18E-05 0.039169 0.00426 PGAMS5,PGAMS5,PGAMS5-
Body/Island
€g23841288 chr7 1.58E+08 + 15.97900 44.14309 1.58E-05 0.016273 0.008269 PTPRN2,PTPRN2,PTPRN2-
Body,/N_Shore

CpGs selected for Bi-PROF are highlighted.

2.7. Statistical analysis

All data obtained from Bi-PROF was analyzed using IBM SPSS for
Windows software package version 24.0 (SPSS Inc., USA). Samples
included in this study were nonnormal distributed (nonparamet-
ric) according to the value of skewness test, Kurtosis test, Z-value
and Shapiro test. The independent-sample t-test (Mann-Whitney
test) and Kruskal-Wallis test were used to compare means of quan-
titative variables, besides to the Spearman’s test, to assess the
correlation coefficient between methylation level and other param-
eters. The results in all the above-mentioned procedures were
accepted as statistically significant when the p-value was less than
orequal 5% (p 0.05).

3. Results

To identify the influence of cigarette smoking on sperm DNA
methylation patterns, we evaluated the methylation patterns of
15 current smokers, and 15 never smoked control males by using
Human Methylation 450 BeadChip Arrays. The screening phase
results showed 95 dinucleotides have significant differences (Sup-
plemental Table 1). However, only 11 of those have significant
differences in current smokers as compared to never smoked
males without overlap common annotation SNPs. Table 1 shows
the location and the most DMC based on the mean DNA methy-
lation difference of >20% in current smokers as compared to
never smoked males. The methylated sites are predominantly
located in gene bodies and CpG islands. Out of 11 CpGs iden-
tified, 2 CpGs namely cg07869343 and cg19169023, which are
located in MAPKS8IP3 and TKR genes, respectively, were selected
for further analysis using deep bisulfite sequencing in an inde-
pendent cohort of current smokers (n=36) and never smoked
control males (n=42). The genes of this CpGs (cg07869343 and
cg19169023) are associated with the spermatogenesis [29-31]. In
addition to the other CpGs e.g. cg20978247, cg00648582. Based

Table 2

on the position of both CpG sites next to potentially regulatory
regions, we decided to validate the Infinium 450 K Bead Chip result
on a larger cohort samples (78 samples) to evaluate the effect of
cigarette smoking on sperm DNA methylation and sperm parame-
ters, whereas the mean age of the patients enrolled in the present
study was 39.31+7.86. The study population was divided into
two groups; current smokers males (n =36; age 40.39 +7.32 years)
and never smoked males (n=42; mean age 38.38 +8.27 years). The
descriptive characteristics of groups are presented in Table 3. The
percentage of progressive motility and the percentage of sperm
normal form in the current smoker group were found significantly
lower compared to the never smoked control group (p <0.0001 and
p =0.0001, respectively). In the contrast, the percentage of non-
progressive motility was significantly higher in the current smoker
males compared to the never smoked control cohort (30.10 + 10.32
vs. 10.83 +3.43 respectively; p < 0.0001). On the other hand, there
were no significant differences between the current smoker and
never smoked control groups in age, sperm count and percentage
of total motility (p <0.212; p < 0.602 and p < 0.386, respectively).
The deep bisulfite sequencing analysis revealed that not only the
CpGs obtained from the screening pahs experiments has a differ-
ence in the methylation level, but also neighboring CpGs. As shown
inTable 4,asignificant difference was observed in six out of 22 CpGs
tested in the MAPKSIP gene-related amplicon (CpG3, CpG5, CpG6,
CpG7*,CpG8, and CpG21) in current smokers as compared to never
smoked control males (P < 0.043; P <0.005; P <0.002; P<0.003*;
P <0.045 and P < 0.040, respectively). Similarly, a significant differ-
ence in one out of 4 CpGs tested in the TKR gene-related amplicon
(CpG4, P <0.002).

Next, we evaluated the effect of male age on the methylation
level considering all CpGs that have been identified by deep bisul-
fite sequencing in MAPK8IP3 and TKR gene-related amplicons. By
dividing males into three groups, a group I (age < 35 year, n=28),
group Il (35<age =45year, n=32), and group Il (age>45years,
n=18). Three CpGsout of 22 in the MAPK8IP gene-related amplicon

Primer sequences, number of DMCs and PCR annealing temperatures used to amplify regions including the target CpGs analyzed by Bi-PROF.

cglD UCSC RefGene Chr- nt (hg19) At (°C) Product size (bp) DMCs Primer sequence (5'-3')
cg07869343 MAPKSIP3 chr16 1797050 52 334 bp 22 F GAGGTAAAGTGTAAAGTATT

R CTAAATAACCTATACTTCCA
g07869343 TKR chr15 41853346 576 386 bp 4 F TTTTAGAAGAGAATGGGAATT

R AAATAACCAAATAAAAAAACCAC

DMC: Differentially methylated CpGs.
Chr-: Chromosome.
At: annealing temperature,
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Table 3

Descriptive characteristics in cases compared to controls (n=78).
Variable Never smoked Current smokers p value

(n=42) (n=36)

Age (Year) 38.38+8.27 40.39 +7.32 0.212*
Sperm count milli/ml 87.33+80.66 84.30 £65.32 0.602 ¢
Percentage of total motility 57.55+12.06 60.71 £15.69 0386 *
Percentage of progressive motility 46.71+£11.10 30.61 £12.81 =0.0001 *
Percentage of non-progressive motility 10.83+343 30.10+10.32 =0.0001 *
Percentage of immotile sperm 4245+12.06 39.29 £15.69 0.386 *
Percentage of sperm normal form 62.86+11.37 2033+7.23 =0.0001 ¢

All values are expressed as mean =+ SD.

P>0.05: not significant.

P =0.05: significant.
4 Mann-Whitney test.

Table 4

Methylation levels in the DMCs obtained from local deep bisulfite sequencing results in current smoker compared to never smoked control males (n=78).
DMCs Never smoked (n=42) Current smokers (n=36) p value

Mean SD Mean SD

Methylation level at CpGs in MAPKS8IP gene-related amplicon
CpGl1 0.98 0.02 097 0.03 0.518 ¢
CpG2 097 0.03 0.98 0.03 0.131°
CpG3 0.98 0.01 0.98 0.02 =0.043 *
CpG4 0.99 0.01 0.99 0.01 0.666 *
CpG5 098 0.01 099 0.01 =0.005 *
CpG6 097 0.02 0.99 0.01 =0.002 ¢
CpG7 097 0.02 095 0.03 =0.003 ¢
CpG8 0.96 0.02 097 0.02 =0.045 *
CpG9 097 0.02 097 0.02 0.904 *
CpG10 097 0.02 098 0.02 0.059°
CpG11 098 0.02 099 0.02 0.073*
CpG12 0.99 0.01 099 0.02 0.103 *
CpG13 097 0.03 098 0.02 0a71°
CpG14 098 0.02 098 0.02 0.228 ¢
CpG15 097 0.03 097 0.02 0.984 °
CpG16 097 0.03 097 0.02 0.904 °
CpG17 097 0.04 0.96 0.05 0493 *
CpG18 099 0.01 097 0.03 0295
CpG19 098 0.02 097 0.03 0.520°
CpG20 0.99 0.01 0.98 0.03 0.331°
CpG21 0.99 0.01 098 0.02 =0.040 *
CpG22 099 0.01 097 0.03 0.146 "
Methylation level at CpGs in TKR gene-related amplicon
CpGl 095 0.06 097 0.02 0.825°
CpG2 0.98 0.01 098 0.02 0779 *
CpG3 0.96 0.04 097 0.02 0952
CpG4 092 0.11 097 0.01 =0.002 ¢

DMC: Differentially methylated CpGs.
STD: Standard deviation.
P>0.05: not significant.
P <0.05: significant.
" Target CpG from the results of 450 K.
2 Mann-Whitney test.

has a significant variation in methylation level among vari-
ous groups, CpG5, CpG14 and CpG16 (P<0.003, P<0.029, and
P <0.018, respectively). Besides, two out of four CpGs in TKR gene-
relatedamplicon showed asignificant differencein the methylation
level (CpG2, P <0.033, and CpG4, P < 0.0001) between various age
groups, Table 5.

Finally, we evaluated the correlation between sperm DNA
methylation level obtained by Bi-PROF in different CpG (DMC)
and other different parameters investigated for current smoker
group (Table 6). The results showed a significant positive corre-
lation between the methylation level in CpG4, CpG8, CpG9, CpG10,
CpG15, and CpG22 of MAPKSIP gene-related amplicon and percent-
age of total motility. However, a significant negative correlation
was showed between the same CpGs and the percentage of sperm
immotile. Besides that, a significant positive correlation has been
found between the methylation level of CpG8, CpG9,CpG10, CpG14,
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CpG15, and CpG22 of MAPKSIP gene-related amplicon and percent-
age of progressive motility. Also, we found a significant positive
correlation between the methylation level in all CpGs of TKR gene-
related amplicon and percentage of total motility and percentage
of progressive motility. In contrast, a significant negative correla-
tion found between the same CpGs and the percentage of sperm
immotile (Table 6). On the other hand, the results showed a nega-
tive significant correlation between the methylation level in CpG5
and CpG11 of MAPKS8IP gene-related amplicon and the age of
patients. In addition to a positive significant correlation between
the methylation level in CpG13, CpG16, and CpG18 of MAPK8IP
gene-related amplicon and sperm count. Furthermore, a significant
positive correlation was found between the methylation level in All
CpGs of TKR gene-related amplicon except CpG4 and percentage of
sperm normal form (Table 6).
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Table 5

Methylation level at DMC in MAPKSIP and TYRO3 for the study population according to age.
DMC Age=35(n=28) 35<Age=45(n=32) Age>45(n=18) pvalue

Mean SD Mean SD Mean SD

Methylation level at CpGs in MAPKSIP gene-related amplicon
CpG1 0.98 0.02 0.98 0.03 0.98 0.02 0.958"
CpG2 098 0.03 097 0.03 0.98 0.02 0.189"
CpG3 0.98 0.02 0.98 0.01 0.98 0.02 0.800"
CpG4 0.99 0.01 0.99 0.01 0.99 0.01 0.129°
CpG5 0.99 0.01 0.98 0.01 0.98 0.01 <0.003"
CpG6 0.98 0.02 0.98 0.02 0.98 0.02 0.153"
CpG7 0.96 0.03 0.96 0.03 0.96 0.02 0.921°
CpG8 097 0.02 097 0.01 0.96 0.03 0.753"
CpG9 0.98 0.02 097 0.03 0.98 0.02 0.388"
CpG10 098 0.01 097 0.02 097 0.03 0.102°
CpG11 0.99 0.02 0.99 0.01 0.98 0.03 0.088"
CpG12 0.99 0.02 0.99 0.01 0.99 0.01 0.193"
CpG13 0.98 0.02 097 0.03 097 0.03 0.664"
CpG14 0.98 0.02 097 0.02 0.99 0.01 =0.029"
CpG15 097 0.03 0.98 0.02 097 0.03 0.402°
CpG16 0.98 0.02 0.96 0.03 097 0.03 <0.018"
CpG17 0.96 0.04 0.95 0.05 0.98 0.02 0.096"
CpG18 0.98 0.03 0.99 0.01 097 0.03 0.826"
CpG19 097 0.03 097 0.02 0.98 0.03 0.661"
CpG20 098 0.02 0.99 0.01 0.98 0.03 0.977°
CpG21 0.99 0.01 098 0.01 0.98 0.03 0.958"
CpG22 0.98 0.03 0.99 0.01 097 0.04 0.859"
Methylation level at CpGs in TKR gene-related amplicon
CpG1 095 0.08 0.96 0.03 097 0.03 0.207"
CpG2 0.98 0.01 0.98 0.01 0.98 0.02 <0.033"
CpG3 0.96 0.04 097 0.02 097 0.02 0.726"
CpGa 097 0.01 091 0.12 0.96 0.02 <0.0001"

DMC: Differentially methylated CpGs.
STD: Standard deviation.
P>0.05: not significant.
P <0.05: significant.
" Target CpG from the results of 450K.
b Kruskal Wallis Test.

4. Discussion

The relationship between cigarette smoking and sperm DNA
methylation remains a controversial and debatable issue. How-
ever, many of the previous studies indicated that the cigarette
smoking can influence the transcriptome | 16] and alters the DNA
methylation pattern [[18], and [33-35]]. In the current study, we
investigated the impact of cigarette smoking on sperm DNA methy-
lation patterns and sperm parameters. The results obtained from
local deep sequencing revealed a significant differences in six
DMC (CpG3, p =0.043; CpG5, p =0.005; CpG6, p<0.002; CpG7,
p=<0.003; CpG8, p<0.045; and CpG21, p=0.040) of MAPK8IP
gene-related amplicon, and one CpG (CpG4, p =0.002) of TKR
gene-related amplicon in current smoker group compared to
never smoked control group (Table 4). Analysis of freely avail-
able ENCODE data revealed that the differentially methylated CpG
of MAPKS8IP3 is located in exon 6 within a DNase I cluster and
close to an H3K27ac-enriched domain where several transcrip-
tion factors binding motifs can be found [32]. The respective
CpG site in the TKR gene is located within a DNase I cluster
in exon 2 close to a CTCF binding motif [32]. Previous stud-
ies reported that the murine mitogen-activated protein kinase 8
interacting protein 3 (MAPK8IP3) may interact with, and regu-
late the activity of numerous protein kinases of the JNK signaling
pathway, and a few of the signaling molecules including G pro-
teins, tyrosine kinases, the inositol (1,4,5)-trisphosphate receptor,
MAPKs (mitogen-activated protein kinases), have been found in
the spermatozoa and oocyte [36]; however, the biochemical net-
works that connect these molecules and their functions are poorly
understood. Recently, [37] reported that the extracellular-signal-
regulated kinase and, a member of the MAPK family, were shown
to be associated with human spermatozoa with a direct or indirect

function in sperm capacitation. Besides, it should also be mentioned
that the tyrosine-protein kinase receptor gene (TKR) expressing
the tyrosine kinase 3 protein (TYRO3) is a member of the RTK
subfamily that contains Tyro3, Axl, and Mer “TAM" [38,39]. These
proteins play very important roles in controlling cell survival, pro-
liferation and differentiation, spermatogenesis, and phagocytosis
[40]. The TAM protein is normally expressed by Sertoli cells dur-
ing postnatal development [30,31]. Sertoli cells have a significant
role in regulating male fertility, because more than 75% of develop-
ing spermatogenic cells during spermatogenesis undergo apoptosis
before they develop into spermatozoa in physiological states [41],
and TAM playsacrucial role in the phagocytic clearance of the apop-
totic germ cells by professional phagocytes [42,43]. In general, the
variation in this study is in line with previous studies that have
found that smoker's males have a high level of oxidative stress,
and this plays an important role as a potential cause of change in
the level of DNA methylation [44-47]. In addition, these results
observed highly significant differences between the current smoker
and never smoked controls groups in the percentage of progressive
motility, the percentage of non-progressive motility and percent-
age of sperm normal form (p < 0.0001, p <0.0001, and p < 0.0001,
respectively), and this is consistent with other studies reported the
same variation in semen parameters in smoker compared to con-
trols [48-50]. However, the results of this study did not observe any
significant differences between study groups in the sperm count,
percentage of total motility, and these are in agreement with sev-
eral studies reported the same results [51-57]. Nevertheless, these
results are not consistent with previous studies found that cigarette
smoking leads to decreased sperm count and percentage of total
motility [58-61].

Regarded to the results of deep bisulfite sequencing depend-
ing on the reproductive age for the participants included in the
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Table 6
Correlation between the methylation levels in the DMCs obtained by Bi-PROF and the semen parameters for current smoker group (n=36).
DMC Age(Year) Sperm Count % of total %of % of non- % of immotile % of sperm
ml/millio motility progressive progressive sperm normal form
Motility motility
Methylation level at CpGs in MAPKSIP gene-related amplicon
CpGi r 0.020 -0.224 0212 0.160 0.015 -0.212 -0.175
p value 0.906 0.188 0214 0353 0933 0214 0307
CpG2 i -0.113 -0.235 0.276 0.324 -0.039 -0.276 0.087
p value 0514 0.167 0.103 0.054 0.822 0.103 0614
CpG3 r -0.049 0.227 0278 0.084 0.201 -0.278 -0.043
p value 0.776 0.182 0.101 0.628 0.239 0.101 0.802
CpG4 r -0.163 0.009 0.456 0.161 0372 —-0.456 —-0.062
p value 0.343 0.957 =0.005 0.347 =0.026 =0.005 0.722
CpG5 T —~0.464 0313 0.054 —-0.049 0.199 —-0.054 0.070
p value =0.004 0.063 0.753 0.776 0.245 0.753 0.687
CpG6 r 0.145 0.140 0239 0.048 0.142 -0.239 -0.113
p value 0.400 0417 0.161 0.781 0410 0.161 0510
CpG7’ r 0.158 -0.167 0.108 0.002 -0.038 -0.108 —-0.040
p value 0.359 0329 0.532 0.990 0.825 0.532 0.817
CpG8 r -0.095 0.028 0.546 0435 0.234 -0.546 -0.271
p value 0.581 0.871 =0.001 =0.008 0.169 =0.001 0.110
CpGo r 0.072 -0.150 0.409 0.460 0.075 -0.409 0.028
p value 0.677 0.383 =0.013 =0.005 0.664 =0.013 0.873
CpG10 i -0.057 0.020 0.554 0385 0293 —-0.554 -0.211
p value 0.743 0.909 =0.0001 =0.020 0.082 =0.0001 0216
CpG11 r -0.383 0.090 0223 0112 0.080 -0.223 —-0.055
p value =0.021 0.603 0.191 0.514 0.642 0.191 0.750
CpGi12 r 0.127 0.262 0.293 0.300 0.091 —-0.293 -0.153
p value 0.462 0.123 0.083 0.076 0.599 0.083 0372
CpG13 r -0.096 0.405 0.116 -0.018 0.028 -0.116 -0.234
p value 0.577 =0.014 0.499 0919 0.873 0499 0.169
CpGi4 r 0.140 0.119 0283 0369 —-0.082 -0.283 —-0.005
p value 0415 0.490 0.095 <0.027 0.636 0.095 0.976
CpGl15 r 0.122 -0.319 0383 0439 0.011 -0.383 0.183
p value 0477 0.058 =0.021 =0.007 0.950 =0.021 0.284
CpG16 r 0.160 0.358 0271 0.069 0.164 -0271 0.139
p value 0.353 =0.032 0.110 0.689 0.340 0.110 0418
CpG17 r 0.161 -0.272 0.124 0.237 -0.166 -0.124 0.158
p value 0.349 0.109 0473 0.164 0.334 0473 0.357
CpG18 r 0.109 0362 0276 0.200 0.033 -0.276 0.201
p value 0.528 =0.030 0.103 0.243 0.848 0.103 0.240
CpG19 r 0.087 0.029 0.320 0272 0.066 -0.320 0243
p value 0.616 0.866 0.057 0.109 0.704 0.057 0.154
CpG20 r 0.008 0.016 0.186 0.079 —0.045 -0.186 0.183
p value 0.961 0928 0278 0.646 0.793 0278 0.286
CpG21 r 0.030 0224 0.190 0227 -0.171 -0.190 0.406
p value 0.864 0.189 0.268 0.184 0.320 0.268 =0.014
CpG22 r 0.007 —0.099 0478 0.593 -0.035 -0.478 0.176
p value 0.966 0.564 =0.003 =0.0001 0.838 =0.003 0304
Methylation level at CpGs in TKR gene-related amplicon
CpGl’ r -0.250 —-0.325 0413 0472 0.101 -0.413 0337
p value 0.142 0.053 =0.012 =0.004 0.557 =0.012 =0.045
CpG2 r -0.009 0.143 0.649 0.594 0.386 —-0.649 0.343
p value 0.957 0.406 =0.0001 =0.0001 =0.020 =0.0001 =0.040
CpG3 r -0.036 0.178 0.496 0.402 0.354 —-0.496 0.396
p value 0.836 0.298 =0.002 =0.015 =0.034 =0.002 =0.017
CpG4 r —-0.006 -0.027 0.508 0392 0.363 -0.508 —-0.043
p value 0974 0.874 =0.002 =0.018 =<0.030 =0.002 0.803

Spearman'’s test.
DMC: Differentially methylated CpGs.
1: Correlation Coefficient.
P>0.05: not significant
P <0.05: significant.
" target CpG according to 450K.

study population, the results observed that there is a significant
difference between the methylation level in DMC (CpG5, CpG14,
and CpG16) in the MAPKS8IP gene-related amplicon and various age
groups (P =0.003; P <0.029 and P <0.018, respectively). In addi-
tiontoCpG2, and CpG4 in the TKR gene-related amplicon (P < 0.033,
and P = 0.0001, respectively), which is in line with several previous
studies which is in line with several previous studies they reported
thatthe sperm DNA methylation patterns are stable over short peri-
ods of time but changing with advancing age [62,63]. Nevertheless,
these results incompatible with other studies that, did not show an
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association between global sperm DNA methylation and advancing
age [23,64]. Besides that, the sperm parameters did not indicate to
presence any statistically significant changes between the various
age groups, and these results disagree with the results of previous
studies which found a decrease in sperm counts, sperm motility,
and sperm production during aging [65-68]. However, the results
showed a statistically significant change between diverse age group
in a percentage of progressive motility, and this agree with the
study reported that a decline in the sperm motility associated with
advancing age [69].
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On the other hand, the results of this study indicate the presence
of a significant correlation between methylation levels of CpG4,
CpG8, CpGY, CpG10,CpG15 and CpG22 in the MAPKSIP gene-related
amplicon and percentage of total motility, and percentage of pro-
gressive motility. Furthermore, a significant correlation was found
between the methylation level at CpG5 and CpG11 in the MAPK8IP
gene-related amplicon and the age of current smoker group. A
significant correlation has been shown between the methylation
level at CpG13, CpG16 and CpG18 in the MAPKSIP gene-related
amplicon and the sperm count. Besides, a significant correlation
between the methylation level at all CpG in the TKR gene-related
amplicon except CpG4 and percentage of sperm normal form
(Table 6). Overall, the correlations that shown in this study are in
line with previous studies that found an association between alter-
ations in the methylation patterns of sperm DNA methylation and
sperm parameters of smokers [70,71]. However, the correlations
in this study contradict other studies, which showed no correla-
tion between sperm global DNA methylation level and paternal age,
sperm parameters of smokers [72,73].

5. Conclusion

The results of this study indicated that cigarette smoking causes
biochemical changes in the sperm DNA methylation in many
regions, which related to MAPKS8IP and TKR gene amplicon and
could adversely affect semen parameters.
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The yielded amount of gDNA was insufficient to run both assays
for all samples.
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1 | INTRODUCTION

| S.Tierling? | C.LoPorto?> | M.E. Hammadeh!

Summary

The epigenetic mechanism plays an important role in spermatogenesis such as DNA
methylation where this episode is represented by either switching genes on or off.
Twenty-eight samples (14 case and 14 controls) were subjected to Infinium 450K
BeadChip arrays to identify genomic regions that differ in sperm DNA methylation
patterns in the subfertile compared to the proven fertile group. Then two CpGs were
validated by deep bisulphite sequencing on 82 sperm samples. The results screening
study revealed eight CpGs were significantly different in their sperm DNA methyla-
tion levels between cases and control group. The results of the validation study for
the two CpGs (cg19779893 and cg19406113) showed that a significant variation in
the methylation level at 2 CpGs of 3 CpGs related to cg19779893 site amplicon in
cases compared to the controls. Moreover, six CpGs related to the cg19406113 site
amplicon showed significant differences in sperm DNA methylation between the
cases and the control group. Furthermore, there was a significant decrease in the
sperm parameters in the cases compared to the control group. This study found two
CpGs altered in their sperm DNA methylation levels. In addition, a strong association
was found between changes in the sperm DNA methylation levels in these CpGs sites

and sperm parameters.

KEYWORDS
CpGs, DNA methylation, sperm parameters, subfertile

which have a high frequency of CpG sites (Takai & Jones, 2002).
These islands are most probably found in the transcription start site

Epigenetics is described as stable changes in the DNA and histone
structure without affecting the DNA sequence itself. These changes
can be inherited through mitotic or meiotic divisions (Carrell, 2012).
The epigenetic mechanism involves histone modification or DNA
methylation where these episodes are represented by either the
switching on or off of genes (Anway, Cupp, Uzumcu, & Skinner,
2005; Richardson, 2002). The mechanism by which DNA methyl-
ation takes place is confined to the addition of a methyl group to
the C atom of the cytosine pyrimidine ring that is immediately fol-
lowed by a Guanine base (CpG dinucleotide) known as CpG islands
(Talbert & Henikoff, 2006; Portela & Esteller, 2010; CpG islands are
defined as groups of CpG base pairs (bp) approximately 1Kbp long,

(50%), and the remaining per cent is distributed equally, intragen-
ically (between the genes) or intergenically (within the gene body)
(llingworth et al., 2010). DNA methylation at the gene body CpGs is
associated with the activation of gene transcription (Ball et al., 2009;
Rauch & Pfeifer, 2005), whereas gene silencing is the main event that
occurs at the gene promoters (intragenic) causing the prevention of
gene expression (Suzuki & Bird, 2008). This repression mechanism is
induced by the insertion of the methyl group into the major groove
of DNA, preventing the stable binding of a transcription factor (Feng
& Zhang, 2001; Nan et al., 1998).

DNA methylation occurs under the influence of DNA methyl-
transferase (DNMTs), which catalyses the transfer of one methyl
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group from S-adenosyl methionine to cytosine (Yi & Goodisman,
2009). There are three main DNMTs: DNMT1 is responsible for the
conservation of DNA methylation through the addition of methyl
groups to the newly replicated DNA strands(Bird, 2002). DNMT3a
and DNMT3b are de novo methyltransferases that exert methyla-
tion changes on the genomic DNA throughout early embryonic de-
velopment (Lei et al., 1996; Okano, Xie, & Li, 1998).

Intriguingly, after fertilisation, the DNA methylation of imprinted
genes remains unchanged and is clonally inherited to all somatic cells
of the individual. During foetal development, primordial germ cells
(PGCs) are subjected to epigenetic reprogramming, where complete
erasure of imprint is followed by a DNA methylation reorganisation
depending on the gender of the embryo during its migration to the
genital ridge (O’Doherty & McGettigan, 2015). In a male foetus,
DNA methylation is maintained steadily throughout the process of
spermatogenesis and spermiogenesis. Therefore, adequate methyl-
ation in spermatozoa is essential for normal fertilisation, early em-
bryo viability, proper implantation and healthy live births (Kobayashi
etal., 2009; Carrell and Hammoud, 2010; Dada et al., 2012; Jenkins
& Carrell, 2012; Wu, Hauser, Krawetz, & Pilsner, 2015).Previous
studies revealed that male infertility may be associated with abnor-
mal DNA methylation in spermatozoa (Hammoud, Purwar, Pflueger,
Cairns, & Carrell, 2010; Nanassy & Carrell, 2011). Moreover, changes
in DNA methylation of some genes were related to a decrease in
semen parameters, contributing to male infertility (Houshdaran
et al., 2007; Aston, Punij, Liu, & Carrell, 2012).

Male infertility is considered one of the major concerns of to-
day’s healthcare 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 de-
spite a regular unprotected intimate relationship between couples
for at least one year of intercourse (Bayer, Alper, & Penzias, 2007;
Rowe & &Combhaire, 2000). It affects approximately 13%-15% of
couples worldwide, among which male factors contribute about 20%
(Jarow et al., 2002). Idiopathic causes of infertility account for ap-
proximately 60%-70% of all the cases of male infertility (Filipponi &
Feil, 2009). Genetic and epigenetic changes may contribute towards
idiopathic male infertility (Emery & Carrell, 2006).

The purpose of this study was to assess whether there is an al-
teration in the methylation levels of sperm DNA obtained from sub-
fertile males compared to that obtained from proven fertile males.
It is furthermore planned to evaluate the association between the
changes in sperm DNA patterns and semen parameters in subfer-
tile males. Genome-wide array analysis, using local deep bisulphite
sequencing, was used to define differentially methylated CpGs be-
tween proven fertile and subfertile males.

2 | MATERIAL AND METHODS

2.1 | Ethics Statement

Institutional review board approval (13/14) was obtained before the
initiation of this study, and informed consent was provided according

48

to the Declaration of Helsinki. In addition, each participant provided
written agreement for inclusion in this study. The study was conducted
in the laboratory of the Molecular Biology; Genetics & Epigenetics
Departments at the University of Saarland, Germany.

2.2 | Sample collection and semen analysis

One hundred and ten semen samples were collected and categorised
into two groups. The first group included proven fertile males as the
control group (n = 51). The second group included subfertile males who
did not have children after more than three years of regular unpro-
tected intercourse as the case group (n = 59). Semen samples were col-
lected by masturbation after 3 days of sexual abstinence in clean, dry,
sterile and leak-proof plastic containers ina collection room attached to
the laboratory. Following liquefaction of the semen at 37°C for 30 min,
the sperm parameters were performed according to the World Health
Organization guidelines (WHO, 2010) using a Makler chamber. From
each sample included in this study, six smears were prepared (10 pl)
for morphology assessment. Moreover, 100 ul semen was mixed with
1.0 ml of the hypo-osmotic solution (HOS) to assess the sperm mem-
brane integrity (vitality test). Also, 5 ul semen was mixed with 5 pl of
0.5% aqueous yellowish Eosin solution (an Eosin test) to assess sperm
viability. The following parameters were taken into consideration for
the exclusion: varicocele, anti-sperm antibodies, Y chromosome micro-
deletions, consumption of alcohol, smoking, abnormal hormone param-
eters, males subjected to surgical operation in the reproductive system,
abnormal body mass index, advanced age >45 years old and infertility
problems related to the wives. Furthermore, the inclusion criteria were
as the following: all participants were from the same region with de-
mographic differences such as race. The proven fertile (control group)
had at least one child, and sperm parameters were normal according to
WHO guidelines (2010), whereas the subfertile did not have any chil-
dren, and their sperm parameters were under the value given by WHO
2010. The wives in both groups were having regular menstrual cycles
and had normal medical histories.

2.3 | Sperm purification

All of the semen samples underwent purification through the gra-
dients technique before the DNA extraction from the spermato-
zoa. Each semen sample was loaded on 45%-90% discontinuous
PureSperm gradients (Nidacon International, Sweden) and centri-
fuged at 500x g for 20 min at room temperature, which effectively
separated the spermatozoa from the lymphocytes, the epithelial
cells, abnormal orimmature spermatozoa, bacteria and seminal fluid.
The absence of immature sperm and somatic cell contamination was
confirmed by microscopic examination.

2.4 | Sperm DNA isolation and sodium
bisulphite treatment

Sperm DNA was isolated using the isolated DNA/RNA/protein kit ac-
cording to the standard protocol provided by the manufacturer (Cat.
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#: BIO- 52085, Bioline, UK). The concentration and purity of the ex-
tracted DNA were measured using the Nanodrop spectrophotome-
ter 2000c (Thermo-Scientific). Five hundred nanogram of extracted
sperm DNA was treated with sodium bisulphite using the Epitect
bisulfite conversion kit (Cat. #: 59104, Qiagen, Germany) that con-
verts unmethylated cytosines to uracil, while the 5-methylcytosine
(5MeC) remains unaltered, as previously described (Wu et al., 2015).

2.5 | Screening study by Infinium 450K
BeadChip array

Twenty-eight samples were subjected to Infinium 450K BeadChip
arrays (lllumina, San Diego, CA, USA) at Life and Brain GmbH
Biomedicine and Neuroscience technology in Bonn, following
the manufacturer’s recommendations (Bibikova et al., 2011), as a
screening study, to identify variation in sperm DNA methylation
regions between proven fertile and subfertile males. Samples were
whole-genome amplified and put on the bead arrays, as described
in Sandoval et al. (2011). Bioinformatic processing and evaluation
were performed with the RnBeads program package (Assenov
et al.,, 2014). B-values were then generated by analysing the in-
tensities for methylation or no methylation at each CpG tiled on
the array, using the calculation: p-value = methylated/(methylated
+ unmethylated). p-values ranged from O to 1 and indicated the
methylation level for each CpG. The result of the p-value ranges
from O to 1 and indicates the methylation level for each CpG. A
value of 1 represents a completely methylated CpG, and O rep-
resents a completely unmethylated CpG. Raw intensity values
obtained from Illumina were used to generate f-values, and the
bioinformatic processing and evaluation were performed with the
RnBeads program package (Assenov et al., 2014). The methylation
level in each CpG was considered as being differentially methyl-
ated CpGs (DMCs) when the absolute difference of the means of
the average b-values between two groups was >20%. To deter-
mine DMCs with possible biological and statistical significance, a
Benjamini-Hochberg corrected t test FDR (false discovery rate) of
0.05 was applied, and all CpG sites with a coverage (no. of beads) of
<5 were excluded from the analysis. Findings were considered sig-
nificant when p <.01. Referring to the technical results of hybridi-
sation, the gene call rated above 98% per sample and the detection
value p < .01 per CpG site was set as the internal quality criterion.
All CpGs that covered a common SNP site in the dbSNP137 data-
base were excluded.

ANDROLOGIaR L1 3 g

2.6 | Validation study of Bisulfite profiling (Bi-
PROF)

The first two CpG sites that resulted from the screening study by
Infinium 450K BeadChip arrays were selected in order to be sub-
jected to further analysis using bisulfite sequencing (Bi-PROF) (Gries
etal.,, 2013), according to the manufacturer’s instructions. Eighty-
two samples were divided into 45 samples from the proven fertile as
the case and 37 samples from the subfertile as the control. These two
groups were used in the validation study as follows: four hundred ng
of genomic DNA were bisulphite treated using the Epitect bisulfite
conversion kit (Cat. #: 59104, Qiagen, Germany). PCRs reactions
were performed in a 50-pl total volume reaction, using the “MyTaq™
HS Red Mix” with 2x concentration (Catalog #: BIO-25047, Bioline,
UK), according to the manufacturer’s protocol. For the amplification,
primers were designed to amplify the target CpG region, where fu-
sion primers were used that consisted of a specific 3"-portion (listed
in Table 1, together with the respective annealing temperatures)
and a universal 5-portion containing the necessary nucleotide se-
quences for lllumina sequencing. Ten micrograms of PCR reactions
was loaded on a 2% agarose gel, including the DNA ladder (Cat. #:
NO0467S, Biolabs) and stained with ethidium bromide. PCR products
were purified using the Agencourt® AMPure XP beads (Beckman
Coulter, USA) and measured by using the Quant-iT™ DNA Assay
Kit (Fisher Scientific, USA), according to the manufacturers' rec-
ommendations and then diluted and pooled. Deep sequencing was
performed on the lllumina MiSeq, according to the manufacturer's
protocols, aiming at 10.000 reads per amplicon. All data obtained
from the sequencing step were processed, filtered and aligned, using
BiQ Analyzer HT software (Lutsik etal.,, 2011), and excluding all
reads containing more than 10% of missing CpG sites (the maximal
fraction of unrecognised sites >0.1).

2.7 | Statistical analysis

Datawere analysed using IBM SPSS for the Windows software pack-
age version 23.0 (SPSS Inc., USA). The samples included in this study
were non-normal distributed according to the value of a skewness
test, a Kurtosis test, a Z-value and a Shapiro test. The independent
sample t test (Mann-Whitney test) was used to compare the means
of the quantitative variables. In addition, Spearman’s test was used
to assess the correlation coefficient between the methylation level
in the different CpG and sperm parameters. The results in all the

TABLE 1 Primer sequences and PCR annealing temperatures used to amplify regions including the target CpGs analysed by Bi-PROF

Annealing temperature

cgID Chromosome (‘o)
cg19406113 Chr3 57
cg19779893 Chr10 55

Product size (bp) Primer sequence (5'-3")
308 bp F ATTAAAGAGTGAGTTGGAAAAGT
R AACCCCAAAAAAAATAAAACC
212 bp F AGAGGGATTTTTAATAATTGT
R CAAAAAAAATCCAACTAACTAAA
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TABLE 2 Differential methylated CpG sites (DMCs) in sperm samples from cases (subfertile) compared to control (proven fertile) group

cglD Chromo Annotation

cg19779893 chr10 ADAMTS14-Body +
cg19406113 chré - =
cg23081194 chr21 - +
cg16338278 chri1 ALDH3B2- Body/Island =
cg04807108 chr15 - -
cg08408433 chr19 PTGIR-Body/Island &
cg25750688 chr7 - +

above-mentioned procedures were accepted as statistically signifi-
cant when the p-value was less than 5% (p < .05).

3 | RESULTS

Twenty-eight samples (14 proven fertile and 14 subfertile) were used
in this study as a screening study and sent to the Life and Brain GmbH
Biomedicine and Neuroscience Technology in Bonn, Germany. These
samples were subjected to Infinium 450K BeadChip analysis, which
detects the different DNA methylation levels of circa ~485,000 CpGs,
covering 99% positions in each sample. Table 2 summarises the loca-
tion of the detected DMCs, based on the mean DNA methylation dif-
ference of 220% between the two analysed groups. Only eight CpGs
positionsweredetected dependingontheappliedcriteria(cg19779893,
cg19406113, cg23081194, cg16338278, cg04807108, cg08408433,
cg25750688 and cg07227024). Two CpG sites (cg19779893 and
cg19406113), resulting from Infinium 450K BeadChip array, were se-
lected to validate the difference in DNA methylation levels on more
populations. Eighty-two samples were divided into two groups: a case
group (n = 45) with a mean age of (38.50 + 6.68) and a control group
(n = 37) with a mean age of (37.16 + 5.5).

Cg19779893 is located in intron 2 of ADAMTS14 (ENCODE
Project Consortium, 2012). There was a significant decrease in the
DNA methylation level in the case group (0.59 + 0.03) compared to
the control (0.85 + 0.01).

Cg19406113 is located in intergenic regions, within chromo-
some 6 (ENCODE Project Consortium, 2012). This CpG showed
a significant increase in DNA methylation level in the case group
(0.90 + 0.007), compared to the control group (0.66 + 0.04).

When a local deep bisulfite was applied, different CpGs ap-
peared close to the target CpGs* that resulted from the screening
study. The mean of the DNA methylation levels at six CpGs of eleven
related to the cg19406113 site (CpG3, CpG5, CpGé, CpG8, CpG9,
and CpG10) showed a significant difference in the case group com-
pared to the control (p <.009, p <.03, p .02, p .03, p <.007 and
p < .01 respectively) (See Figure 1). Furthermore, a significant dif-
ference in two CpGs within the cg19779893 site-related amplicon
(CpG2 and CpG3) was revealed in the case compared to the con-
trol (p < .03 and p < .01 respectively) (Figure 2). As demonstrated in
Table 3, sperm parameters showed a significant decrease in count,
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Mean.Control Mean.Cases Diffmeth.p.adj.fdr
0.852891163 0.595902571 0.142813812
0.667489451 0.904643996 0.15418376
0.117367807 0.903151445 0.000369757
0.934857616 0.733098693 0.008456327
0.725153089 0.918482785 0.043660488
0.069358559 0.370138538 0.110522162
0.86493861 0.637849078 0.142070592
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FIGURE 1 DNA methylation levels at (cg19406133) and its
different neighboring CpGs related amplicons between proven
fertile (Case) n = 37, and subfertile (Control) n = 45; p < .05%,
p2 01

total motility, progressive, nonprogressive motility, normal form
morphology, viability and vitality in the case compared to the con-
trol (p <.02, p <.0001, p <.0001, p <.01, p <.001 and p < .01, and
.03 respectively).
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The correlation between the DNA methylation level obtained by
Bi-PROF at different CpGs and the sperm parameters of the case
group was assessed.

Table 4
cg19406113—and its adjacent CpGs—and sperm parameters in

illustrates a significant correlation between
the following pattern: the percentage of total sperm motility is as-
sociated with CpGé* (p < .04). In addition, the percentage of pro-
gressive motility was significantly correlated with CpG2 and CpG3
(p < .04 and p =< .02). Moreover, the percentage of nonprogressive
motility showed a significant correlation with CpG1.CpG3, CpG5
and CpGé* (p <.05 and p <.0001, p <.04 and p <.009 respec-
tively). The percentage of immotile spermatozoa showed a sig-
nificant correlation with CpG3, CpG5, CpGé* and CpG8 (p <.008

and p <.05, p <.02 and p <.003 respectively). Furthermore, the

Case
Il Control
5 101
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c 084
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FIGURE 2 DNA methylation levels at (cg19779893) and its
different neighboring CpGs in ADAMTS14 gene between proven
fertile (Case) n = 37, and subfertile (Control) n = 45; p < .05%,
p<.01*%,

TABLE 3 Descriptive characteristics of study populations (n = 82)
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percentage of viability demonstrated a significant correlation with
CpG4 and CpG10 (p < .03 and p < .007). The percentage of vitality
revealed a significant correlation with CpG2, CpG3, CpG4, CpG5,
CpG6, and CpG9 (p <.007,p <.03,p <.0001, p <.001, p .02 and
p <.008 respectively).

In addition, CpG2 adjacent to the cg19779893 site amplicon
showed a significant correlation with the mean percentage of sperm
viability (p < .008).(See Table 4.).

4 | DISCUSSION

The purpose of the present study was to assess whether there is an
alteration in the DNA methylation level of spermatozoa obtained
from subfertile males suffering from an inability to father-chil-
dren due to idiopathic problems, compared to proven fertile males.
There was also an attempt to estimate its association with the
sperm parameters of the subfertile group. According to previous
studies, male fecundity problems are a worldwide issue and recent
statistics show that they affect 15% of partners (Krausz, Murci,
& Mc Elreavey, 2000). In many cases, the basic causes are un-
known and almost 60%-70% of male infertility cases are idiopathic
(Filipponi & Feil, 2009). In many cases, epigenetic modifications
play an important role in the regulation of biological processes,
including spermatogenesis (Anway et al., 2005; Li, Ma, & Wang,
2006; Rajender, Avery, & Agarwal, 2011). Primordial germ cells
undergo broad epigenetic reprogramming, including DNA dem-
ethylation and re-methylation (Houshdaran et al., 2007); the DNA
demethylation occurs in the early stages of evolution, and the DNA
re-methylation initiates the maturational process during the pro-
spermatogenetic cycle (Dean, Lucifero, & Santos, 2005; O'Doherty
& McGettigan, 2015; Oakes, La Salle, Smiraglia, Robaire, & Trasler,
2007). Therefore, DNA methylation is essential for activation of
the spermatogenetic process. Various studies have found that any
alteration in the sperm DNA methylation of some genes in the male

Controls Cases
Variables (Mean + SD) Median (Min-Max) (Mean + SD) Median (Min-Max) p-value
Age (Year) 3716 +5.5 38(29-45) 38.50 + 6.68 38 (31-45) .20
Sperm concentration [Mill/ 80.49 + 54.59 663 (21-210) 51.38 +29.74 56 (6.5-125) .02
ml]
Total Sperm motility (%) 52.09 £8.99 50 (40-75) 35.06 £17.07 30 (24-95) .0001
Progressive motility (%) 36.64 +10.76 37 (16-65) 24.32 +15.09 21(6-73) .0001
Non Progressive motility 15.67 £ 6.4 15(5-28) 12.21:+6.2 10 (2-24) .01
(%)
Immotile spermatozoa (%) 39.73+£11.96 40 (9-60) 60.07 + 22.39 68 (10-98) .0001
Normal morphology (%) 35.81+9.14 38(20-50) 29.59 +£20.73 25(10-96) .001
Sperm viability (%) 60.78 + 14.20 60 (28-86) 51.99 +12.34 55 (22-78) 01
Sperm vitality (%) 80.41+11.17 85 (45-94) 74.76 £12.21 76 (45-93) .03

SD, Standard deviation.
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TABLE 4 Correlation between DNA methylation level in DMCs obtained by Bi-PROF and sperm parameters in the case groups (n =45)

% of
% of total  Progressive % of Non-
DMCs Count Motility Motility progressive motility % of Immotile Normal form Viability  Vitality
Methylation level at DMCs CpGs in cg19406113 site related amplicons
CpG1 r 14 .08 -06 29° =19 =11 -19 =11
p .34 .56 .96 .05 21 A7 21 43
CpG2 r 23 -.02 -.29° 18 -17 -07 -21 ~:39%
p 12 .89 .04 .23 .25 .64 16 .007
CpG3  r -.01 .24 -.32 5 -392 -02 -.09 -32°
p 92 A1 .02 .000 .008 .87 53 .03
CpG4 r .04 .008 -.18 16 .24 -19 -.32° =5
p .75 95 .21 .29 A1 .21 .03 .000
CpG5 09 01 -.23 a1 29° 01 -27 -46°
p a3 A7 2 .04 .05 91 .07 .001
CpGé r 09 290 -11 .38? -32° -16 -16 -34"
p .53 .04 A48 .009 .02 .29 .28 .02
CpG7 r A3 .06 -03 14 -.004 -14 -16 =17
p .38 .65 .81 .34 97 .36 .28 .24
CpG8 r 24 .22 .01 .25 -.43? -06 -.06 =2
p 10 A3 .94 .08 .003 .68 .69 .06
CpG?9 r .28 .03 =2 14 =16 14 =27 -39
p .06 .84 .07 35 w27 .33 .06 .008
CpG10 r .06 .01 -09 .20 -20 -.08 -.39° -19
p .65 94 .54 A8 17 .56 .007 .21
CpG11 r .04 18 .06 -.04 A1 -10 =11 =15
p 79 23 .66 77 48 52 A3 33
Methylation level at DMCs CpGs in ADAMTS14 gene related amplicons
CpG1 r -10 .06 .23 .005 .24 =21 .07 19
p 93 .66 12 97 A1 17 .62 19
CpG2 r -11 16 .28 -.07 A8 -14 .39° .21
p 45 .28 .06 .63 .22 .35 .008 15
CpG3 r .008 17 ik a9 .05 b 18 .18
p 96 .25 48 19 71 48 .23 .21

Correlation is significant at the .01 level.
bCorrelation is significant at the .05 level.

reproductive system affects the standard sperm parameters and
causes a subsequent reduction in human male fertility (Aston et al.,
2012; Grégoire etal., 2013; Houshdaran et al., 2007; Xu et al.,
2016). According to the results of 450 K array, 8 CpG sites showed
alterations in their DNA methylation level, varying between the
case and control group; the following CpGs, cg19779893 and
cg19406113, were selected to be validated in further samples. The
results of validation, using bisulfite sequencing in more samples,
found that a significant variation in the methylation level was re-
lated to cg19779893 where two CpGs (CpG2, CpG3) of the 3 CpGs
site amplicon were detected in the case group compared to the
control one. Moreover, six CpGs (CpG3, CpG5, CpGé*, CpG8, CpG9
and CpG10) of eleven, related to the cg19406113 site amplicon,
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showed a significant difference in DNA methylation between the
case and control groups. These findings are in accordance with pre-
vious ones noted by other researchers (Aston et al., 2015; Jenkins
etal., 2016; Laggan, Solomayer, & &Hammadeh, 2017), who found
an alteration in the sperm DNA methylation levels between subfer-
tile and fertile males.

Interestingly, cg19779893 is located inintron 2 of the ADAMTS14
gene, which is a member of the ADAMTS (a disintegrin and metal-
loproteinase with a thrombospondin motif) that play a vital role in
the spermatogenesis cycle, spermatozoon-egg interaction and em-
bryo implantation. ADAMTS14 is located on the human chromo-
some 10g2 and is expressed highly in the testes (Dun et al., 2012;
ENCODE Project Consortium, 2012; Shi-Wu et al., 2001).
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The present study showed a strong significant difference in the
following sperm parameters, namely in sperm concentration, the
percentage of spermatozoa with progressive and nonprogressive
motility, the percentage of normal forms and sperm vitality between
the case and control groups. These results are in accordance with
the results from Jenkins et al. (2016), who also found significant dif-
ferences in the standard sperm parameters among fertile and sub-
fertile males.

Furthermore, according to the results of the present study, there
is a correlation between the alterations in sperm DNA methylation
levels of some differentially methylated CpGs and the mean percent-
age of total sperm motility, progressive and nonprogressive motility,
viability and vitality in subfertile males (See Table 4). This is similar
to the results found by Houshdaran et al. (2007) and Montjean et al.
(2015), who found a significant correlation between sperm DNA
methylation and conventional sperm parameters (in concentration
and motility).

In conclusion, the results of the present study demonstrated al-
terations in two CpGs in the sperm DNA methylation levels of the
proven fertile control group compared to the subfertile male case
group. In addition, a strong significant association was found be-
tween the changes in sperm DNA methylation levels in these CpGs
(and in their neighbouring CpGs sites) and in sperm parameters.
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ARTICLEINFO ABSTRACT

Keywords: Aberrant in sperm DNA methylation patterns and histone modification play a role in male fecundity decline. This
CpGs study was prepared to determine whether sperm DNA methylation at CpG dinucleotides is different in oligos-
DNA methylation permic males compared to proven fertile males and then to evaluate the correlation between the changes in
Oligospermia sperm DNA methylation patterns and semen parameters of oligospermic males. A total of 165 males (64 proven
UBRG2 fertile males “controls” and 101 oligospermic males “cases”) were included in the study. Three CpG sites have
the highest difference in methylation levels (cg23081194, cg25750688, and cg04807108) were underwent to
further analysis using deep bisulfite sequencing in 125 samples (44 controls and 81 cases). The results of a
validation study showed that variation in methylation levels was found in more than one CpG site: there was a
significant alteration in methylation levels at all CpGs tested within the UBE2G2 and ¢g25750688 site related
amplicon (p = 0.0001), and at eight CpGs (CpG1, CpG3, CpG6, CpG8, CpG11, CpG13, CpG14, and CpG15)
within the ¢g04807108 site related amplicon (p = 0.0001) in cases compared to controls. Besides, a significant
correlation was found between the changes in the methylation levels at different CpGs and semen parameters of
case group. In conclusion, this study showed that these sites have a significant alteration in sperm DNA me-
thylation levels in oligospermic males compared to proven fertile males, and these changes correlated with

semen parameters.

1. Introduction

Infertility is defined as the inability of a sexually active couple to
achieve a successful pregnancy after 12 months of unprotected inter-
course, and about 15% of couples around the world suffer from this
problem [1,2]. The male factor considered as the common cause in
about 40% of infertility cases [3,4]. Further, approximately 15-30% of
couples are diagnosed with unexplained infertility after a routine ana-
lysis [5,6]. A common source of infertility problems in human couples is
male subfertility or oligospermia [7.,8] and genetic abnormalities such
as karyotype anomalies [9]; Y chromosome microdeletions [10]. Cur-
rent studies revealed a strong correlation between aberrant DNA me-
thylation in spermatozoa and male subfertility [11,12], and indicate
that epigenetics might have a strong impact on the spermatogenesis and
sperm quality. Epigenetics is defined as alterations to DNA that turn
genes “on” or “off” without changes to the DNA sequence [13]. Epi-
genetics involves modifications to histone proteins and DNA methyla-
tion; here, we focused on DNA methylation and subfertility in males. In
mammals, DNA methylation is an epigenetic mechanism that occurs by
the addition of a methyl (CH3) group to the 5 position of cytosine by
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DNA methyltransferase to form 5-methylcytosine (5-mC) [14], thereby
often altering the function of the genes, and it is involved in the es-
tablishment and maintenance of genetic imprinting and regulation of
tissue-specific gene expression [15-18]. The regulations of the gene
expression process occur either by changing the binding site of tran-
scriptional factors or by attracting proteins that modify chromatin
structure around the gene transcriptional start site like methyl-DNA-
binding proteins and histone deacetylases [19,20], ultimately both
mechanisms block transcription and cause gene silencing [21]. Duringa
man’s lifetime, the reprogramming of DNA methylation takes place
shortly after fertilization in the zygote and then in primordial germ cells
(PGCs) which are the embryonic progenitors of sperm or oocytes
[22-24]. One of the most concerning aspects of sperm epigenetic
anomalies is that under experimental conditions, these defects can be
transmitted to the offspring and can influence the offspring’s suscept-
ibility to disease [25-27]. Therefore, alterations in sperm DNA me-
thylation patterns of subfertile men may potentially contribute to the
increased risk of imprinting disorders, perinatal mortality, and several
other pregnancy-related complications that are seen in assisted re-
productive technology (ART) babies [28-30]. Until now the
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relationship between alteration in sperm DNA methylation levels and
male subfertility is still unclear. Therefore, this study is designed (I) to
evaluate the variation in sperm DNA methylation level at CpG dinu-
cleotides between oligospermic males, and proven fertile males, (II) and
to assess the relationship between the alterations in sperm DNA me-
thylation levels and semen parameters in oligospermic males, in order
to further understand the role of sperm DNA methylation in male fer-
tility.

2. Material and methods
2.1. Sample collection and sperm isolation

This study was approved by the Institutional Ethics Committee of
Saarland University (13/14), and consent was provided according to
the Declaration of Helsinki. Besides, all participants gave written con-
sent before participation in this study. All samples were analyzed in the
laboratory of the Molecular Biology, Genetics & Epigenetics Department
at the University of Saarland. Samples were analyzed according to
standard operating procedures. Briefly, one hundred and sixty-five
samples were collected from males with a mean age of
35.66 + 3.75 years (64 samples from proven fertile “controls” males
and 101 samples from oligospermic males “cases”). The exclusion cri-
teria for participation in the study were as follows: diabetes mellitus,
the consumption of alcohol, the presence of anti-sperm antibodies,
varicocele, and Y chromosome microdeletions, karyotype abnormal-
ities, smoking, abnormal hormonal parameters, abnormal body mass
index, and infertility problems related to the female partner. In con-
trast, the participants included in this study have no direct contact with
environmental pollutants (e.g. toxic metals, radioactive pollutants,
lead, and other heavy metals); males had the same nationality, ethni-
city, and food supplementation. Briefly, Semen samples were collected
by masturbation after three days of sexual abstinence, allowed to li-
quefy at 37 °C for 30 min, and then the sperm concentration was as-
sessed immediately by using a Makler counting chamber (Sefi-Medica,
Haifa, Israel). The sperm parameters were analyzed according to World
Health Organization guidelines [31]. All of the semen samples were
underwent to the protocol of Somatic Cell Lysis Buffer (SCLB), to re-
move the somatic cells before DNA extraction step from spermatozoa.
The semen samples were loaded onto 45%-90% “two-layer” dis-
continuous Puresperm gradients (Nidacon International) and then
centrifuged at 500g for 20 min at room temperature, which effectively
separates normal sperm from lymphocytes, epithelial cells, abnormal or
immature sperm, bacteria and seminal fluid. Then the pure sperm was
incubated with SCLB on ice for 30 min and washed two-time with
phosphate-buffered saline (10 min at 500 g) [32]. The absence of im-
mature sperm and somatic cells contamination has been confirmed by
microscopic examination.

2.2. DNA extraction from spermatozoa and sodium bisulfite treatment

Sperm DNA was extracted by using the Isolate II genomic DNA kit
according to the standard protocol provided by the manufacturer
(Bioline, UK). The quantity and purity of extracted DNA were de-
termined with the use of a Nanodrop spectrophotometer ND-2000c
(Thermo Scientific). To confirm the effectiveness of the protocol used in
removing somatic cells from the semen samples that were entered in
this study, the publicly available data (GEO # GSE41169) were used to
define sample purity and based on a known significantly differentially
methylated region (DMR) between somatic cells (White blood cell) and
spermatozoa. We assessed DNA from whole blood, DNA from round
cell-contaminated sperm samples, known pure sperm DNA, and com-
pared these with sperm DNA of the study population. The data showed
that the samples evaluated in this study were free from potential con-
tamination resulting from the presence of immature sperm, white blood
cells or other somatic cells. Five hundred nanograms from extracted
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sperm DNA were treated with sodium bisulfite using the Epitect bi-
sulfite conversion kit (Qiagen, Germany) that converts unmethylated
cytosines to uracil, while the 5-methylcytosine (5MeC) remains un-
altered, as previously described [33].

2.3. DNA methylation analysis by infinium 450 K BeadChip array
(Screening study)

Forty semen samples from males with a mean age of
36.40 * 3.24 years were used in the screening study; this included 20
samples from oligospermic males “cases” and 20 from proven fertile
males “controls”. After bisulfite treatment, the DNA of these samples
was subjected to Infinium 450 K BeadChip arrays (Illumina, San Diego,
CA, USA) following the manufacturer's recommendations [34], and the
arrays were scanned using the Illumina iScan. Beta-values were then
generated by analyzing the intensities for methylation or no methyla-
tion at each CpG tiled on the array using the calculation: p-value = -
methylated/(methylated + unmethylated). The result of 3-value ranges
from O to 1 and indicates the methylation level for each CpG. A value of
1 represents a completely methylated CpG and a score of 0 mean a
completely unmethylated CpG. Raw intensity values obtained from II-
lumina were used to generate [(-values, the bioinformatic processing
and evaluation were performed with the RnBeads program package
[35]. The methylation level in each CpG was considered as being dif-
ferentially methylated CpG (DMC) when the absolute difference of the
means of the average [B-values between two groups was = 20%; a
Benjamini-Hochberg corrected t-test FDR (false discovery rate) of 0.05,
and all CpG sites with a coverage (no. of beads) of = 5 were excluded
from the analysis. Findings were considered significant when p < 0.01.
Referring to the technical results of hybridization, the gene call rate
above 98% per sample and a detection value p < 0.01 per CpG site
were set as the internal quality criteria. All CpGs that covered a
common SNP site in the dbSNP137 database were excluded.

2.4. Bisulfite profiling (Validation study)

In this study, and according to the results of screening study, three
CpG sites that have the greatest difference in methylation level between
the oligospermic males and proven fertile males were subjected to
further analysis using deep bisulfite sequencing (Bi-PROF) [36], ac-
cording to the manufacturer's instructions. In the validation study, 125
samples (independent samples) were used and distributed as follows: 44
proven fertile males “controls” and 81 oligospermic males “cases”.
Briefly, 500 nanograms of sperm DNA from each sample were subjected
to bisulfite treatment using the Epitect bisulfite conversion kit (Qiagen,
Germany). PCR reactions were performed in a 50 pl total volume re-
action using the “MyTaqTM HS Red Mix” with 2x concentration (Bio-
line, UK), according to the manufacturer’s protocol. For amplification,
fusion primers that consisted of a specific 3-portion (listed in Table 1,
together with respective annealing temperatures and a number of CpGs
present within the amplicon sequence) and a universal 5-portion con-
taining the necessary nucleotide sequences for Illumina sequencing
were used. Primers were designed using the BiSearch primer design tool
(http://bisearch.enzim.hu/?m=search) with the following criteria:
max length of PCR 400, primer concentration 0.167 pmol, potassium
concentration 50 mmol, magnesium concentration 2.5 mmol, primer
length 20-30, max Tm difference 2.0. By using BiSearch placing pri-
mers onto common SNPs could be eliminated. Five microliters of PCR
products were loaded on a 2% agarose gel stained with ethidium bro-
mide, including the DNA ladder (Biolabs, NE), PCR products were
purified using the Agencourt” AMPure XP beads (Beckman Coulter,
USA), measured by using Quant-iT™ DNA Assay Kit (Fisher Scientific,
USA) according to the manufacturer$ recommendations, and then di-
luted and pooled. Deep bisulfite sequencing was performed on the II-
lumina MiSeq according to the manufacturefs protocols aiming at
10.000 reads per amplicon. All data obtained from the sequencing step
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were processed, filtered, and aligned by using BiQ Analyzer HT soft-
ware [37], excluding all reads containing equal or more than 10% of
missing CpG sites (maximal fraction of unrecognized sites = 0.1). The
obtained alignments sequence showed an absence of alterations at CpG
positions.

2.5. Statistical analysis

Data obtained from the validation study were analyzed using IBM
SPSS for Windows software package version 23.0 (SPSS Inc., USA).
Samples included in this study were non-normally distributed (non-
parametric) according to the value of skewness test, Kurtosis test, Z-
value and Shapiro test. The independent-sample t-test (Mann-Whitney
test) was used to compare means of quantitative variables. In addition
to Spearman's test to assess the correlation coefficient between me-
thylation level and other sperm parameters. The results in the above-
mentioned procedures were accepted as statistically significant when
p = 0.05.

3. Results

In a screening study, forty DNA samples from spermatozoa (20
cases, and 20 controls) were subjected to Infinium 450K BeadChip
analysis, to assess the differences in methylation patterns between
study groups. The screening phase results showed 50 dinucleotides
have significant differences. However, only 5 of those have significant
differences in the case compared to control groups without overlap
common annotation SNPs. Supplementary Table S1 summarizes the
location of the most differentially methylated CpGs (DMC), based on
the mean DNA methylation difference of = 20% between the case and
control groups. Out of five CpGs identified, 2 were found in gene bodies
and CpG islands (cg23081194 and ¢g19779893) and 3 were found in
intergenic regions (cg04807108, cg25750688, and ¢g19406113). From
the results of screening study, three CpG sites have the highest differ-
ence in methylation level were subject to validation study in 125
samples: I) cg23081194 was located in intron 2 of the UBE2G2 gene,
and II) cg04807108 and cg25750688 were located in intergenic se-
quences. Table 2 illustrates that the age of the cohort study population
was between 23.0-40.0 years, with a mean age of 34.93 = 4.25years,
further the descriptive characteristics of the study population. As in-
dicated in Table 3, the study population consisted of two groups: the
proven fertile group was composed of 44 males with a mean age of
34.73 = 3.32 years as the “controls”, and the oligospermic group was
composed of 81 males, with a mean age 35.04 = 4.70years as the
“cases”. The semen parameters revealed a significant decrease in sperm
concentration, the percentage of total sperm motility, the percentage of
progressive motility, the percentage of non-progressive motility, and
the percentage of sperm normal form in the case group compared to the
control group (p = 0.00001). Conversely, a significant increase in the
percentage of immotile sperm (p = 0.0001) was found in cases com-
pared to controls (Table 3). According to the results of the validation,
the study found that more than one CpG showed a difference in the
methylation level compared to neighboring CpGs obtained from the
screening study. The mean DNA methylation levels at all CpGs related
to the UBE2G2 gene amplicon (CpGl, CpG2, and CpG3) and
acg25750688 site related amplicon (CpGl and CpG2) showed a sig-
nificant difference in the case compared to the control group
(p = 0.0001) (Figure 1, S1 and Figure 2, $2). Furthermore, the results
showed that eight of the fifteen CpGs within the cg04807108 site re-
lated amplicon (CpG1, CpG3, CpG6, CpG8, CpG11, CpG13, CpG14, and
CpG15) had a significant difference in the mean methylation level
(p = 0.0001) in cases compared to controls (gFigure 3, S3).

Finally, this study assessed the correlation between sperm DNA
methylation levels obtained by Bi-PROF at different CpGs and other
sperm parameters for the case group (Supplementary Table S2). A
significant positive correlation was found between the methylation
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levels at CpG2 in the UBE2G2 gene-related amplicon and sperm con-
centration (p < 0.029). Besides, a significant correlation was found
between the methylation levels at CpG1 and CpG3 in the UBE2G2 gene-
related amplicon and the percentage of sperm normal form
(p = 0.005&p = 0.027, respectively). Moreover, a significant correla-
tion has been shown between the percentage of total sperm motility, a
percentage of sperm progressive motility, a percentage of immotile
sperm and the methylation levels at CpG2 in the ¢g25750688 site-re-
lated amplicon (p = 0.006, p < 0.00001, and p < 0.002, respectively).
Furthermore, a significant correlation has been shown between the
methylation at two CpGs (CpG1, CpG15) related to the cg04807108 site
amplicon and the sperm concentration (p = 0.003&p = 0.005, re-
spectively). Moreover, a significant negative correlation was found
between the between the methylation at seven CpGs related to the
cg04807108 site amplicon (CpG2, CpG4, CpG5, CpG7, CpGY, CpG10
and CpG12) and a percentage of non-progressive motility (p < 0.023,
p = 0.00001, p = 0.00001, p < 0.002, p < 0.019, p =< 0.024, and
p = 0.005, respectively). On the other hand, a significant negative
correlation was observed between the methylation level at two CpGs
(CpG4 and CpG5) related to the c¢g04807108 site amplicon and the
percentage of total sperm motility (p < 0.022&p =< 0.007, respec-
tively).

4. Discussion

The present study evaluated the methylation levels at DMC in the
€g23081194, cg25750688 and cg04807108 site related amplicons in
spermatozoa obtained from oligospermic males compared to proven
fertile males. It is noteworthy that these sites are associated with male
fertility, sperm concentration, and sperm function [38-40]. According
to previous studies, the DNA methylation plays a crucial function in the
spermatogenesis process and the decline in the reproductive potential
of men could be caused by abnormal methylation in genes expressed in
the testes [41-44]. Furthermore, other studies revealed that changes in
the sperm DNA methylation levels may affect male fertility and semen
parameters [29,45]. According to the results of the screening study,
three CpGs (cg23081194, ¢g25750688, and cg04807108) have the
highest difference in methylation level were validated on 125 in-
dependent samples, and this CpGs are located in the gene body and
intergenic regions [46]. The results of validation study showed a sig-
nificant difference in the methylation level at all CpG in UBE2G2 gene-
related amplicon and in ¢g25750688 site related amplicon. In addition,
significant differences were found in eight of the fifteen CpGs in the
¢g04807108 site-related amplicon in sperm samples from males from
the cases group compared to samples from the control group. These
results indicate that differences in sperm DNA methylation at DMC
might be among the mechanisms that lead to semen parameters re-
duction. These changes in the sperm DNA methylation level are in line
with the studies previously reported by other authors [47-50] who
found alterations in the sperm DNA methylation levels from subfertile
males compared to the proven fertile males. In addition to another
study prepared by Jenkins et al. who found two genomic regions with
statistically significantly decreased methylation and three genomic re-
gions with statistically significantly increased methylation in the
failure-to-conceive group. Besides, a decrease in the methylation levels
at two sites closely related genes, HSPA1L and HSPA1B, known to be
expressed in sperm and correlated with infertility problems [12]. Also,
other studies found an association between the change in the level of
sperm DNA methylation and reduction in the sperm concentration and
fertility potential [51-53]. Furthermore, the Aston and his colleagues
pointed that the spermatozoa DNA methylation patterns differ sig-
nificantly in infertile vs. fertile, normozoospermic males [54]. With
regard to the genes of this study, the UBE2G2 gene maps to the region
of human chromosome 21q22.3 encode the ubiquitin-conjugating en-
zyme E2G2 and its transcripts are ubiquitously expressed in human
tissues [55]. In spermatozoa, a particularly high level of E2G2
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expression was found [38,39]. Ubiquitination involves at least three
classes of enzymes: ubiquitin-activating enzymes (E1s), ubiquitin-con-
jugating enzymes (E2s), and ubiquitin-protein ligases (E3s) [56]. It is
linked with the (I) non-proteolytic functions such as the regulation of
protein interactions, signal transduction, DNA repair, kinase activation,
endocytosis, protein trafficking, cell cycle progression [57,58], (II) in-
tercellular communication [59], (IIT) cell proliferation [60] and (IV)
apoptosis [40,51]. Also, the human ubiquitin-conjugating enzyme E2G2
(UBE2G2/UBC?7) is involved in protein degradation, including a process
known as endoplasmic reticulum-associated degradation (ERAD)
[61,62]. Previous studies have shown that both, ubiquitination and
deubiquitination, play a role in later phases of spermatogenesis [63],
and many recent studies have indicated the importance of ubiquitina-
tion in spermatogenesis and fertilization. The dysfunction of different
ubiquitin systems results in impaired sperm maturation with abnormal
organelle morphology and capacity, which in turn is highly associated
with male infertility [40]. In the present study, a highly significant
change was observed in cases compared to control groups in each of the
following parameters: sperm concentration, percentage of total sperm
motility, percentage of progressive motility, percentage of non-pro-
gressive motility, percentage of immotile sperm, and percentage of
sperm normal form, and these matching with the results of previous
studies [51,64,65].

Finally, the results showed a significant correlation between me-
thylation levels at CpGl and CpG3 in the UBE2G2 gene-related am-
plicon and the percentage of sperm normal form. A significant corre-
lation was found between the methylation level at CpGs in the
¢g25750688 site-related amplicon and semen parameters. Moreover, a
similar correlation has been found between the methylation levels at
more one CpGs in the cg04807108 site related amplicon and semen
parameters. These correlations are consistent with the results of other
researchers who found a strong association between sperm concentra-
tion, sperm motility, sperm normal form, and sperm DNA methylation
levels [66-68].

5. Conclusions

In conclusion, the results of this study show that there are sig-
nificant differences in sperm DNA methylation levels between oligos-
permic males and proven fertile males. Moreover, a correlation between
the methylation levels at these CpGs and semen parameters in oligos-
permic males have been found.

Conflict of interest
The authors confirm that they have no conflict of interest to declare.
Acknowledgments

The authors thank Gilles Gasparoni, Katharina Faber and Tabea
Trampert for their help with conducting the Infinium 450 K BeadChip
array and local bisulfite sequencing experiments.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.repbio.2017.10.007.

References

[1] Shah K, Sivapalan G, Gibbons N, Tempest H, Griffin DK. The genetic basis of in-
fertility. Reproduction 2003;126(1):13-25.

Poongothai JE, Gopenath TS, Manonayaki SW. Genetics of human male infertility.
Singapore Med J 2009:50(4):336-47.

Hamada AJ, Esteves SC, Agarwal A. A comprehensive review of genetics and genetic
testing in azoospermia. Clinics 2013;68:39-60.

Inhorn MC, Patrizio P. Infertility around the globe: new thinking on gender,

[2]
(3]

[4

=

59

(5]

[6

=

7]

[8

[9

[10]
11

12]

[13]
[14]

[15]

[16]
17]

(18]

[19]

[20]
[21]

[22]

(23]
[24]
[25]

[26]

[27]

(28]

[29]
[30]
[31]

[32]

[33]
[34]
[35]

[36]

[37]

[38]

[39]

Reproductive Biology 17 (2017) 396-400

reproductive technologies and global movements in the 21 st century. Hum Reprod
Update 2015;21(4):411-26.

Jenkins TG, Aston KI, Hotaling JM, Shamsi MB, Simon L, Teratozoospermia Carrell
DT. asthenozoospermia are associated with specific epigenetic signatures.
Andrology 2016:4(5):843-9.

Yassin MM, Lubbad AM, Taha AZ, Laqggan MM, Jamiea SM. Testosterone and go-
nadotropins in infertile men with Sertoli cell only syndrome from Gaza strip. J Med
2017;18(1):21.

Aston KI, Conrad DF. A review of genome-wide approaches to study the genetic
basis for sper ic defects. Spern is Methods Protoc
2013:927:397-410.

Gelbaya TA, Potdar N, Jeve YB, Nardo LG. Definition and epidemiology of un-
explained infertility. Obstet Gynecol Surv 2014;69(2):109-15.

Olszewska M, Barciszewska MZ, Fraczek M, Huleyuk N, Chernykh VB, Zastavna D,
et al. Global methylation status of sperm DNA in carriers of chromosome structural
aberrations. Asian J Androl 2017;19(1):117.

McLachlan RI, O'bryan MK. State of the art for genetic testing of infertile men. J Clin
Endocrinol Metab 2010;95(3):1013-24.

Soubry A. Epigenetic inheritance and evolution: a paternal perspective on dietary
influences. Progress Biophys Mol Biol 2015;118(1):79-85.

Jenkins TG, Aston KI, Meyer TD, Hotaling JM, Shamsi MB, Johnstone EB, et al.
Decreased fecundity and sperm DNA methylation patterns. Fertility Sterility
2016:105(1):51-7.

Schagdarsurengin U, Steger K. Epigenetics in male reproduction: effect of paternal
diet on sperm quality and offspring health. Nature Rev Urol 2016;13(10):584-95.
Schiibeler D. Function and information content of DNA methylation. Nature
2015;517(7534):321-6.

Kim KC, Friso S, Choi SW. DNA methylation, an epigenetic mechanism connecting
folate to healthy embryonic development and aging. J Nutr Biochem
2009:;20(12):917-26.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev
2002;16(1):6-21.

Rajender S, Avery K, Agarwal A. Epigenetics, spermatogenesis and male infertility.
Mutat Res/Rev Mutat Res 2011;727(3):62-71.

Seisenberger S, Peat JR, Hore TA, Santos F, Dean W, Reik W. Reprogramming DNA
methylation in the mammalian life cycle: building and breaking epigenetic barriers.
Phil Trans R Soc B 2013;368:20110330.

Ehrlich M, Ehrlich KC. Effect of DNA methylation on the binding of vertebrate and
plant proteins to DNA. InDNA Methylation 1993:64:145-68. Birkhduser Basel.
Costello JF, Plass C. Methylation matters. J Med Genet 2001;38(5):285-303.
Wolffe AP, Jones PL, Wade PA. DNA demethylation. Proc Natl Acad Sci
1999;96(11):5894-6.

Seisenberger S, Peat JR, Hore TA, Santos F, Dean W, Reik W. Reprogramming DNA
methylation in the mammalian life cycle: building and breaking epigenetic barriers.
Phil Trans R Soc B 2013;368:20110330.

Cantone 1, Fisher AG. Epigenetic programming and reprogramming during devel-
opment. Nature Struct Mol Biol 2013;20(3):282-9.

Kelsey G, Feil R. New insights into blishment and e of DNA me-
thylation imprints in mammals. Phil Trans R Soc B 2013;368:20110336.

Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic transgenerational actions
of endocrine disruptors and male fertility. Science 2005;308(5727):1466-9.
Kobayashi H, Hiura H, John RM, Sato A, Otsu E, Kobayashi N, Suzuki R, Suzuki F,
Hayashi C, Utsunomiya T, Yaegashi N. DNA methylation errors at imprinted loci
after assisted conception originate in the parental sperm. Eur J Hum Genet
2009:17(12):1582-91.

Wei Y, Yang CR, Wei YP, Zhao ZA, Hou Y, Schatten H, et al. Paternally induced
transgenerational inheritance of susceptibility to diabetes in mammals. Proc Natl
Acad Sci 2014;111(5):1873-8.

DeBaun MR, Niemitz EL, Feinberg AP. Association of in vitro fertilization with
Beckwith-Wiedemann syndrome and epigenetic alterations of LIT1 and H19. Am J
Human Genet 2003;72(1):156-60.

Kalra SK, Molinaro TA. The association of in vitro fertilization and perinatal mor-
bidity. InSeminars Reprod Med 2008;26(05):423-35.

Leung A, Schones DE, Natarajan R. Using epigenetic mechanisms to understand the
impact of common disease causing alleles. Curr Opin Immunol 2012;24(5):558-63.
World Health Organization. WHO laboratory manual for the examination and
processing of human semen. 5th edition Geneva. Switzerland: WHO; 2010.

Sun Z, Zhang W, Xue X, Zhang Y, Niu R, Li X, et al. Fluoride decreased the sperm
ATP of mice through inhabiting mitochondrial respiration. Chemosphere
2016;144:1012-7.

Wu Y, Kang X, Zheng H, Liu H, Liu J. Effect of paternal age on reproductive out-
comes of in vitro fertilization. PLoS One 2015;10(9):e0135734.

Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, et al. High density DNA
methylation array with single CpG site resolution. Genomics 2011:98(4):288-95.
Assenov Y, Miiller F, Lutsik P, Walter J, L T, Bock C. C ive ana-
lysis of DNA methylation data with RnBeads. Nat Methods 2014;11(11):1138-40.
Gries J, Schumacher D, Arand J, Lutsik P, Markelova MR, Fichtner I, et al, Bi-PROF:
bisulfite profiling of target regions using 454 GS FLX Titanium technology.
Epigenetics 2013;8(7):765-71.

Lutsik P, Feuerbach L, Arand J, Lengauer T, Walter J, Bock C. BiQ Analyzer HT:
locus-specific analysis of DNA methylation by high-throughput bisulfite sequencing.
Nucleic Acids Res 2011;39(suppl. 2):551-6.

Plafker KS, Farjo KM, Wiechmann AF, Plafker SM. The human ubiquitin conjugating
enzyme, UBE2E3, is required for proliferation of retinal pigment epithelial cells.
Invest Ophthalmol Vis Sci 2008;49(12):5611-8.

Bedard N, Yang Y, Gregory M, Cyr DG, Suzuki J, Yu X, et al. Mice lacking the USP2




Results

M. Lagqan et al.

deubiquitinating enzyme have severe male subfertility associated with defects in

fertilization and sperm motility. Biol Reprod 2011;85(3):594-604.

! N. Ubiquiti gul the morph is and function of sperm
organelles, Cells 2013;2(4):732-50.
[41] Navarro-Costa P, Nogueira P, Carvalho M, Leal F, Cordeiro I, Calhaz-Jorge C, et al.

Incorrect DNA methylation of the DAZL promoter CpG island associates with de-
fective human sperm. Hum Reprod 2010;25(10):2647-54.

[42] Krausz C, Sandoval J, Sayols S, Chianese C, Giachini C, Heyn H, et al. Novel insights
into DNA methylation features insper stability and peculiarities. PLoS One
2012:7(10):244479.

[43] Grégoire MC, Massonneau J, Simard O, Gouraud A, Brazeau MA, Arguin M, et al.

Male-driven de novo mutations in haploid germ cells, MHR: Basic Sci Reprod Med

2013;19(8):495-9.

Xu J, Zhang A, Zhang Z, Wang P, Qian Y, He L, et al. DNA methylation levels of

imprinted and nonimprinted genes DMRs associated with defective human sper-

matozoa. Andrologia 2016;48(9):1027-35.

Laqgan M, Tierling S, Alkhaled Y. Lo porto C, solomayer EF, hammadeh M: sper-

matozoa from males with reduced fecundity exhibit differential DNA methylation

patterns, Andrology 2017, May 23.

ENCODE Project Consortium. An integrated encyclopedi

human genome. Nature 2012;489(7414):57-74. Sep. 6.

Aoki VW, Emery BR, Carrell DT. Global sperm deoxyribonucleic acid methylation is

unaffected in protamine-deficient infertile males. Fertil Steril 2006;86(5):1541-3.

Boissonnas CC, El Abdalaoui H, Haelewyn V, Fauque P, Dupont JM, Gut [, et al

Specific epigenetic alterations of IGF2-H19 locus in spermatozoa from infertile men.

Eur J Hum Genet 2010;18(1):73-80.

Laqgan M, Solomayer EF, Hammadeh M. Aberrations in sperm DNA methylation

patterns are associated with abnormalities in semen parameters of subfertile males.

Reprod Biol 2017;17(3):246-51. Sep. 1.

Marques CJ, Costa P, Vaz B, Carvalho F, Fernandes S, Barros A, et al. Abnormal

methylation of imprinted genes in human sperm is associated with oligozoospermia.

MHR-Basic Sci Reprod Med 2008;14(2):67-74.

Poplinski A, Tiittelmann F, Kanber D, Horsthemke B, Gromoll J. Idiopathic male

infertility is strongly associated with aberrant methylation of MEST and IGF2/H19

ICR1. Int J Androl 2010;33(4):642-9.

Montjean D, Zini A, Ravel C, Belloc S, Dalleac A, Copin H, et al. Sperm global DNA

methylation level: association with semen parameters and genome integrity.

Andrology 2015;3(2):235-40.

Kropp J, Carrillo JA, Namous H, Daniels A, Salih SM, Song J, et al. Male fertility

status is associated with DNA methylation signatures in sperm and transcriptomic

profiles of bovine preimplantation embryos. BMC genomics 2017;18(1):280.

[54] Aston KI, Uren PJ, Jenkins TG, Horsager A, Cairns BR, Smith AD, et al. Aberrant

[40]

[44]
[45]
[46]

of DNA el in the

[47]

(48

=

[49]

[50]

[51]

[52]

(53]

400

60

[55]

[56]

[57]

(58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

Reproductive Biology 17 (2017) 396400

sperm DNA methylation predicts male fertility status and embryo quality. Fertil

Steril 2015;104(6):1388-97.

Rose SA, Leek JP, Moynihan TP, Ardley HC, Markham AF, Robinson PA.

Assig; 1 of the ubiq jjugating enzyme gene; UBE2G2, to human chro-

mosome band 21q22. 3 by in situ hybridization. Cytogenet Genome Res

1998:83(1-2):98-9.

Bedford L, Lowe J, Dick LR, Mayer RJ, Brownell JE. Ubiquitin-like protein con-

jugation and the ubiquitin-proteasome system as drug targets. Nat Rev Drug

Discovery 2011;10(1):29-46.

Reinstein E, Ciechanover A. Narrative review: protein degradation and human

diseases the ubiquitin ConnectionProtein ds dation and human di: the

ubiquitin connection. Ann Intern Med 2006;145(9):676-84.

Malynn BA, Ma A. Ubiquitin makes its mark on immune regulation, Inmunity

2010;33(6):843-52.

Kjenseth A, Fykerud T, Rivedal E, Leithe E. Regulation of gap junction intercellular
ication by the ubiquitin system. Cell Signal 2010;22(9):1267-73.

Lu Y, Adegoke OA, Nepveu A, Nakayama KI, Bedard N, Cheng D, et al. USP19

deubiquitinating enzyme supports cell proliferation by stabilizing KPC1, a ubiquitin

ligase for p27Kip1. Mol Cell Biol 2009;29(2):547-58.

Ramakrishna S, Suresh B, Baek KH. The role of deubiquitinating enzymes in

apoptosis. Cell Mol Life Sci 2011:68(1):15-26.

Arai R, Yoshikawa S, Murayama K, Imai Y, Takahashi R, Shirouzu M, et al. Structure

of human ubiquitin-conjugating enzyme E2 G2 (UBE2G2/UBC7). Acta Crystallogr

Sect F 2006;62(4):330-4.

Liu Z, Oughtred R, Wing SS. Characterization of E3Histone, a novel testis ubiquitin

protein ligase which ubiquitinates histones. Mol Cell Biol 2005:25(7):2819-31.

Nanassy L, Carrell DT. Abnormal methylation of the promoter of CREM is broadly

associated with male factor infertility and poor sperm quality but is improved in

sperm selected by density gradient centrifugation. Fertil Steril 2011;95(7):2310-4.

Tiirk S, Mandar R, Mahlapuu R, Viitak A, Punab M, Kullisaar T. Male infertility:

decreased levels of sel zinc and idants. J Trace Elem Med Biol

2014;28(2):179-85.

Marques CJ, Carvalho F, Sousa M, Barros A. Genomic imprinting in disruptive

spermatogenesis. Lancet 2004;363(9422).1700-2.

El Hajj N, Zechner U, Schneider E, Tresch A, Gromoll J, Hahn T, et al. Methylation

status of imprinted genes and repetitive elements in sperm DNA from infertile

males. Sexual Dev 2011;5(2):60-9.

Montjean D, Ravel C, Benkhalifa M, Cohen-Bacrie P, Berthaut I, Bashamboo A, et al.

Methylation changes in mature sperm deoxyribonucleic acid from oligozoospermic

men: assessment of genetic variants and assisted reproductive technology outcome.

Fertil Steril 2013;100(5):1241-7.




Results

3.6 Spermatozoa from males with reduced fecundity exhibit differential DNA
methylation patterns

Laggan, M., Tierling, S., Alkhaled, Y., Lo Porto, C., Solomayer, E. F., & Hammadeh, M.
(2017). Andrology

61



Results

ANDROLOGY

ISSN: 2047-2919

ANDROLOGY

ORIGINAL ARTICLE

Correspondence:

Mohammed Lagqan, Department of Obstetrics &
Gynecology, Assisted Reproduction Laboratory,
Saarland University, Homburg/Saar, Germany.
E-mail: m.laggan@gmail.com

*Contributed equally.

Keywords:
CpG, DNA, fecundity, methylation, spermatozoa

1*M. Laqgan

Received: 10-Jan-2017
Revised: 6-Mar-2017
Accepted: 9-Mar-2017

Spermatozoa from males with
reduced fecundity exhibit
differential DNA methylation
patterns

**S, Tierling, 'Y. Alkhaled, °C. Lo Porto, 'E. F. Solomayer

and 'M. Hammadeh
'Department of Obstetrics & Gynecology, Assisted Reproduction Laboratory, Saarland University,

Homburg/Saar, Germany, and “Life Science, Department of Genetics & Epigenetics, Saarland

doi: 10.1111/andr.12362

ABSTRACT
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Infertility affects 10-15% of couples, and approximately 50% of cases are linked to male factor infertility. The purpose of this study
was to evaluate the DNA methylation patterns in spermatozoa from males who are suffering from a reduction in fecundity. Thirty
samples were subjected to 450K arrays as a screening study to evaluate the variation in sperm DNA methylation levels between cases
and controls groups, and then four CpG sites (cg05799088, cg07227024, cg16338278, and cg08408433) underwent to deep bisulfite
sequencing to validate the observed methylation differences in 111 samples (56 proven fertile males as ‘controls’ and 55 males suffer-
ing from a reduction in fecundity as ‘cases’). A significant difference in the mean methylation level was found between cases and
controls in the CpGs of PRICKLE2 gene-related amplicon (CpGl, p < 0.002, and CpG2, p < 0.004) and CpG of ALS2CR12 gene-related
amplicon (CpGl, p < 0.015, and CpG2, p < 0.009). Besides, a significant difference was found at seven from thirteen CpGs tested in
the ALDH3B2 gene amplicon CpG2, CpG6, CpGY, CpG10, CpGl1, CpGl2, and CpGl3 (p < 0.005, p < 0.004, p < 0.012, p < 0.028,
p <0012, p <0.009, and p < 0.001, respectively). In addition, the results showed that nine CpGs out of the twenty-six within the
PTGIR gene-related amplicon (CpG4, CpG6, CpG8, CpGY, CpGl1, CpGl5, CpG19, CpG23, and CpG26) had a significant difference in
their mean methylation level (p < 0.006, p < 0.009, p < 0.003, p < 0.003, p < 0.007, p < 0.002, p < 0.018, p < 0.018, and p < 0.040,
respectively) in the case vs. control group. In conclusion, an alteration in the methylation levels of sperm DNA from males with
reduced fecundity was observed. In addition, an association between changes in the methylation level for these CpGs and different

semen parameters has been found.

INTRODUCTION

Infertility affects 10-15% of couples, and approximately 50% of
cases are linked to male factor infertility (Nieschlag et al., 2011;
Mascarenhas et al., 2012; Raheem et al., 2012; Inhorn & Patrizio,
2015; Kumar & Singh, 2015). In recent decades, many studies
have found that approximately 60% of infertility cases are classi-
fied as unexplained infertility (Erenpreiss et al., 2006; Anawalt,
2013; Yassin et al., 2017). Besides genetic causes, aberrant pat-
tems 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 (Amor & Halli-
day, 2008; Pliushch et al., 2010; Esteves, 2013; Soubry, 2015;
Jenkins et al.,, 2016a). The molecular mechanisms of these
defects need more clarification and explanation since male
infertility has been clarified as a phenotype of the deficiency in
the transcription of various single genes (Matzuk & Lamb, 2002).
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DNA methylation is an epigenetic mechanism used by cells to
regulate gene expression, and which occurs by the addition of a
methyl (CH3) group to fifth carbon atom of cytosine (Schiibeler,
2015). DNA methylation plays a critical role in the regulation of
gene transcription during sperm development (Portela & Estel-
ler, 2010; Ankolkar et al., 2012; Hackett & Surani, 2013). In
human, DNA methyltransferases (DNMTs) are responsible for
the transfer of a methyl group (CH3) to 5-cytosine of CpG dinu-
cleotides to form 5-methylcytosine (Smith & Meissner, 2013;
Celik et al., 2016). The methylated state of CpGs has a critical
impact on gene transcription during embryonic growth, geno-
mic imprinting, X-chromosome inactivation, and tumor devel-
opment (Chaligné & Heard, 2014; Liyanage et al., 2014; Heyn
et al., 2016) based on CpG islands found in the 5’ regulatory and
promoter regions of genes. Recent findings have shown that epi-
genetic regulation plays a crucial role in neurodevelopment,
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aging, and many human diseases (Tan & Shi, 2012; Kaas et al.,
2013; Feinberg et al., 2015; Jones et al., 2015). 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
(Marques et al., 2008; Hammoud et al., 2010). Likewise, a recent
study detected aberrant DNA methylation levels for genes
involved in the spermatogenic program and located outside of
imprinted regions in poor quality spermatozoa (Navarro-Costa
et al., 2010). Aberrant sperm DNA methylation is one of the most
relevant aspects of epigenetic abnormalities in spermatozoa;
these defects can be transmitted to children and can affect the
child’s susceptibility to disease (Wei et al., 2014). 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 mat-
uration. Therefore, the discovery of new genes that may partici-
pate in spermatogenesis and studying their functions and
methylation status may help to understand fertility problems in
males.

The purpose of this study was (i) related to determine whether
sperm DNA methylation at CpG dinucleotides is different in
males suffering from a reduction in fecundity compared to pro-
ven fertile males, and (ii) to assess the relationship between
changes in sperm DNA methylation levels, especially in the
PRICKLE2, ALS2CR12, ALDH3B2, and PTGIR genes, and abnor-
malities in semen parameters.

MATERIALS AND METHODS

Patient recruitment and spermatozoa purification

This study was approved by the Institutional Ethics Commit-
tee of Saarland University (13/14). All participants gave written
consent before participation in this study. All of the samples
were analyzed in the laboratory of the Department of Molecular
Biology, Genetics & Epigenetics at the University of Saarland.
Samples were analyzed according to standard operating proce-
dures. Briefly, semen samples were collected from proven fertile
males (having at least two children) as a control group, and
males who suffered from reduced fecundity (unable to have chil-
dren after 5 years of unprotected sexual intercourse) as the case
group. The exclusion criteria for participation in the study were
as follows: diabetes mellitus, alcohol drinkers, the presence of
anti-sperm antibodies, varicocoele, Y chromosome microdele-
tions, smokers, abnormal hormonal parameters, abnormal body
mass index, and infertility related to the woman. In contrast, the
inclusion criteria for the study population were the following:
the participants included in this study have not a direct contact
with environmental pollutants, males of same nationality, eth-
nicity, and food supplementation. Semen samples were col-
lected by masturbation after 3 days of sexual abstinence,
allowed to liquefy at 37 °C for 30 min, sperm count was assessed
using Meckler counting chamber (Sefi-Medica, Haifa, Israel).
Thereafter, the semen was processed through gradient centrifu-
gation. The sperm parameters were analyzed according to World
Health Organization guidelines (WHO, 2010). Before DNA
extraction from spermatozoa, somatic cells have been removed
from all the semen samples through the use of somatic cell lysis
buffer (SCLB) which are used widely for sperm cell purification
(Goodrich et al., 2007; Johnson et al., 2011; Sun et al., 2016).

2 Andrology, 1-8

First, pure populations of spermatozoa were obtained through a
50% gradient (20 min at300 g), then the pure spermatozoa were
incubated with SCLB on ice for 30 min, and washed two times
with phosphate-buffered saline (10 min at 500 g). The absence
of somatic cells contamination has been confirmed by micro-
scopic examination.

Sperm DNA isolation and sodium bisulfite treatment

Sperm DNA was extracted using the Isolate II genomic DNA
kit according to the standard protocol provided by the manufac-
turer (Cat. #: BIO 52066; Bioline, London, UK). The concentra-
tion and purity of extracted DNA were determined with the use
of a Nanodrop spectrophotometer (ND-2000c; Thermo Scien-
tific, Waltham, MA, USA). Five hundred nanograms of extracted
sperm DNA was treated with sodium bisulfite using the Epitect
bisulfite conversion kit (Cat. #: 59104; Qiagen, Venlo, Nether-
lands) that converts unmethylated cytosines to uracil, while 5-
methylcytosine (5MeC) remains unaltered, as described previ-
ously (Wu et al., 2015).

DNA methylation analysis by the Infinium 450K BeadChip
array

Thirty semen samples were used as a screening study with a
mean subject age of 38.0 years, range 23-45 years (15 samples
from cases and 15 from controls). After the bisulfite treatment
process, the DNA of these samples was subjected to the Infinium
450K BeadChip array (Illumina, San Diego, CA, USA) following
the manufacturer’s recommendations (Bibikova et al., 2011),
and the arrays were scanned using the Illumina iScan. Beta-
values were then generated by analyzing the intensity of methy-
lation or the absence of methylation at each CpG tile on the
array  using  the  calculation:  B-value = methylated/
(methylated + unmethylated). The p-value ranges from 0 to 1
and indicates the methylation level for each CpG. A value of 1
represents a completely methylated CpG and a score of 0 means
a completely unmethylated CpG. Raw intensity values obtained
from Illumina were used to generate f-values; the bioinformatic
processing and evaluation were performed with the rNBeaDS pro-
gram package (Assenov ef al., 2014). The methylation level at
each CpG was considered as being differentially methylated
CpG (DMC) when the absolute difference in the means of the
average beta values between the two groups was >20% with a
Benjamini-Hochberg corrected i-test FDR (false discovery
rate) of 0.05. We excluded all CpG sites from the analysis with
a coverage (number of beads) less than or equal to 5, and all
CpG sites with a coverage (number of beads) of <5 were
excluded from the analysis. Findings were considered signifi-
cant when p <0.01. Referring to the technical results of
hybridization, the gene call rate above 98% per sample and a
detection value p < 0.01 per CpG site were set as internal
quality criteria. All CpGs that covered a common SNP site in
the dbSNP137 database were excluded. In this work and
according to the 450K results, we assessed four CpG sites and
validated them using 111 samples, not including the screening
study samples, using gene-specific deep bisulfite sequencing
(Bi-PROF; Gries et al., 2013).

Bisulfite profiling
Five hundred nanograms of genomic DNA were bisulfite trea-
ted using the Epitect bisulfite conversion kit (Cat. #: 59104;
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Qiagen). PCRs encompassing the differentially methylated CpG
(DMC) identified by the 450K BeadChip array were performed in
a 50 pL total volume reaction using MyTaq™ HS Red Mix 2x con-
centrated (Cat. #: BIO-25047; Bioline) according to the manufac-
turer’s protocol. For the amplification, fusion primers were
used that consisted of a specific 3' portion (listed in Table 1,
together with respective annealing temperatures and number
of CpGs present within the amplicon sequence) and a univer-
sal 5 portion containing the necessary nucleotide sequences
for Hlumina sequencing. Primers were designed using the
BiSearch primer design tool (http://bisearch.enzim.hu/?m=sea
rch) using the following criteria: maximum length of PCR
(400), primer concentration = 0.167 pm, potassium concentra-
tion = 50 my, magnesium concentration = 2.5 mM, primer
length 20-30, and maximum difference in melting tempera-
ture = 2.0 °C. Using BiSearch, placing primers onto common
SNPs could be eliminated. For this assay, 5 uL of each PCR
reaction was loaded onto a 2% agarose gel stained with ethid-
ium bromide (Cat. #: N0467S; New England Biolabs, Ipswich,
MA, USA). The PCR products were purified using Agencourt®
AMPure XP beads (Cat. # A63880; Beckman Coulter, Berry,
CA, USA) and measured using Quant-iT™ DNA Assay Kit (Cat.
#: Q33120; Fisher Scientific, Hampton, NH, USA) according to
the manufacturer’'s recommendations, then diluted and
pooled. Deep sequencing was performed on the Illumina
MiSeq according to the manufacturer’s protocols aiming at
10,000 reads per amplicon. All data obtained from the deep
sequencing step were processed, filtered, and aligned using
BiQ Analyzer HT software (Lutsik et al., 2011), excluding all
reads containing equal or more than 10% of missing CpG
sites (maximal fraction of unrecognized sites >0.1). The
obtained alignment sequences showed an absence of alter-
ations at CpG positions (no SNPs were detected).

Statistical analysis

Data obtained from Bi-PROF were analyzed using ism spss for
Windows software package version 24.0 (SPSS, Inc., Chicago, IL,
USA). Samples included in this study were non-normally dis-
tributed (non-parametric) according to the value of skewness
test, kurtosis test, Z-value, and Shapiro test. The independent
sample f-test (Mann-Whitney test) was used to compare the
means of quantitative variables, and Spearman’s test was used
to assess the correlation coefficient between methylation level in
DMC and sperm parameters. The results in the above-men-
tioned procedures were accepted as statistically significant when
p < 0.05.

RESULTS
In this study, 30 sperm DNA samples (15 samples as cases and

15 samples as controls) were taken as a screening study and sub-

jected to Infinium 450K BeadChip analysis, obtaining the DNA

methylation levels of approximately 485,000 CpG positions in
each sample. Table S1 summarizes the location of the most dif-
ferentially methylated CpGs (DMC) based on the mean DNA
methylation difference of >20% between the males with reduced
fecundity (cases) and the proven fertile males (controls). Overall,
we found only nine CpG positions meeting the criteria. Six out of
nine differentially methylated regions (cg05799088, cg07227024,
cgl16338278, cg08408433, ¢g23081194, and cgl9779893) are
located in gene bodies and CpG islands, while three were found
in intergenic regions (cg04807108, cg25750688, and cg19406113).

From the results of this genome-wide study, we selected the fol-

lowing CpG sites to validate the observed methylation differ-

ences in 111 samples.

1 ¢g07227024: located in intron 2 of the ALS2CRI2 gene, within
a DNase I hypersensitivity cluster and a region slightly
enriched for H3K4mel (ENCODE, 2012).

2 ¢g16338278: located in exon 7 of the ALDH3B2 gene, within a
strong DNase I hypersensitivity cluster and the transcription
factor binding site motif CTCF (ENCODE, 2012).

3 ¢g05799088: located in exon 8 of the PRICKLE2 gene, located

within the transcription factor binding sites of (i) FOSL2,

which plays a critical role in the regulation of cell prolifera-
tion, differentiation, and transformation, (ii) MAX, which may
repress transcription via the recruitment of a chromatin
remodeling complex with H3K9 histone methyltransferase
activity, and (iii) POU5F1, which plays a role in early embryo-
genesis and is necessary for embryonic stem cell pluripotency.

All of them supposed to be binding sites (ENCODE, 2012).

Similarly, the CpG is located within a DNase I cluster and in a

region slightly enriched for H3K4mel.

cg08408433: located in exon 2 of the PTGIR gene, neighboring

a DNase I hypersensitivity cluster and a region slightly

enriched for H3K4mel (ENCODE, 2012).

Table 2 illustrates the descriptive characteristics of the study

population. The age of the males included in the study popula-

tion was between 24.0 and 45.0 years, with mean age of

3493 + 5.84 years. The study population was divided into two

groups: the control group was composed of 56 males with a

mean age of 33.98 + 5.53 years, and the case group was com-

posed of 55 males with reduced fecundity and who had been
unable to have children after 5 years of attempting pregnancy
with mean age 35.89 + 6.03 years. The semen parameters

-

Table 1 Primer sequences, number of DMCs, and PCR annealing temperatures used to amplify regions including the target CpGs analyzed by Bi-PROF

cglD Annotation Chr- nt (hg19) At(°C) Product DMCs Primer sequence (5'-3)
size (bp)

¢g05799088 PRICKLE2 chr3 64080488 51.6 369 2 F TGAGGTATTAGAGGGATAAATTA

R CAAAAAACAAATACTTAAACCT
¢g07227024 ALS2CR12 chr2 202163482 50.7 285 2 F TGTTTGGGTTTTAAGATAGAA

R CTCTAAATATACCTCACACATA
cg16338278 ALDH3B2 chrll 67432957 52.8 321 13 F GGGTAGTAGTTTTTTTTGTA

R ACTAACTAACCACTCTAATT
08408433 PTGIR Chr19 47127358 51.6 388 26 F AGGTTTAGTAGGGAGTTGTT

R AATAAACTAAATAATAAAAATAACC

DMC, differentially methylated CpGs; Chr-, chromosome; At, annealing temperature.
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showed highly significant differences in semen volume
(p <0.001), sperm count (p < 0.0001), the percentage of total
sperm motility (p < 0.0001), the percentage of sperm with pro-
gressive motility (p < 0.0001), the percentage of spermatozoa
with non-progressive motility (p < 0.0001), and the sperm vital-
ity (p < 0.0001) between the case and control groups. Moreover,
a statistically significant difference between cases and controls
in the percentage of spermatozoa with a normal form
(p < 0.027) was observed (Table 2). According to the results of
local deep bisulfite sequencing, the study revealed that not only
the target CpGs obtained from the 450K bead array experiments
showed a difference in the methylation level, but also neighbor-
ing CpGs. A significant difference in the mean methylation level
was found between cases and controls in all CpGs of the
PRICKLE2 gene-related amplicon (CpGl, p < 0.002, and CpG2,
p<0.004) (Fig. 1) and the ALS2CRI2 gene-related amplicon
(CpGl, p < 0.015, and CpG2, p < 0.009) (Fig. 2). Besides, a signif-
icant difference was found at seven of thirteen CpGs tested in
the ALDH3B2 gene-related amplicon CpG2, CpG6, CpG9,
CpG10, CpGll, CpGl2, and CpGl3 (p <0.005, p < 0.004,
p <0012, p <0.028, p <0.012, p < 0.009, and p < 0.001, respec-
tively) (Fig. 3). In addition, the results showed that nine CpGs
out of the twenty-six within the PTGIR gene-related amplicon
(CpG4, CpG6, CpG8, CpG9I, CpGl1, CpGl5, CpGl9, CpG23, and
CpG26) showed a significant difference in their mean methyla-
tion level (p < 0.006, p < 0.009, p < 0.003, p < 0.003, p < 0.007,
p < 0.002, p <0.018, p <0.018, and p < 0.040, respectively) in
the case vs. the control group (Fig. 4).

Finally, the study assessed the correlation between the methy-
lation levels obtained by Bi-PROF at different CpGs (DMC) and
other semen parameters of the cases (Table S§2). A positive signif-
icant correlation was found between the mean methylation
levels in (CpG2, CpG3, CpG10, CpGll, CpGl2, and CpGl3) of
the ALDH3B2 gene-related amplicon and sperm count
(p £0.046, p<0.001, p<0.002, p<0.004, p<0.004 and
p < 0.012, respectively). Additionally, a positive significant corre-
lation was found between the methylation level of CpG2 and the
percentage of spermatozoa with non-progressive motility
(p £0.032) and the percentage of immobile spermatozoa
(p < 0.024) for the same gene amplicon. On the other hand, a
significant positive correlation was observed between the mean
methylation levels of CpG10, CpG13, CpG14, CpG16, and CpG22
within the PTGIR gene-related amplicon, and the percentage of
immobile sperm (p < 0.029, p < 0.008, p < 0.023, p < 0.026, and
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Figure 1 Methylation level at CpGs in PRICKLE2 gene-related amplicon.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2 Methylation level at CpGs in ALS2CR12 gene-related amplicon.
*p < 0.05, **p < 0.01, ***p < 0.001.
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p < 0.032, respectively). Furthermore, a significant negative cor-
relation was shown between the mean methylation level of a
number of CpGs (CpGl, CpG2, CpG6, CpGI, CpGlo, CpGl2,
CpGl13, CpGl4, CpGl6, CpGls, CpG2l, CpG22, CpG24, and
CpG25) obtained by Bi-PROF for the PTGIR gene-related ampli-
con and the sperm vitality (p <0.017, p < 0.050, p < 0.040,
p < 0.029, p <0.005, p < 0.050, p <0.013, p <0.016, p <0.017,
p<0.024, p<0.037, p<0016, p<0.029, and p <0.016,
respectively).

Table 2 Descriptive characteristics for the study population and for cases compared to controls (n = 111)

Variables Mean + SD Minimum Maximum Controls (n = 56) Cases (n = 55) p Value
Mean + SD Mean + SD
Age (years) 34.93 + 5.84 24.0 45.0 33.98 + 5.53 35.89 + 6.03 0.076*
Semen volume (mL) 3.84 +£3.97 1.0 40.0 4.02 + 2.06 3.65 +5.26 <0.001*
Sperm count (mill/mL) 66.37 + 67.93 1.5 286.0 94.23 + 70.83 38.00 + 51.63 <0.0001°
Percentage of total sperm motility 45.15 + 20.83 1.0 91.0 60.22 + 12.09 29.81 +16.11 <0.0001*
Percentage of progressive motility 32.14 +18.80 0.0 80.0 43.73 + 14.93 20.33 + 14.56 <0.0001°
Percentage of non-progressive motility 13.72 £ 937 0.0 47.0 16.50 + 8.68 10.88 + 9.27 <0.0001°
Percentage of sperm immotile 54.28 + 21.17 9.0 99.0 39.77 + 12.08 69.06 + 17.99 <0.0001°
Sperm vitality 40.68 + 22.94 5.8 80.0 57.23 +13.75 23.83 £17.51 <0.0001%
Percentage of sperm normal form 26.23 +12.21 5.0 54.0 28.48 + 11.86 23.93+£12.23 <0.027°

SD, standard deviation. All values are expressed as mean + SD. *Mann-Whitney test. p > 0.05: not significant. p < 0.05: significant.
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Figure 3 Methylation level at CpGs in ALDH3B2 gene-related amplicon.
*p <0.05, **p < 0.01, ***p < 0.001.
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DISCUSSION

The present study evaluated the association between
changes in sperm DNA methylation levels and semen parame-
ters, which were obtained from males with reduced fecundity
and proven fertile males. The results obtained from local deep
sequencing showed a significant decrease in the methylation
level between the case and control groups in all CpGs for the
PRICKLE2 amplicon (CpGl, p <0.002; CpG2, p < 0.004) and
ALS2CRI2 gene (CpGl, p < 0.015; CpG2, p < 0.009). Addition-
ally, a significant decrease in methylation at CpG2, CpG6,
CpGY, CpGlo, CpGll, CpGl2, and CpGl3 for the ALDH3B2
amplicon, and at CpG4, CpG6, CpG8, CpGY, CpGll, CpGls5,
CpG19, CpG23, and CpG26 for the PTGIR amplicon was found
in the case group compared to the control group (Fig. 1). DNA
methylation plays a critical role in the spermatogenesis pro-
cess (Carrell, 2012; Bao & Bedford, 2016), and several previous
studies have reported that one of the most common reasons
that lead to a reduction in male reproductive potential and
defects in spermatogenesis may be related to abnormal methy-
lation at specific genes that are expressed in the testes (Krausz
et al., 2012; Greégoire et al., 2013; Niederberger, 2013; Jenkins
et al., 2016b). Also, different studies have found a strong rela-
tionship between a change in the level of DNA methylation in
spermatozoa and infertility in males (Hammoud et al., 2010;
Poplinski et al., 2010; Sato et al., 2011; Ramasamy et al., 2014;
Urdinguio et al., 2015). The results obtained from the study of
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Figure 4 Methylation level at CpGs in PTGIR gene-related amplicon.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Aston et al. 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. 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, our results are consistent with studies that have
reported a change in DNA methylation in normal spermatozoa
compared to poor spermatozoa (El Hajj et al., 2011; Montjean
et al., 2013). Other studies reported that males suffering from
a reduction in fecundity have a low level of sperm DNA
methylation compared with control males (Aoki et al., 2006;
Boissonnas et al, 2010; Ferfouri e al, 2013). However, the
results of this study contradict other studies (Houshdaran
et al., 2007; Jenkins et al., 2016b) because no association was
observed between changes in global sperm DNA methylation
profiles and reduced semen parameters or poor sperm quality.
It is worth mentioning that all analyzed genes, that is,
ALS2CR12, ALDH3B, PRICKLE2, and PTGIR play a critical role
in the process of spermatogenesis and sperm capacity (Curry

Andrology, 1-8 5

66



Results

M. Lagqan et al.

ANDROLOGY

et al., 2009; Fuchs et al, 2010; Choi & Cho, 2011; Matzkin
et al., 2012; Gong et al., 2013). ALS2CRI2 transcripts are pre-
sent in different stages of sperm development and associated
with the fibrous sheath in the sperm flagellum (Choi & Cho,
2011). The fibrous sheath has been shown to be important for
mechanical flagellar function (Chemes, 2000; Rawe et al., 2001)
and plays a crucial role in regulating key processes leading up
to fertilization (Eddy et al., 2003). ALDH3B2 plays unique roles
in the cellular defense against oxidative stress and aldehyde
toxicity (Marchitti efal, 2010), and the protein family
ALDH3B2 has been implicated in the etiology of some human
pathologies such as cancer and male infertility (Shiraishi &
Naito, 2007; Fuchs et al., 2010). PRICKLEZ is part of the non-
canonical Wnt signaling pathway, which is involved in the pla-
nar cell polarity (PCP) pathway, a major signaling pathway
during testis development (Bassuk et al, 2008; Kerr et al,
2014). Based on previous studies, it is very probable that Wnt
signaling functions appear in late spermatogenesis and mainly
regulates morphological changes in spermatids (Ma et al,
2006; Nicol & Guiguen, 2011). The expression of PTGIR has
been found in Sertoli cells, and this prostaglandin and its
receptors are required for fertility and reproduction (Ishikawa
& Morris, 2006; Matzkin et al., 2012). Further studies on larger
sample cohorts will show if the identified CpGs are responsible
and potential predictors for transcriptional abnormalities in
spermatozoa obtained from males suffering from infertility or
reduced fecundity. According to the values of semen parame-
ters between the case and control groups, the results show a
strongly significant difference in semen volume, sperm count,
the percentage of spermatozoa with full motility, the percent-
age of spermatozoa with progressive motility, sperm vitality,
and the percentage of spermatozoa with a normal form
(p <0.001, p <0.0001, p <0.0001, p <0.0001, p<0.0001, and
p < 0.027, respectively). This is consistent with previous studies
(Poplinski et al,, 2010; Nanassy & Carrell, 2011; Tirk et al,
2014).

Finally, this study showed a positive correlation between
methylation levels in some DMCs related to the ALDH3B2 and
PTGIR gene amplicons, and some semen parameters like sperm
count, the percentage of non-progressive spermatozoa, and the
percentage of immobile spermatozoa (Table S2). This agrees
with a previous study showing a positive correlation between the
sperm DNA methylation level, sperm count, and sperm motility
(Montjean et al., 2015). In the end, all the results of this study
indicate the presence of a strong association between changes in
sperm DNA methylation levels and fecundity decline in males.
Together with other studies, it also indicates that epigenetics
might influence the quality and quantity of spermatogenesis
(Minor et al., 2011; Klaver & Gromoll, 2014).

CONCLUSION

This study identified different CpGs related to ALS2CRI2,
ALDH3B2, PRICKLE2, and PIGIR with consistently altered
methylation levels in sperm DNA from males with reduced
fecundity. In addition, an association between changes in the
methylation level for these CpGs and different semen parame-
ters 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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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 (EI-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, ¢g0932376, ¢g19169023, 023841288, ¢g27391564,
€g19455396, and cg07869343). This result already provides some clues to the potential effect
of cigarette-smoking on DNA methylation. The cg00648582, cg19169023, cg23841288,
€g19455396, cg07869343 are located in the gene body and are related to the PGAMS5, TYROS,
PTPRN2, TAP2 and MAPKS8IP3 genes respectively whereas the cg0932376, and ¢g2739156
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 PGAMS5 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 MAPKS8IP3 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
PGMAS5, 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 Laggan 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: (1) 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);
(I1) 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); (Ill) cigarette-smoking
increases the oxidative stress which alters the DNA methylation level (Tunc & Tremellen.,
2009); (IV) Sp1l is a transcription factor which binds to CpG sites in the gene promoters, but
cigarette smoke leads to an increase in Spl 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 (cgl9779893, cgl19406113, cg23081194, cg04807108,
€g25750688, 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 ¢g19779893, cg23081194, cg07227024,
€g16338278, ¢g05799088, and cg0840843 were found to be located in the gene body of
ADAMTS14, UBE2G2, ALS2CR12, ALDH3B2, PRICKLEZ2, 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
€g25750688, 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; Laqqgan 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, ¢g19406113, 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 ¢g27391564). 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.

73



References

5. References

Alegria-Torres, J. A., Baccarelli, A., & Bollati, V. (2011). Epigenetics and
lifestyle. Epigenomics, 3(3), 267-277.

Alves, P. C., Gongalves, H., Santos, M., & Rocha, A. (2002). Reproductive biology of the
Iberian hare, Lepus granatensis, in Portugal. Mammalian Biology-Zeitschrift fir
Sdugetierkunde, 67(6), 358-371.

Anway, M., Cupp, A. S., Uzumcu, M., & Skinner, M. K. (2005). Epigenetic transgenerational
actions of endocrine disruptors and male fertility. Science,308(5727), 1466-1469.

Arabi, M. (2005). Nicotinic infertility: assessing DNA and plasma membrane integrity of
human spermatozoa. Andrologia, 36(5), 305-310.

Aston, K. I., Uren, P. J., Jenkins, T. G., Horsager, A., Cairns, B. R., Smith, A. D., & Carrell,
D. T. (2015). Aberrant sperm DNA methylation predicts male fertility status and embryo
quality. Fertility and Sterility, 104(6),1388-1397.

Baccarelli, A., & Bollati, V. (2009). Epigenetics and environmental chemicals. Current
opinion in pediatrics, 21(2), 243-251.

Balhorn, R. (2007). The protamine family of sperm nuclear proteins. Genome biology, 8(9),
2217.

Ball, M. P., Li, J. B., Gao, Y., Lee, J. H., LeProust, E. M., Park, I. H. & Church, G. M.
(2009). Targeted and genome-scale strategies reveal gene-body methylation signatures in
human cells. Nature biotechnology, 27(4), 361-368.

Barnes, P. J., Adcock, I. M., & Ito, K. (2005). Histone acetylation and deacetylation:

importance in inflammatory lung diseases. European Respiratory Journal, 25(3), 552-563.

Bartolomei, M. S., & Ferguson-Smith, A. C. (2011). Mammalian genomic imprinting. Cold
Spring Harbor perspectives in biology, 3(7), a002592. doi: 10.1101/cshperspect.a002592.
Bayer, S. R., Alper, M. M., & Penzias, A. S. (2007). The Boston IVF handbook of infertility:
A practical guide for practitioners who care for infertile couples (2nd ed., p. 259). London:
Informa Healthcare.

74



References

Bell, J. T., Pai, A. A,, Pickrell, J. K., Gaffney, D. J., Pique-Regi, R., Degner, J. F.,& Pritchard,
J. K. (2011). DNA methylation patterns associate with genetic and gene expression variation

in HapMap cell lines. Genome biology, 12(1), R10.

Bench, G. S,, Friz, A. M., Corzett, M. H., Morse, D. H., & Balhorn, R. (1996). DNA and total
protamine masses in individual sperm from fertile mammalian subjects. Cytometry Part
A, 23(4), 263-271.

Bestor, T. H. (2000). The DNA methyltransferases of mammals. Human molecular
genetics, 9(16), 2395-2402.

Bird, A. (2002). DNA methylation patterns and epigenetic memory. Genes &
development, 16(1), 6-21.

Borgerding, M., & Klus, H. (2005). Analysis of complex mixtures—cigarette
smoke. Experimental and Toxicologic Pathology, 57, 43-73.

Breitling, L. P. (2013). Current Genetics and Epigenetics of Smoking/Tobacco-Related
Cardiovascular ~ DiseaseSignificance. Arteriosclerosis,  thrombosis, and  vascular
biology, 33(7), 1468-1472.

Breitling, L. P., Yang, R., Korn, B., Burwinkel, B., & Brenner, H. (2011). Tobacco-smoking
related differential DNA methylation: 27K discovery and replication. The American Journal
of Human Genetics, 88(4), 450 457.

Carrell, D. T. (2012). Epigenetics of the male gamete. Fertility and sterility,97(2), 267-274.

Carrell, D. T., & LIU, L. (2001). Altered protamine 2 expression is uncommon in donors of
known fertility, but common among men with poor fertilizing capacity, and may reflect other

abnormalities of spermiogenesis. Journal of Andrology, 22(4), 604-610.

Carrell, D. T., & Hammoud, S. S. (2009). The human sperm epigenome and its potential role

in embryonic development. MHR: Basic science of reproductive medicine, 16(1), 37-47.

Carrell, D. T., Emery, B. R., & Hammoud, S. (2007). Altered protamine expression and

diminished spermatogenesis: what is the link?. Human reproduction update, 13(3), 313-327.

Carmell, M. A., Girard, A., van de Kant, H. J., Bourc'his, D., Bestor, T. H., de Rooij, D. G., &
Hannon, G. J. (2007). MIWI2 is essential for spermatogenesis and repression of transposons

in the mouse male germline. Developmental cell, 12(4), 503-514.

75



References

Chen, H. W., & Kuo, C. T. (2007). Cotinine characterization and quality effect of sperm for
smoking and nonsmoking students. Bulletin of environmental contamination and
toxicology, 79(1), 11-14.

Cho, C., Jung-Ha, H., Willis, W. D., Goulding, E. H., Stein, P., Xu, Z., & Eddy, E. M. (2003).
Protamine 2 deficiency leads to sperm DNA damage and embryo death in mice. Biology of
reproduction, 69(1), 211-217.

Chow, J., & Heard, E. (2009). X inactivation and the complexities of silencing a sex
chromosome. Current opinion in cell biology, 21(3), 359-366.

Colagar, A.H., Jorsaraee, G.A. and Marzony, E.T., 2007. Cigarette smoking and the risk of
male infertility. Pak J Biol Sci, 10(21), pp.3870-3874.

Conwell, C. C., Vilfan, I. D., & Hud, N. V. (2003). Controlling the size of nanoscale toroidal
DNA condensates with static curvature and ionic strength. Proceedings of the National
Academy of Sciences, 100(16), 9296-9301.

Cui, X., Jing, X., Wu, X., Yan, M., Li, Q., Shen, Y., & Wang, Z. (2016). DNA methylation in
spermatogenesis and male infertility. Experimental and therapeutic medicine, 12(4), 1973-
1979.

Dean, W., Lucifero, D., & Santos, F. (2005). DNA methylation in mammalian development
and disease. Birth Defects Research Part C: Embryo Today: Reviews, 75(2), 98-111.

De Kretser, D. M., Loveland, K. L., Meinhardt, A., Simorangkir, D., & Wreford, N. (1998).
Spermatogenesis. Human reproduction, 13(suppl_1), 1-8.

Dohle, G. R., Halley, D. J. J., Van Hemel, J. O., Van Den Ouwel, A. M. W., Pieters, M. H. E.
C., Weber, R. F. A., & Govaerts, L. C. P. (2002). Genetic risk factors in infertile men with
severe oligozoospermia and azoospermia. Human Reproduction, 17(1), 13-16.

D’Occhio, M. J., Hengstberger, K. J., & Johnston, S. D. (2007). Biology of sperm chromatin
structure and relationship to male fertility and embryonic survival. Animal reproduction
science, 101(1-2), 1-17.

Dogan, M. V., Shields, B., Cutrona, C., Gao, L., Gibbons, F. X., Simons, R.,Philibert, R. A.
(2014). The effect of smoking on DNA methylation of peripheral blood mononuclear cells

from African American women. BMC Genomics, 15(1), 151.

76



References

El-Melegy, N. T., & Ali, M. E. M. (2011). Apoptotic markers in semen of infertile men:

Association with cigarette smoking. International braz j urol, 37(4), 495-506.

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the
human genome. Nature, 489(7414), 57-74.

Esposito, G., Jaiswal, B. S., Xie, F., Krajnc-Franken, M. A., Robben, T. J., Strik, A. M., &
Gossen, J. A. (2004). Mice deficient for soluble adenylyl cyclase are infertile because of a
severe sperm-motility defect. Proceedings of the National Academy of Sciences of the United
States of America, 101(9), 2993-2998.

Ewing, L. L., & Keeney, D. S. (1993). Leydig cells: structure and function. Cell and
Molecular Biology of the Testis, 137-165.

Ezzati, M., & Lopez, A. D. (2003). Estimates of global mortality attributable to smoking in
2000. The Lancet, 362(9387), 847-852.

Fang, M., Chen, D., & Yang, C. S. (2007). Dietary polyphenols may affect DNA
methylation. The Journal of nutrition, 137(1), 223S-228S.

Feil, R., & Fraga, M. F. (2012). Epigenetics and the environment: emerging patterns and
implications. Nature Reviews Genetics, 13(2), 97-109.

Felsenfeld, G. (2014). A brief history of epigenetics. Cold Spring Harbor perspectives in
biology, 6(1), a018200. doi: 10.1101/cshperspect.a018200

Feng, Q., & Zhang, Y. (2001). The MeCP1 complex represses transcription through
preferential binding, remodeling, and deacetylating methylated nucleosomes. Genes &
Development, 15(7), 827-832.

Ferfouri F, Boitrelle F, Ghout I, Albert M, Molina Gomes D, Wainer R, Bailly M, Selva J &
Vialard F. (2013) A genome-wide DNA methylation study in azoospermia. Andrology 1,
815-821.

Filipponi, D., & Feil, R. (2009). Perturbation of genomic imprinting in oligozoospermia.

Epigenetics, 4(1), 27-30.

77



References

Fiore, M. C., Jaen, C. R., Baker, T., Bailey, W. C., Benowitz, N. L., Curry, S. E. E. A., &
Henderson, P. N. (2008). Treating tobacco use and dependence: 2008 update. Rockville, MD:

US Department of Health and Human Services.

Foresta, C., Moro, E., & Ferlin, A. (2001). Y chromosome microdeletions and alterations of

spermatogenesis. Endocrine reviews, 22(2), 226-239.
Forti, G., & Krausz, C. (1998). Evaluation and treatment of the infertile couple. The Journal
of Clinical Endocrinology & Metabolism, 83(12), 4177-4188.

Fuentes-Mascorro, G., Serrano, H., & Rosado, A. (2000). Sperm chromatin. Archives of
andrology, 45(3), 215-225.

Fuks, F., Hurd, P. J., Deplus, R., & Kouzarides, T. (2003). The DNA methyltransferases
associate with HP1 and the SUV39H1 histone methyltransferase. Nucleic acids
research, 31(9), 2305-2312.

Garcia-Peir6, A., Martinez-Heredia, J., Oliver-Bonet, M., Abad, C., Amengual, M. J.,
Navarro, J. & Benet, J. (2011). Protamine 1 to protamine 2 ratio correlates with dynamic
aspects of DNA fragmentation in human sperm. Fertility and sterility, 95(1), 105-109.

Griswold, M. D. (1995). Interactions between germ cells and Sertoli cells in the
testis. Biology of reproduction, 52(2), 211-216.

Gronniger, E., Weber, B., Heil, O., Peters, N., Stab, F., Wenck, H., & Lyko, F. (2010). Aging
and chronic sun exposure cause distinct epigenetic changes in human skin. PLoS
genetics, 6(5), e1000971.

Hamilton, A. J.,, & Baulcombe, D. C. (1999). A species of small antisense RNA in
posttranscriptional gene silencing in plants. Science, 286(5441), 950-952.

Hammadeh, M.E., Hamad, M.F., Montenarh, M. and Fischer-Hammadeh, C., 2010.
Protamine contents and P1/P2 ratio in human spermatozoa from smokers and non-

smokers. Human reproduction, p.deq226. 2708-2720.

Hammoud, S., Liu, L., & Carrell, D. T. (2009). Protamine ratio and the level of histone

retention in sperm selected from a density gradient preparation. Andrologia, 41(2), 88-94.

Han, L., Lin, I. G., & Hsieh, C. L. (2001). Protein binding protects sites on stable episomes
and in the chromosome from de novo methylation. Molecular and cellular biology, 21(10),
3416-3424.

78



References

Heijmans, B. T., Tobi, E. W., Stein, A. D., Putter, H., Blauw, G. J., Susser, E. S., & Lumey,
L. H. (2008). Persistent epigenetic differences associated with prenatal exposure to famine in
humans. Proceedings of the National Academy of Sciences, 105(44), 17046-17049.

Hinsch, K. D., De Pinto, V., Aires, V. A., Schneider, X., Messina, A., & Hinsch, E. (2004).
Voltage-dependent anion-selective channels VDAC?2 and VDAC3 are abundant proteins in
bovine outer dense fibers, a cytoskeletal component of the sperm flagellum. Journal of
Biological Chemistry, 279(15), 15281-15288.

Herceg Z, Vaissiere T. (2011). Epigenetic mechanisms and cancer an interface between the

environment and the genome. Epigenetics 6(7), 804-819.

Holmes, R., & Soloway, P. D. (2006). Regulation of imprinted DNA
methylation. Cytogenetic and genome research, 113(1-4), 122-129.

Hou, L., Zhang, X., Wang, D., & Baccarelli, A. (2011). Environmental chemical exposures
and human epigenetics. International journal of epidemiology, 41(1), 79-105.

Houshdaran, S., Cortessis, V. K., Siegmund, K., Yang, A., Laird, P. W., & Sokol, R. Z.
(2007). Widespread epigenetic abnormalities suggest a broad DNA methylation erasure defect
in abnormal human sperm. PLoS ONE, 2(12), e1289. doi.org/10.1371/journal.

pone.0001289

Huang, J., Okuka, M., Lu, W., Tsibris, J.C., McLean, M.P., Keefe, D.L. and Liu, L., 2013.
Telomere shortening and DNA damage of embryonic stem cells induced by cigarette

smoke. Reproductive toxicology, 35, pp.89-95.

lllingworth, R. S., Gruenewald-Schneider, U., Webb, S., Kerr, A. R., James, K. D., Turner, D.
J., & Bird, A. P. (2010). Orphan CpG islands identify numerous conserved promoters in the
mammalian genome. PLoS Genet, 6(9), e1001134.

Jenkins, T. G., Aston, K. I., Meyer, T. D., Hotaling, J. M., Shamsi, M. B., Johnstone, E. B., &
Carrell, D. T. (2016). Decreased fecundity and sperm DNA methylation patterns. Fertility and
Sterility, 105(1), 51-57.

Jin, J., Jin, N., Zheng, H., Ro, S., Tafolla, D., Sanders, K. M., & Yan, W. (2007). Catsper3
and Catsper4 are essential for sperm hyperactivated motility and male fertility in the mouse.
Biology of reproduction, 77(1), 37-44.

Jirtle, R. L., & Skinner, M. K. (2007). Environmental epigenomics and disease

susceptibility. Nature reviews genetics, 8(4), 253.

79



References

Jones, P. L., Veenstra, G. C. J., Wade, P. A., Vermaak, D., Kass, S. U., Landsberger, N.,&
Wolffe, A. P. (1998). Methylated DNA and MeCP2 recruit histone deacetylase to repress
transcription. Nature genetics, 19(2), 187-191.

Jong, A.M.E., Menkveld, R., Lens, J.W., Nienhuis, S.E. and Rhemrev, J.P.T., 2014. Effect of
alcohol intake and cigarette smoking on sperm parameters and pregnancy. Andrologia, 46(2),
pp.112-117.

Kameswaran, V., & Kaestner, K. H. (2014). The Missing Inc (RNA) between the pancreatic
B-cell and diabetes. Frontiers in genetics, 5, 200.DOI:10.3389/fgene.2014.00200.

Kierszenbaum, A. L. (2001). Transition nuclear proteins during spermiogenesis: unrepaired

DNA breaks not allowed. Molecular reproduction and development, 58(4), 357-358.

Kondo, Y., & Issa, J. P. J. (2003). Enrichment for histone H3 lysine 9 methylation at Alu
repeats in human cells. Journal of Biological Chemistry, 278(30), 27658-27662.

Kouzarides, T. (2007). Chromatin modifications and their function. Cell, 128(4), 693-705.

Krausz, C., Sandoval, J., Sayols, S., Chianese, C., Giachini, C., Heyn, H., & Esteller, M.
(2012). Novel insights into DNA methylation features in spermatozoa: stability and
peculiarities. PloS one, 7(10), e44479.

Kumar R, Tanwar M, Ammini AC, Gupta NP, Sharma RK and Dada R (2008) Robertsonian
translocation and their role in pathogenesis of recurrent in vitro fertilization failure. Med Sci
Monit 14:CR617-620.

Kumar R, Venkatesh S, Kumar M, Tanwar M, Shasmsi MB, Gupta NP, Sharma RK, Talwar P
and Dada R (2009) Oxidative stress and sperm mitochondrial DNA mutation in idiopathic

oligoasthenozoospermic men. Indian J Biochem Biophys 46:172-177.

Kumar, P.S., Matthews, C.R., Joshi, V., de Jager, M. and Aspiras, M., 2011. Tobacco
smoking affects bacterial acquisition and colonization in oral biofilms. Infection and
immunity, 79(11), pp.4730-4738.

Kumosani, T.A., Elshal, M.F., Al-Jonaid, A.A. and Abduljabar, H.S., 2008. The influence of
smoking on semen quality, seminal microelements and Ca®"ATPase activity among infertile
and fertile men. Clinical biochemistry, 41(14), pp.1199-1203.

Kurdistani, S. K., & Grunstein, M. (2003). Histone acetylation and deacetylation in
yeast. Nature reviews Molecular cell biology, 4(4), 276-284.

80



References

Laqgan, M., Solomayer, E. F., & &Hammadeh, M. (2017). Aberrations in sperm DNA
methylation patterns are associated with abnormalities in semen parameters of subfertile
males. Reproductive Biology, 17(3),246-251.

Lee, E. W., & D'Alonzo, G. E. (1993). Cigarette smoking, nicotine addiction, and its

pharmacologic treatment. Archives of internal medicine, 153(1), 34-48.

LEFIEVRE, L., JHA, K. N., LAMIRANDE, E., VISCONTI, P. E., & GAGNON, C. (2002).
Activation of protein kinase A during human sperm capacitation and acrosome reaction.
Journal of andrology, 23(5), 709-716.

Li, L. C., Okino, S. T., Zhao, H., Pookot, D., Place, R. F., Urakami, S.& Dahiya, R. (2006).
Small dsRNAs induce transcriptional activation in human cells. Proceedings of the National
Academy of Sciences, 103(46), 17337-17342.

Linggi, B. E., Brandt, S. J., Sun, Z. W., & Hiebert, S. W. (2005). Translating the histone code
into leukemia. Journal of cellular biochemistry, 96(5), 938-950.

Lister, R., Pelizzola, M., Dowen, R. H., Hawkins, R. D., Hon, G., Tonti-Filippini, J & Edsall,
L. (2009). Human DNA methylomes at base resolution show widespread epigenomic
differences. nature, 462(7271), 315-322.

Liu, Q., Liu, L., Zhao, Y., Zhang, J., Wang, D., Chen, J., He, Y., Wu, J., Zhang, Z. and Liu,
Z.,2011. Hypoxia induces genomic DNA demethylation through the activation of HIF-1a and
transcriptional  upregulation of MAT2A in hepatoma cells. Molecular cancer
therapeutics, 10(6), pp.1113-1123.

Lorincz, M. C., Dickerson, D. R., Schmitt, M., & Groudine, M. (2004). Intragenic DNA
methylation alters chromatin structure and elongation efficiency in mammalian cells. Nature
Structural and Molecular Biology, 11(11), 1068 - 1075.

Mackay, J., & Eriksen, M. P. (2002). The tobacco atlas. World Health Organization. Gneva
20. 109876543. ISBN:9241562099.

Marsit, C. J., & Christensen, B. C. (2011). Epigenomics in environmental health. Frontiers in
genetics, 2, 84.

Margueron, R., & Reinberg, D. (2010). Chromatin structure and the inheritance of epigenetic

information. Nature Reviews Genetics, 11(4), 285.

81



References

Martelli, A., Rousselet, E., Dycke, C., Bouron, A., & Moulis, J. M. (2006). Cadmium toxicity
in animal cells by interference with essential metals. Biochimie, 88(11), 1807-1814.

Miki, K., Willis, W. D., Brown, P. R., Goulding, E. H., Fulcher, K. D., & Eddy, E. M. (2002).
Targeted disruption of the Akap4 gene causes defects in sperm flagellum and motility.
Developmental biology, 248(2), 331-342.

Moarefi, A. H. & Chedin, F. (2011). ICF syndrome mutations cause a broad spectrum of
biochemical defects in DNMT3B-mediated de novo DNA methylation. J. Mol. Biol. 409,
758-772.

Montjean, D., Zini, A., Ravel, C., Belloc, S., Dalleac, A., Copin, H., Boyer, P., McElreavey,
K. and Benkhalifa, M., 2015. Sperm global DNA methylation level: association with semen
parameters and genome integrity. Andrology, 3(2), pp.235-240.

Morgan, H. D., Santos, F., Green, K., Dean, W., & Reik, W. (2005). Epigenetic
reprogramming in  mammals. Human  molecular  genetics, 14(suppl_1),  47-58.
doi.org/10.1093/hmg/ddi114.

Nan, X., Ng, H. H., Johnson, C. A., Laherty, C. D., Turner, B. M., Eisenman, R. N., & Bird,
A. (1998). Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a
histone deacetylase complex. Nature, 393(6683), 386.

Navarro-Costa, P., Nogueira, P., Carvalho, M., Leal, F., Cordeiro, I., Calhaz-Jorge, C., &
Plancha, C. E. (2010). Incorrect DNA methylation of the DAZL promoter CpG island

associates with defective human sperm. Human reproduction, 25(10), 2647-2654.

Nightingale, K. P., O’Neill, L. P., & Turner, B. M. (2006). Histone modifications: signalling
receptors and potential elements of a heritable epigenetic code. Current opinion in genetics &
development, 16(2), 125-136

Nikpoor, P., Mowla, S. J., Movahedin, M., Ziaee, S. A. M., & Tiraihi, T. (2004). CatSper
gene expression in postnatal development of mouse testis and in subfertile men with deficient

sperm motility. Human reproduction, 19(1), 124-128.

Oberg M, Jaakkola MS, Woodward A, Peruga A, Pruss-Ustun A (2011) Worldwide burden of
disease from exposure to second-hand smoke: a retrospective analysis of data from 192
countries. Lancet 377: 139-146.

82



References

O’Brien, J., & Zini, A. (2005). Sperm DNA integrity and male infertility. Urology, 65(1), 16-
22.

Okano, M., Bell, D. W., Haber, D. A., & Li, E. (1999). DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development. Cell, 99(3), 247-
257.

Olson, G. E., Winfrey, V. P., NagDas, S. K., Hill, K. E., & Burk, R. F. (2005). Selenoprotein
P is required for mouse sperm development. Biology of reproduction, 73(1), 201-211.

Oliva, R. (2006). Protamines and male infertility. Human reproduction update, 12(4), 417-
435.

Ostrow, K., Michailidi, C., Guerrero-Preston, R., Hoque, M., Greenberg, A., Rom, W., &
Sidransky, D. (2013). Cigarette smoke induces methylation of the tumor suppressor gene
NISCH. Epigenetics, 8(4), 383-388.

Pare JM., Hobman TC (2007) Dicer: structure, function and role in RNA-dependent gene-
silencing pathways In: Polaina J, MacCabe AP (ed) Industrial enzymes, Springer, Berlin, pp
421-438.

Petrova, N. S., Zenkova, M. A., & Chernolovskaya, E. L. (2013). Structure-Functions
Relations in Small Interfering RNASs. In Practical Applications in Biomedical Engineering.
InTech. ISBN 978-953-51-0924-2. DOI: 10.5772/53945.

Qi, H., Moran, M. M., Navarro, B., Chong, J. A., Krapivinsky, G., Krapivinsky, L., &
Clapham, D. E. (2007). All four CatSper ion channel proteins are required for male fertility
and sperm cell hyperactivated motility. Proceedings of the National Academy of Sciences,
104(4), 1219-1223.

Raheem, A. A., & Ralph, D. (2011). Male infertility: causes and investigations. Trends in
Urology & Men's Health, 2(5), 8-11.

Rajender, S., Avery, K., & Agarwal, A. (2011). Epigenetics, spermatogenesis and male
infertility. Mutation Research/Reviews in Mutation Research, 727(3), 62-71.

Rampersaud, G. C., Kauwell, G. P., Hutson, A. D., Cerda, J. J., & Bailey, L. B. (2000).
Genomic DNA methylation decreases in response to moderate folate depletion in elderly

women-. The American journal of clinical nutrition, 72(4), 998-1003.

83



References

Reik, W. (2007). Stability and flexibility of epigenetic gene regulation in mammalian
development. Nature, 447(7143), 425-432.

Reik, W., & Walter, J. (2001). Genomic imprinting: parental influence on the genome. Nature
Reviews Genetics, 2(1), 21-32. doi:10.1038/35047554.

Richardson, B. C. (2002). Role of DNA methylation in the regulation of cell function:
autoimmunity, aging and cancer. The Journal of nutrition, 132(8), 2401S-2405S.
doi.org/10.1093/jn/132.8.2401S.

Rodgman, A., & Perfetti, T. A. (2016). The chemical components of tobacco and tobacco
smoke. CRC press. ISBN 9781466515529.

Roy, A., Lin, Y. N., & Matzuk, M. M. (2006). Shaping the sperm head: an ER enzyme leaves
its mark. Journal of Clinical Investigation, 116(11), 2860.

Roy, A., Lin, Y. N., Agno, J. E., DeMayo, F. J., & Matzuk, M. M. (2009). Tektin 3 is required
for progressive sperm motility in mice. Molecular reproduction and development, 76(5), 453-
459.

Rowe, P. J., & &Comhaire, F. H. (2000). WHO manual for the standardized investigation and

diagnosis of the infertile male. Cambridge: Cambridge University Press.

Saleh, R.A., Agarwal, A., Sharma, R.K., Nelson, D.R. and Thomas, A.J., 2002. Effect of
cigarette smoking on levels of seminal oxidative stress in infertile men: a prospective
study. Fertility and sterility, 78(3), pp.491-499.

Sapiro, R., Kostetskii, 1., Olds-Clarke, P., Gerton, G. L., Radice, G. L., & Strauss IlI, J. F.
(2002). Male infertility, impaired sperm motility, and hydrocephalus in mice deficient in

sperm-associated antigen 6. Molecular and cellular biology, 22(17), 6298-6305.

Saumet, A., & Lecellier, C. H. (2006). Anti-viral RNA silencing: do we look like
plants?. Retrovirology, 3(1), 3. doi:10.1186/1742-4690-3-3.

Schlegel, P. N. (2004). Causes of azoospermia and their management. Reproduction, Fertility
and Development, 16(5), 561-572.

Sharma, R., & Agarwal, A. (2011). Spermatogenesis: an overview. In Sperm
Chromatin Springer, New York, NY. Pp 19-44.

84


https://doi.org/10.1093/jn/132.8.2401S
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1186%2F1742-4690-3-3

References

Shukla, V., Vaissiere, T., & Herceg, Z. (2008). Histone acetylation and chromatin signature in
stem cell identity and cancer. Mutation Research/Fundamental and Molecular Mechanisms of
Mutagenesis, 637(1), 1-15.

Simon, L., Castillo, J., Oliva, R., & Lewis, S. E. (2011). Relationships between human sperm
protamines, DNA damage and assisted reproduction outcomes. Reproductive biomedicine
online, 23(6), 724-734.

Stein, R. A. (2011). Epigenetics and environmental exposures.J Epidemiol Community
Health, jech-2010. 66: 8-13.

Sun, Y. V., Smith, A. K., Conneely, K. N., Chang, Q., Li, W., Lazarus, A., Cross, D. (2013).
Epigenomic association analysis identifies smoking-related DNA methylation sites in African
Americans. Human Genetics, 132(9), 1027-1037.

Szabd, P. E., Tang, S. H. E., Silva, F. J., Tsark, W. M., & Mann, J. R. (2004). Role of CTCF
binding sites in the Igf2/H19 imprinting control region. Molecular and cellular
biology, 24(11), 4791-4800.

Takai, D., & Jones, P. A. (2002). Comprehensive analysis of CpG islands in human
chromosomes 21 and 22. Proceedings of the National Academy of Sciences, 99(6), 3740-
3745.

Tanaka, H., Iguchi, N., Toyama, Y., Kitamura, K., Takahashi, T., Kaseda, K., & Nishimune,
Y. (2004). Mice deficient in the axonemal protein Tektin-t exhibit male infertility and
immotile-cilium syndrome due to impaired inner arm dynein function. Molecular and cellular
biology, 24(18), 7958-7964.

Tobi, E. W., Lumey, L. H., Talens, R. P., Kremer, D., Putter, H., Stein, A. D., & Heijmans, B.
T. (2009). DNA methylation differences after exposure to prenatal famine are common and
timing-and sex-specific. Human molecular genetics, 18(21), 4046-4053.

Tomari, Y., & Zamore, P. D. (2005). Perspective: machines for RNAI. Genes &
development, 19(5), 517-529.

Torregrosa, N., Dominguez-Fandos, D., Camejo, M. 1., Shirley, C. R., Meistrich, M. L.,
Ballesca, J. L., & Oliva, R. (2006). Protamine 2 precursors, protamine 1/protamine 2 ratio,
DNA integrity and other sperm parameters in infertile patients. Human Reproduction, 21(8),
2084-20809.

85



References

Tunc, O., & Tremellen, K. (2009). Oxidative DNA damage impairs global sperm DNA
methylation in infertile men. Journal of assisted reproduction and genetics, 26(9-10), 537-544.

Ulrey, C. L., Liu, L., Andrews, L. G., & Tollefsbol, T. O. (2005). The impact of metabolism
on DNA methylation. Human molecular genetics, 14(suppl_1), 139-147.

Vaissiere, T., Sawan, C., & Herceg, Z. (2008). Epigenetic interplay between histone
modifications and DNA methylation in gene silencing. Mutation Research/Reviews in
Mutation Research, 659(1), 40-48.

Vogt, P. H. (2004). Molecular genetic of human male infertility: from genes to new

therapeutic perspectives. Current pharmaceutical design, 10(5), 471-500.
Waddington C. H. (2011) The epigenotype. 1942. Int J Epidemiol 41: 10-13.
Waddington C. (1942). Canalization of Development and the Inheritance of Acquired
Characters. Nature, 3811, 563-566.

Waterland, R. A., Kellermayer, R., Laritsky, E., Rayco-Solon, P., Harris, R. A., Travisano,
M., & Manary, M. J. (2010). Season of conception in rural gambia affects DNA methylation
at  putative  human  metastable  epialleles. PLoS  genetics, 6(12), e1001252.
doi.org/10.1371/journal.pgen.1001252.

Wilson, R. C., & Doudna, J. A. (2013). Molecular mechanisms of RNA interference. Annual
review of biophysics, 42, 217-239.

Wolffe, A. P., & Matzke, M. A. (1999). Epigenetics: regulation through
repression. science, 286(5439), 481-486.

Wu, H., Hauser, R., Krawetz, S. A., & Pilsner, J. R. (2015). Environmental susceptibility of
the sperm epigenome during windows of male germ cell development. Current environmental
health reports, 2(4), 356-366.

Wykes, S. M., & Krawetz, S. A. (2003). The structural organization of sperm
chromatin. Journal of Biological Chemistry, 278(32), 29471-29477.

Xu, C., & Song, N. (2014). Epigenetic regulation in spermatogenesis. Zhonghua nan ke xue=
National journal of andrology, 20(5), 387-391.

86


https://doi.org/10.1371/journal.pgen.1001252

References

Xu, J., Zhang, A., Zhang, Z., Wang, P., Qian, Y., He, L., & Du, J. (2016). DNA methylation
levels of imprinted and nonimprinted genes DMRs associated with defective human
spermatozoa. Andrologia, 48(9), 1027-1035.

Yao, R., Ito, C., Natsume, Y., Sugitani, Y., Yamanaka, H., Kuretake, S., & Noda, T. (2002).
Lack of acrosome formation in mice lacking a Golgi protein, GOPC. Proceedings of the
National Academy of Sciences, 99(17), 11211-11216.

Yu, Y. E., Zhang, Y., Unni, E., Shirley, C. R., Deng, J. M., Russell, L. D., & Meistrich, M. L.
(2000). Abnormal spermatogenesis and reduced fertility in transition nuclear protein 1-

deficient mice. Proceedings of the National Academy of Sciences, 97(9), 4683-4688.

Zaidi, S. K., Young, D. W., Montecino, M., Lian, J. B., Stein, J. L., Van Wijnen, A. J., &
Stein, G. S. (2010). Architectural epigenetics: mitotic retention of mammalian transcriptional
regulatory information. Molecular and cellular biology, 30(20), 4758-4766.

Zakhari, S. (2013). Alcohol metabolism and epigenetic changes. Alcohol research: current
reviews, 35(1), 6.

Zeilinger, S., Kihnel, B., Klopp, N., Baurecht, H., Kleinschmidt, A., Gieger, C., & Strauch,
K. (2013). Tobacco smoking leads to extensive genome-wide changes in DNA
methylation. PloS one, 8(5), €63812. https://doi.org/10.1371/journal.pone.0063812.

Zhang, Z., Jones, B. H., Tang, W., Moss, S. B., Wei, Z., Ho, C., & Strauss, J. F. (2005).
Dissecting the Axoneme Interactome The Mammalian Orthologue of Chlamydomonas PF6
Interacts with Sperm-Associated Antigen 6, The Mammalian Orthologue of Chlamydomonas
PF16. Molecular & Cellular Proteomics, 4(7), 914-923.

Zhang, Z.H., Zhu, H.B., Li, L.L., Yu, Y., Zhang, H.G. and Liu, R.Z., 2013. Decline of semen
quality and increase of leukocytes with cigarette smoking in infertile men. Iranian journal of
reproductive medicine, 11(7), p.589-596.

Zheng, H., Stratton, C. J., Morozumi, K., Jin, J., Yanagimachi, R., & Yan, W. (2007). Lack of
Speml causes aberrant cytoplasm removal, sperm deformation, and male infertility.
Proceedings of the National Academy of Sciences, 104(16), 6852-6857.

Zhao, M., Shirley, C. R., Hayashi, S., Marcon, L., Mohapatra, B., Suganuma, R.,& Meistrich,
M. L. (2004). Transition nuclear proteins are required for normal chromatin condensation and

functional sperm development. Genesis, 38(4), 200-213.

87


https://doi.org/10.1371/journal.pone.0063812

References

Zhao, M., Shirley, C. R., Yu, Y. E., Mohapatra, B., Zhang, Y., Unni, E., & Russell, L. D.
(2001). Targeted disruption of the transition protein 2 gene affects sperm chromatin structure
and reduces fertility in mice. Molecular and cellular biology, 21(21), 7243-7255.

Zhong, J., Agha, G., & Baccarelli, A. A. (2016). The role of DNA methylation in
cardiovascular risk and disease: methodological aspects, study design, and data analysis for
epidemiological studies. Circulation research, 118(1), 119-131.

Zhu, X., Li, J., Deng, S., Yu, K., Liu, X., Deng, Q., Chen, W. (2016). Genome-wide analysis
of DNA methylation and cigarette smoking in a Chinese population. Environmental Health
Perspectives, 124(7), 966-973.

88



Appendix

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

Sperm . Motility Progressive Non- . Immotile Normal Eosin Hostest
CPGs concentration (%) (%) progressive (%) form (%) (%)
(mill/mL) 0 0 (%) 0 (%) 0 °
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
CpGa4 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 TYROS3 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

CpGL1 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
CpG1l 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
CpGS 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
CpGo 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
CpG11L 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)

Mean

Mean

. . Differential SD SD
Cgid Chromosome Start Strand Me(tgé/\lla;trlon M(eéﬂ;r/lraetrlgn di f'\f/é erzgce QEZ?LL:EE Methyllation (Neizler (Cquent
smokers) smokers) (P value) smokers) | smokers)
€g21575308 chrlbs 29763183 - 0.0365 0.9008 -0.8643 0.8643 9.34E-09 0.0056 0.0034
€g23081194 chr2l 46219184 + 0.1174 0.9164 -0.7990 0.7990 1.94E-08 0.0048 0.0131
€g22280068 chrll 285037 - 0.8492 0.0993 0.7498 0.7498 1.81E-08 0.0049 0.0077
cg05813498 chrl7 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
€g26337497 chr3 31935279 + 0.5445 0.0583 0.4862 0.4862 1.01E-07 0.0168 0.0015
cg01584086 chril 10373718 + 0.0349 0.5240 -0.4891 0.4891 1.21E-07 0.0010 0.0506
cg09998151 chrl4 32926900 - 0.0545 0.5341 -0.4796 0.4796 1.92E-07 0.0065 0.0035
cg02730303 chrll 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
€g24147543 chré 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 chrll 93754223 + 0.5242 0.0611 0.4630 0.4630 3.36E-07 0.0205 0.0092
€g22963027 chr19 49527060 + 0.0954 0.6027 -0.5073 0.5073 4.04E-07 0.0101 0.0180
cgl7455348 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
€g20978247 chré 32905085 - 0.9099 0.5061 0.4038 0.4038 4.10E-07 0.0010 0.0187
€g27639199 chrl5 81666528 - 0.0612 0.5156 -0.4544 0.4544 2.75E-07 0.0024 0.0401
cg00017157 chrl 167127353 - 0.0729 0.5831 -0.5102 0.5102 4.54E-07 0.0106 0.0068
€g23622129 chrl 214328927 - 0.9210 0.5575 0.3634 0.3634 4.88E-07 0.0032 0.0113
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cg07869343 chrl6 1797050 + 0.9312 0.4913 0.4399 0.4399 6.70E-07 0.0044 0.0498
€g26805113 chrl6 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
€g27086157 chrl3 114872606 + 0.8877 0.4077 0.4800 0.4800 6.63E-07 0.0124 0.0054
cg09663736 chrll 131554122 + 0.5645 0.9179 -0.3534 0.3534 6.60E-07 0.0152 0.0026
€g22984586 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 chrl 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
€g26303777 chrl 230311676 - 0.9212 0.5488 0.3724 0.3724 8.20E-07 0.0063 0.0234
cg19169023 chrl5 41853346 + 0.9259 0.5528 0.3731 0.3731 8.35E-07 0.0066 0.0231
€g13386926 chrb 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
cgl17240976 chr2 242248764 - 0.8643 0.4370 0.4273 0.4273 9.20E-07 0.0079 0.0167
cgl7671604 chrl9 41032399 + 0.4267 0.8380 -0.4114 0.4114 9.94E-07 0.0095 0.0002
cg08429705 chrl9 2583601 + 0.9200 0.5618 0.3582 0.3582 1.05E-06 0.0080 0.0139
cg04245870 chrl6 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
€g16122736 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 chrll 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
€g16380681 chrl6 66155275 - 0.5082 0.9039 -0.3956 0.3956 1.61E-06 0.0311 0.0089
€g22816462 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
€g23109721 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 chrl 1046164 + 0.9331 0.5287 0.4044 0.4044 2.13E-06 0.0128 0.0291
cg14741888 chrl0 3240019 + 0.7771 0.3789 0.3981 0.3981 2.18E-06 0.0096 0.0054
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€g27391564 chr2 240530497 - 0.8623 0.5132 0.3491 0.3491 2.23E-06 0.0048 0.0215
€g23667563 chrl2 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
€g22508145 chrl9 17015427 - 0.5094 0.9189 -0.4094 0.4094 2.68E-06 0.0441 0.0111
€g27049594 chrll 124439146 - 0.8888 0.5236 0.3652 0.3652 2.86E-06 0.0132 0.0080
€g16810310 chrll 66104993 + 0.4728 0.8407 -0.3678 0.3678 2.84E-06 0.0047 0.0170
€g24432632 chr10 3935314 - 0.8900 0.5260 0.3640 0.3640 2.77E-06 0.0131 0.0099
cg09471659 chrl5 28753787 + 0.0537 0.3654 -0.3117 0.3117 3.19E-06 0.0084 0.0388
€g27079096 chrll 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 chrl7 47207658 + 0.8693 0.5245 0.3448 0.3448 3.65E-06 0.0129 0.0004
€g16099169 chr2 106886729 + 0.0696 0.3037 -0.2341 0.2341 4.64E-06 0.0040 0.0322
cg17830140 chrl9 626119 - 0.9404 0.5646 0.3758 0.3758 4.80E-06 0.0138 0.0201
cgl18137779 chrl 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
€g27160141 chr4 8473051 - 0.9066 0.5822 0.3244 0.3244 5.37E-06 0.0135 0.0255
€g23837945 chrl3 112806830 + 0.4807 0.8257 -0.3450 0.3450 6.13E-06 0.0261 0.0082
€g22270863 chr8 129839439 + 0.0296 0.2982 -0.2686 0.2686 7.17E-06 0.0029 0.0845
€g24100357 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 chrl2 132537251 - 0.7205 0.9493 -0.2288 0.2288 8.27E-06 0.0337 0.0080
€g23436081 chr3 190594456 + 0.0663 0.2926 -0.2264 0.2264 8.34E-06 0.0074 0.0309
cg00125893 chrl5 71747687 + 0.4800 0.8345 -0.3545 0.3545 8.53E-06 0.0224 0.0236
cg08335702 chrl2 107381175 - 0.0509 0.2114 -0.1605 0.1605 9.26E-06 0.0036 0.0258
cg11680857 chrl 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
€g22037249 chr6 33037690 + 0.8905 0.5573 0.3332 0.3332 1.13E-05 0.0094 0.0619
cg00648582 chrl2 133294524 + 0.4300 0.7979 -0.3678 0.3678 1.18E-05 0.0392 0.0043
cg09785377 chrl5 60644157 + 0.9073 0.5738 0.3335 0.3335 1.19E-05 0.0203 0.0079
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€g12474013 chré 33095865 + 0.8191 0.4938 0.3253 0.3253 1.31E-05 0.0191 0.0167
cg05127924 chrl7 18647524 + 0.6374 0.8723 -0.2348 0.2348 1.35E-05 0.0196 0.0034
cg09975044 chri4 104007538 + 0.5337 0.9259 -0.3922 0.3922 1.38E-05 0.0749 0.0088
€g23841288 chr7 158342105 + 0.1598 0.4414 -0.2816 0.2816 1.58E-05 0.0163 0.0083
€g14302130 chré 33032830 - 0.9342 0.7446 0.1896 0.1896 1.66E-05 0.0063 0.0347
cg07469546 chrl6 86927990 + 0.1081 0.4632 -0.3551 0.3551 1.77E-05 0.0132 0.0735
cg05407200 chrll 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
€g19885539 chr2 1358283 - 0.8949 0.4218 0.4731 0.4731 1.95E-05 0.0264 0.0774
€g21584493 chr7 158342721 + 0.2113 0.4984 -0.2871 0.2871 1.98E-05 0.0160 0.0139
€g26311454 chrl2 49520648 - 0.8392 0.5077 0.3315 0.3315 2.03E-05 0.0238 0.0163
€g27392904 chrl9 50400714 + 0.5832 0.8651 -0.2818 0.2818 2.07E-05 0.0399 0.0013
cg08470742 chré 169653905 - 0.1005 0.4088 -0.3083 0.3083 2.13E-05 0.0110 0.0676

~SD: Standard deviation
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Appendix

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 11 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.

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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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 MAPKS8IP 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).

NI 1 2 3 =+ S S £ S

386 bp

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).

Mean .
Proven Mean Mean Difference
CglD Chromosome Start Strand . Oligospermic . Methylation Annotation
fertile difference
males (P value)
males
€g23081194 | chr2l 46219184 + 0.117 0.953 -0.83 7.93E-10 UBE2G2
cg25750688 | chr7 63037165 + 0.964 0.437 0.527 5.79E-06 /
cg04807108 | chrl5 78697933 - 0.325 0.918 -0.593 1.50E-06 /
cg19779893 | chrl0 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 0112 -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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| Pvalue | 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

CpGs 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

CpGa 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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Supplementary Figure 1: Methylation levels at DMC in the UBE2G2 gene-related amplicon in cases compared to controls

I
Fertile

I
Subfrfextile

100

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
CpG1l4 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
B 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.
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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

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

DNA between cases (Males suffering from a

Mean Differe_nce _
CglD Chromosome Start Strand Mean Controls Mean Cases difference Methylation (P Annotation
value)

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
€g16338278 chrll 67432957 - 0.935 0.733 0.202 2.00E-07 ALDH3B2
cg08408433 chrl9 47127358 + 0.370 0.069 -0.301 4.27E-06 PTGIR
cg04807108 chrl5 78697933 - 0.725 0.918 -0.203 1.50E-06 /
€g23081194 chr2l 46219184 + 0.117 0.903 -0.786 7.93E-10 UBE2G2
€g25750688 chr7 63037165 + 0.865 0.638 0.227 5.79E-06 /
€g19779893 chr10 72451501 + 0.853 0.596 0.257 6.13E-06 ADAMTS14
€g19406113 chré 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)

Semen

Sperm

Non-

DMC Volume count Totql_spegm Pro_g_ressiove progressive - Spgrmo - Spernl Sperm n(())rmal form
(mL) (emillimL ) motility (%) | motility (%0) motilite (96) immotile (%) | vitality (%) (%)
Methylation level at CpGs in PRICKLE?2 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
CpG1l 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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Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 0573 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 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
Pvalue | 0.766 0.600 0.498 0.320 0.534 0.196 0.136 0.243
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