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1  | INTRODUC TION

Infertility is defined as a condition where a couple does not achieve a 
pregnancy after one year of regular, unprotected sexual intercourse 
and affects 8%–12% of couples worldwide (Inhorn & Patrizio, 2015; 
Sharlip et al., 2002). A male factor is the cause of infertility in ap-
proximately 50% of the couples. All the reasons of male factor in-
fertility are not known exactly, and in spite of the progress in the 
field of male reproductive health, 30%–40% of the infertility cases 

have still no detectable cause and remain as idiopathic (Agarwal 
et al., 2019; Bracke et al., 2018). Idiopathic forms of male infertility 
may result from unknown genetic and/or epigenetic factors (Gunes 
& Esteves, 2020; Neto et al., 2016).

Spermatogenesis with a unique epigenetic pattern (Gannon 
et  al.,  2014) is exposed to several intrinsic and/or extrinsic fac-
tors, culminating in DNA damage in various types of germ cells 
(Singh et  al.,  2019b). In germ cells, DNA damage may also result 
from abnormalities in the protamination process (Muratori & De 
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Abstract
The aim of the study was to investigate whether the promoter methylation of XRCC1 
and ERCC2 genes is associated with sperm DNA fragmentation and chromatin con-
densation in idiopathic oligoasthenoteratozoospermic men. This study involved 77 
infertile men with idiopathic oligoasthenoteratozoospermia and 51 normozoospermic 
controls. The methylight method, TUNEL assay and aniline blue staining were used 
for the evaluation of XRCC1 and ERCC2 genes’ methylation, SDF and sperm chroma-
tin condensation, respectively. SDF (p =  .004) and XRCC1 methylation (p =  .0056) 
were found to be significantly higher in men with idiopathic OAT than in the controls, 
while mature spermatozoa frequency was higher in controls as compared to infertile 
men (p < .0001). No significant association was found between SDF and methylation 
of XRCC1 and ERCC2 genes (p = .9277 and p = .8257, respectively). However, com-
pared to the cut-off point obtained by receiver operating characteristic analysis, a 
significant association was found between SDF and XRCC1 methylation, positive and 
negative methylation groups, generated according to the cut-off value for XRCC1. 
XRCC1 methylation was found to have a significant effect on chromatin condensa-
tion (p = .0017). No significant difference was detected among ERCC2 methylation, 
male infertility and SDF. In conclusion, XRCC1 methylation may have a role in sperm 
chromatin condensation and idiopathic OAT.
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Geyter, 2018), and DNA repair mechanisms (S. Gunes et al., 2015; 
Singh et al., 2019b). DNA repair mechanisms are crucial for the pro-
tection of germ cell integrity in spermatogenesis and the proper 
transmission of the genetic information among the generations by 
eliminating DNA damage (e.g. DNA fragmentation, base and protein 
adducts) (García-Rodríguez et al., 2019). Recent studies have impli-
cated an association between SDF and methylation of imprinted 
genes (Ni et al., 2019), infertility (Santi et al., 2018), recurrent preg-
nancy loss (McQueen et al., 2019), poor embryo development and 
miscarriage (Borges et al., 2019).

Proliferating germ cells are relatively sensitive to several endo- 
and/or exogenous agents causing various DNA damage during 
spermatogenesis, at last resulting in infertility in men (Singh 
et al., 2019b). Abnormalities in the chromatin remodelling process 
during spermiogenesis (protamination) may also cause DNA frag-
mentation, which is one of the major types of DNA damage and 
due to unrepaired nicks of sperm DNA (Aitken & De Iuliis, 2010). 
DNA fragmentation may result from various exogenous factors 
including cigarette smoking, varicocele, cancer, irradiation and ad-
vanced age (Gunes et al., 2018; Kabartan et al., 2019) and has been 
proposed to be specifically associated with elevated levels of male 
infertility and pregnancy loss (Zini et al., 2001). Germ cells have 
various DNA repair mechanisms to protect the genomic integrity 
and to provide the full transmission of genetic information to the 
next generations properly (González-Marín et  al.,  2012; Gunes 
et  al.,  2015). Base excision repair (BER) and nucleotide excision 
repair (NER) systems are two DNA repair mechanisms playing a 
vital role in the elimination of small DNA lesions and bulky DNA 
damages in testicular germ cells (González-Marín et  al.,  2012; 
Olsen et  al.,  2001). Single-strand DNA (ssDNA) breaks can in-
directly occur as intermediates of the BER pathway, resulting in 
double-strand DNA (dsDNA) breaks and acceleration of mutation 
rates if unrepaired (Brem & Hall, 2005; Caldecott, 2003).

Human X-ray repair cross complementing 1 (XRCC1) and ex-
cision repair cross-complementation group 2 (ERCC2) genes take 
part in the BER and NER pathway, respectively (Krokan & Bjørås, 
2013; Kusakabe et  al.,  2019). XRCC1 gene codes a scaffold pro-
tein with different interacting sub-domains, which assists in the 
recruitment of BER proteins to the damage site. It also keeps these 
proteins together at specific locations and therefore accelerates 
the damage repair (Caldecott, 2019; Nazarkina et al., 2007). The 
expression of XRCC1 is relatively high in testicular germ cells, 
especially in spermatocytes and round spermatids (El-Domyati 
et al., 2010; Walter et al., 1994). However, infertile men have been 
found to exhibit a lower level of mRNA and protein expression 
of XRCC1 and a higher level of γ-H2AX than fertile men (Singh 
et al., 2019b).

ERCC2/XPD gene spanning over 24 exons codes a multifunc-
tional protein which is one of the component of transcription 
factor II H (TFIIH) and plays an important role in the NER path-
way via the recognition and verification of the damage (Vashisht 
& Wohlschlegel,  2019; Xu et  al.,  2016). The association between 
ERCC2 polymorphism(s) and male infertility has been investigated in 

a limited number of studies (Gu et al., 2007; Ji et al., 2008). A recent 
study that included association, meta- and trial-sequential analyses 
has suggested a significant association between the AA variant of 
ERCC2 751A > C polymorphism and idiopathic infertility risk (Singh 
et al., 2019a). Downregulation of ERCC2 expression has been indi-
cated in men with testicular azoospermia compared to normal testis 
(Yang et al., 2004). However, to the best our knowledge, the asso-
ciation of XRCC1 and ERCC2 genes methylation with sperm DNA 
fragmentation (SDF), chromatin condensation and idiopathic male 
infertility is not explored yet. Therefore, this present study aimed to 
investigate the association between promoter methylation of XRCC1 
and ERCC2 genes and SDF as well as sperm chromatin condensation 
in infertile men with idiopathic oligoasthenoteratozoospermia (OAT) 
and normozoospermic controls.

2  | MATERIAL S AND METHODS

2.1 | Study participants

The institutional Review Board of the Ondokuz Mayis University 
(OMU) approved this study with approval number KAEK 2016/185. 
All participants signed an informed consent form. Seventy-seven in-
fertile men with idiopathic OAT attending the Urology Clinic, Faculty 
of Medicine, OMU were enrolled. In addition, a control group con-
sisted of 51 normozoospermic men, of which 32 were fertile. OAT 
was diagnosed according to WHO criteria (WHO, 2010), when pa-
tients displayed the following parameters: density <15 × 106 sper-
matozoa/ml, total motility <40% or progressive motility less than 
32%, and normal morphology in <4% of spermatozoa. Exclusion cri-
teria were karyotype abnormalities, Y-chromosome microdeletions, 
CFTR mutations, testicular trauma or surgery, infections and any 
other known causes of male infertility.

2.2 | Semen analysis

Semen samples from all participants were obtained by masturbation 
in sterile containers after 2–5 days of sexual abstinence. Following 
the complete liquefaction of semen samples at 37°C for 20–30 min, 
semen analysis was carried out by using a Microcell counting cham-
ber (Vitrolife) in terms of sperm concentration and motility according 
to the last edition of World Health Organization (WHO) laboratory 
manual (WHO,  2010). Semen volume, normal sperm morphol-
ogy, vitality, pH and round cell concentration were also evaluated. 
Following semen analysis, samples were split into three aliquots 
for methylation analysis (methylight assay), sperm DNA fragmenta-
tion (TUNEL assay) and sperm chromatin condensation (aniline blue 
staining). The methylight assay, TUNEL assay and aniline blue stain-
ing could not be performed for all participants due to inadequate 
semen volume and/or sperm concentration. Prior to methylation 
analysis, somatic cell lysis procedure, DNA isolation and bisulphite 
modification process were carried out.
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2.3 | Somatic cell lysis

To obtain pure sperm cells from semen samples, somatic cells were 
lysed according the procedure described by Mao et al.  (2013). First, 
sperm concentration was adjusted to <10 × 106/ml for each semen 
sample. Then, seminal plasma was removed by centrifugation at 
250 × g for 8 min and the pellet was rinsed with 1X PBS. After the 
washing step, 12 ml somatic cell lysis buffer (SCLB) [0.5% Triton X-100 
and 0.1% sodium dodecyl sulphate (SDS)] was added and the pellet re-
suspended for lysis of somatic cells on ice for 25 min. Following the 
incubation on ice, the sample was centrifuged again and the superna-
tant containing the somatic cell lysate was removed. The presence of 
residual somatic cells was controlled microscopically. If the elimination 
of somatic cells was not complete, the process was repeated until a 
pure sperm fraction was obtained (Gunes, Agarwal, et al., 2018).

2.4 | Sperm DNA isolation

Subsequent to the removal of somatic cells, sperm DNA was iso-
lated using Quick-gDNA Miniprep kit (Zymo Research) according to 
the manufacturer's recommendations (Gunes, Agarwal, et al., 2018). 
DNA samples were stored at −20°C up to the next step, bisulphite 
modification.

2.5 | Bisulphite modification of sperm DNA and 
promoter methylation of XRCC1 and ERCC2 genes by 
methylight method

Bisulphite modification of isolated sperm DNA was performed by 
using the EZ DNA Methylation Gold kit (Zymo Research) according 
to manufacturer's instructions (Gunes, Agarwal, et  al.,  2018). The 
methylight method was employed for the assessment of the meth-
ylation status of XRCC1 and ERCC2 genes’ promoter regions.

2.6 | Primers and probes design for XRCC1 and 
ERCC2 genes

Promoter regions of XRCC1 and ERCC2 genes were determined 
by using the Gene2Promoter tool, which is the part of Genomatix 
Software Suite package (Intrexon Bioinformatics). With this tool, it 
is possible to find a putative promoter region for gene(s) according 
to the transcription factor binding site. Sequences of XRCC1 and 
ERCC2 genes retrieved from the National Center for Biotechnology 
Information (NCBI) gene tool were used in Gene2Promoter soft-
ware to find the promoter sequences. The program gave more than 
one promoter sequences for each gene and promoters with experi-
mentally verified 5’ complete transcripts were selected. These se-
lected promoter sequences were also compared with the promoter 
sequences retrieved from the eukaryotic promoter database (EPD) 
and ENSEMBL for both XRCC1 and ERCC2 genes in the NCBI blast 
tool in terms of the similarity and cover index. Promoter sequences 
for the genes with 100% similarity and the highest cover rate were 
chosen for primers and probes design. The primers and probes were 
designed specifically for the fully methylated bisulphite-converted 
DNA by Beacon Designer 8.2 software (Premier Biosoft, USA) for 
methylation analysis using the methylight assay. In this study, the 
probes were designed as oligonucleotides of which the 5’-ends were 
linked to a fluorescein reporter (6FAM) and the 3’-ends were linked 
to a Black Hole Quencher-1 (BHQ1) dye. Primers and probes se-
quences used in the study are presented in Table 1.

2.7 | Semi-quantitative real-time PCR method 
(methylight)

The methylation status of XRCC1 and ERCC2 promoters was analysed 
by means of a semi-quantitative real-time PCR method, methylight, 
using an EpiTect MethyLight PCR + ROX Vial kit (Qiagen) according to 
the manufacturer's instructions (Eads et al., 2000). In the methylight 

TA B L E  1   Primers and probes sequences for methylight assay

Gene Nucleotide sequence
Base 
number Tm (°C) GC%

CpG 
number

Amplicon 
length (bp)

XRCC1 F TTTGTTATCGGCGTAGGATGGTTT 24 59.8 41.7 2

XRCC1 R CTTACCAACCACGACCAAATCTAAC 25 59.2 44 1 163

XRCC1 Probe 6FAM-TACGCTACCCAAACGCTCCAAACCTAAAC-
BHQ−1

29 66.9 48.3 2

ERCC2 F GTATCGTTTTATTCGAGAGTTAGTCG 26 57.4 38.5 3

ERCC2 R CTCCACCTATATTACGAAACCATTAAC 27 57.5 37 1 122

ERCC2 Probe 6FAM-CCTACCCGTCAATCCGCTAAAACAAAAC 
CA-BHQ−1

30 67.2 46.7 2

ACTB F TGGTGATGGAGGAGGTTTAGTAAGT 25 – – –

ACTB R AACCAATAAAACCTACTCCTCCCTTAA 27 – – – –

ACTB
Probe

6FAM5’-ACCACCACCCAACACACAATAACAAACAC
A−3’BHQ−1

30 – – –

Abbreviations: bp, base pair; CpG, cytosine-phosphate-guanine; F, forward; GC, guanine-cytosine; R, reverse; Tm, melting temperature.
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assay, three sets of primers and probes were used, of which two sets 
were for the XRCC1 and ERCC2 genes and one set for the internal 
control gene, Actin Beta (ACTB; Eads et al., 2000), which served as 
a reference to normalise the amount of input DNA (Table 1). EpiTect 
methylated control DNA (Qiagen, Germany) was also used as a posi-
tive control for methylation and to specify the methylation quantity. 
DNase/RNase free dH2O (Invitrogen) was utilised as a negative con-
trol in each run. The real-time PCR amplification was performed in a 
20 μl final reaction volume including 1X EpiTect methylight master 
mix, 0.4 μM forward primer, 0.4 μM reverse primer, 0.2 μM probe, 
~100  ng bisulphite-converted DNA and DNase/RNase free dH2O 
at the following cycling conditions: after the initial PCR activation 
step at 95°C for 5 min, 45 cycles at 95°C for 15 s and 60°C for 60 s 
annealing-extension step in the real-time PCR cycler (Rotorgene Q, 
Germany). The percent methylated reference (PMR) values for the 
genes were calculated according to 2−ΔΔCt method, where ΔΔCt  = 
[(CTTarget  –  CTReference) sample  -  (CTTarget  –  CTReference) methylated 
control DNA] (Livak & Schmittgen, 2001).

2.8 | TUNEL analysis

ssDNA and dsDNA breaks were detected employing the TUNEL 
assay using fluorescein in situ cell death detection kit (Roche, 
Penzberg, Germany) according to the manufacturer's instructions. 
Briefly, the TUNEL assay includes fixation, permeabilisation and la-
belling processes followed by treating the slides with an anti-fade 
including 4′,6-diamidino-2-phenylindole (DAPI) nuclear staining dye 
(Temecula, CA, USA).

The spermatozoa were fixed overnight in 3.6% paraformalde-
hyde and smeared on poly-L-lysine (Sigma Aldrich) coated slides. The 
slides were kept in a humid chamber overnight at 4°C for the attach-
ment of spermatozoa. Following this process, permeabilisation was 
performed by using permeabilisation solution (0.1% Triton X-100 and 
0.1% tri-sodium citrat-5,5-hydrat in dH2O) for 10 min. In the label-
ling step, terminal deoxynucleotidyl transferase (TdT) enzyme was 
utilised for adding fluorescein isothiocyanate-deoxyuridine triphos-
phate (FITC-dUTP) to 3’-hydroxyl (OH) ss- and dsDNA break sites. In 
the last step of the TUNEL assay, spermatozoa were counterstained 
with an anti-fade including DAPI (Kabartan et al., 2019). A negative 
control without TdT enzyme and a positive control pre-treated with 
200 mM H2O2 for an hour were employed in each run.

Slides were immediately visualised under a fluorescent micro-
scope at 400X magnification (Olympus BX-51). A minimum of three 
random images including at least 500 spermatozoa from different 
areas were taken under the microscope for each sample. Samples 
were blinded to the observer. Spermatozoa showing yellowish 
FITC-fluorescence were assessed as TUNEL-positive, while those 
spermatozoa showing bluish DAPI-fluorescence were regarded 
as TUNEL-negative. The number of TUNEL-positive and TUNEL-
negative spermatozoa was counted using ImageJ software and the 
percentage of TUNEL-positive spermatozoa expressed as sperm 
DNA fragmentation (SDF) index calculated.

2.9 | Aniline blue staining

For the evaluation of chromatin condensation, thin smears of the 
washed semen samples were prepared on a slide and air-dried. 
Afterwards, slides were fixed for 30  min in 3% glutaraldehyde 
(Merck) in phosphate-buffered saline (PBS) (Thermo Fisher Scientific) 
and stained with 5% aniline blue dissolved in 4% acetic acid (Sigma 
Aldrich) for 15 min. Slides were then rinsed with tap water (Terquem 
& Dadoune, 1983).

Slides were evaluated using a bright field microscope (Olympus 
CX31) at 1,000× magnification. Two or three slides were pre-
pared per sample and at least 200 spermatozoa were counted for 
each sample. Aniline blue staining results in light staining (aniline 
blue-negative; mature) spermatozoa, intermediate staining all over 
of the sperm head (aniline blue-intermediate; moderately immature) 
and strong blue-stained sperm heads (aniline blue-positive; imma-
ture) (Óvári et al., 2010). The percentages of immature, mature and 
moderately immature spermatozoa were calculated for each partic-
ipant by a ratio between the number of sperm nuclei stained with 
aniline blue and the total number of counted spermatozoa.

2.10 | Statistical analysis

Data were statistically analysed using MedCalc Statistical Software 
version 19.2 (MedCalc Software Ltd). The Shapiro–Wilk test was em-
ployed for the determination of normality distribution of the data. 
Correlation(s) between the data analysed in the study was assessed 
by the Spearman rank correlation coefficient test, and the Mann-
Whitney test was utilised for variables between different groups. 
The sensitivity and specificity of SDF and methylation analysis in the 
distinguishing of infertile men with OAT from control males were 
evaluated by the receiver operator characteristics (ROC) curve anal-
ysis. A probability of p < .05 was considered statistically significant.

3  | RESULTS

A total of 77 infertile men with OAT and 51 normozoospermic con-
trols were included in the study. Table 2 shows the summary sta-
tistics as mean ± SD of the conventional semen parameters, sperm 
chromatin condensation and SDF of infertile men with OAT and con-
trols. Infertile men with OAT had significantly lower rate of mature 
spermatozoa (aniline blue-negative spermatozoa) as compared with 
controls (p <  .0001). The rate of mature spermatozoa showed sig-
nificant (p < .0001) positive correlations with sperm concentration, 
motility, morphology and age (p = .0324). Moreover, the percentage 
of mature spermatozoa illustrated a negative correlation with SDF 
(p < .0002) (Table 3).

SDF analysis was performed by TUNEL assay in 62 infertile men 
with OAT and 49 normozoospermic men and revealed a significant 
(p  =  .004) difference between OAT patients (15.4% ±  10.3%) and 
the control group (9.9% ± 8.6%). SDF showed a positive correlation 
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with the rate of moderately immature (aniline blue-intermediate) 
spermatozoa and a negative correlation with sperm concentra-
tion (p =  .0002), motility (p =  .0004) and morphology (p =  .0182) 
(Table 3). Using ROC curve analysis, a cut-off value of 7.92% for SDF 
was calculated to distinguish between oligoasthenoteratozoosper-
mic men and controls with a sensitivity and specificity of the SDF 
test were 77.4% and 59.2%, respectively, with an area under the 
ROC curve (AUC) of 0.682 (p < .001; Figure 1).

Methylation analysis of oligoasthenoteratozoospermic men 
(n = 49) and controls (n = 32) revealed a significant difference for 
the levels of methylated DNA (PMR) in the XRCC1 promoter region 
[(2.54, 95% CI 1.85–5.12) and (1.63, 95% CI 1.18–2.21), respectively, 
p  =  .0056]. There was a significant negative correlation between 
XRCC1 methylation and sperm concentration (p  =  .0039), mor-
phology (p =  .0125) and the percentage of immature spermatozoa 
(p = .0017; Table 3). A cut-off value of ≥1.43% determined by ROC 
curve analysis using PMR values was obtained with a sensitivity of 
83.67% (95% CI: 70.3–92.7) and a specificity of 43.75% (95% CI: 
26.4–62.3) for XRCC1 gene (p  <  .001) (Figure  2). The methylation 
frequency of XRCC1 gene was significantly higher in infertile men 
than in the controls (Table 4).

There was no difference between the methylation level 
and frequency of ERCC2 promoter region and male infertility 
(Table 4). ERCC2 methylation was positively correlated with XRCC1 

methylation (r  =  0.246, p  =  .027). We did not obtain a significant 
cut-off value for ERCC2 methylation in infertile men with OAT and 
controls (AUC = 0.579, p = .22). In addition, we could not find any sig-
nificant association between the methylation of XRCC1 and ERCC2 
genes and smoking status (p >  .05). No significant association was 
found between SDF and the methylation of both XRCC1 and ERCC2 
promoters (p =  .9277 and p =  .8257, respectively). However, com-
pared to cut-off point obtained by ROC analysis, we found a signifi-
cant association between SDF and XRCC1 methylation groups which 
were named as positive and negative methylation groups (p = .015).

4  | DISCUSSION

In this study, we have investigated the association between the 
methylation of XRCC1 and ERCC2 genes and SDF in infertile men 
with OAT and controls. We also investigated the association of chro-
matin condensation with SDF and the methylation status of these 
genes. Our results suggest a significant association of the XRCC1 
methylation status, chromatin condensation defects and SDF with 
OAT as compared to controls.

Chromatin condensation abnormalities have been indicated to 
be associated with male infertility (Hammadeh et  al.,  2001), poor 
semen parameters, SDF and epigenetic modifications (Muratori & 
De Geyter, 2018). We observed that the rate of mature spermato-
zoa was statistically lower in infertile men than in the controls. We 
found that the percentage of immature spermatozoa was negatively 
correlated with sperm concentration, motility and normal sperm 
morphology. In addition, the percentage of mature spermatozoa 
also exhibited a significant negative correlation with SDF, which 
supports the theory that protamines have a protective role for the 
DNA (Boissonnas et  al.,  2013; Yu et  al.,  2014). Infertile men have 
higher levels of SDF than fertile men (Zini et al., 2001), which was 
confirmed in our study. Moreover, SDF showed a negative correla-
tion with spermatogenesis, motility, sperm concentration as well as 
normal sperm morphology. These results are also consistent with the 
literature (Homa et al., 2019; Le et al., 2019; H. Yang et al., 2019).

To distinguish between OAT and normozoospermic subjects, a 
cut-off value of >7.92% with a sensitivity of 77.4% and a specificity 
of 59.2% (AUC: 0.682, p < .001) was calculated for SDF. This cut-off 
value is clearly lower than the cut-off values that are calculated to 
distinguish between fertile and infertile men to predict fertilisation 
success in assisted reproduction (Bungum et  al.,  2008; Hassanen 
et  al.,  2019; Ribas-Maynou et  al.,  2013; Sharma et  al.,  2010) and 
may result from the inclusion of not only normozoospermic men 
but also fertile men in the control group. In addition, the relatively 
small sample size might have contributed to this low cut-off value. 
Although SDF may originate from various causes including abortive 
apoptosis, abnormalities in chromatin remodelling and aberrations 
in DNA repair mechanisms, the exact cause(s) is/are not yet known 
(Gonzalez-Marin et al., 2012). SDF could be accumulated as an inter-
mediate form during several DNA repair pathways, for example BER 
pathway; if the pathways do not work properly (Brem & Hall, 2005; 

TA B L E  2   Semen parameters, SDF and sperm chromatin 
condensation of infertile men with oat and controls

Parameters OAT (n = 77)
Controls 
(n = 51) p-value

Age

Mean ± SD 31.9 ± 5.9 36.1 ± 5.5 <.0001*

Volume (ml)

Mean ± SD 3.5 ± 1.1 3.3 ± 0.7 .323

Concentration (*106/ml)

Mean ± SD 4.9 ± 3 36.1 ± 13.4 <.0001*

Motility (%)

Mean ± SD 15.9 ± 7.6 49.7 ± 9.6 <.0001*

Morphology (%)

Mean ± SD 2.2 ± 0.9 7.2 ± 2.1 <.0001*

OAT (n = 72) Controls 
(n = 50)

Mature spermatozoa (%)

Mean ± SD 70.6 ± 20.7 89.9 ± 8.6 <.0001*

OAT (n = 62) Controls 
(n = 49)

SDF

Mean ± SD 15.4 ± 10.3 9.9 ± 8.6 .004*

Note: p < .05 was considered statistically significant by independent 
samples t test.
Abbreviations: OAT, oligoasthenoteratozoospermia; SD, standard 
deviation; SDF, sperm DNA fragmentation.
*Statistically significant. 
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Caldecott, 2003), thus one has to assume that this process of sperm 
DNA damage is multi-factorial.

XRCC1 plays a role in the BER pathway by its association with the 
recruitment of proteins involved in the pathway and accelerating the 
repair of lesion(s) via acting as a scaffold protein (Caldecott, 2019; 

Nazarkina et  al.,  2007). Xrcc1 has been shown to be essential for 
embryonic development in mice and Xrcc1-/- embryos with high level 
of DNA fragmentation without any exposure were highly suscep-
tible to DNA-damaging agents (Tebbs et al., 1999). Methylation of 
a gene's regulatory region, as well as gene knock-out, may cause 
the alteration(s) of the gene transcription (Gannon et al., 2014). We 
could not find any significant association between the methylation 
of XRCC1 and SDF in our study population (p = .93). Xrcc1 was also 
suggested to be pivotal for spermatogenesis and Xrcc1 deficiency in 
primordial germ cells from mice gave rise to impaired spermatogene-
sis culminating male infertility (C. Xu et al., 2019) and our result that 
XRCC1 methylation is negatively associated with sperm concentra-
tion and normal morphology is in accordance with that. Moreover, 
XRCC1 has been proposed to have a function in the chromatin re-
modelling process during spermatid elongation (Zheng et al., 2012). 
This is corresponding to our observation of a significant positive cor-
relation between defective chromatin condensation and XRCC1 pro-
moter methylation. Reportedly, XRCC1 expression is high in human 
testicular germ cells, especially spermatocytes and round spermatids 
(El-Domyati et al., 2010; Singh et al., 2019b).

Young fertile men have been suggested to have a significantly 
higher levels of XRCC1 in their testis than infertile men with var-
icocele and old men (El-Domyati et  al.,  2010). XRCC1 mRNA and 
protein expression was reported also to be higher in men with oligo-
zoospermia and oligoasthenozoospermia than in normozoospermic 
and fertile men (Singh et al., 2019b). XRCC1 promoter methylation 
may be one of the causes of alterations in the expression of XRCC1 
transcript and protein level. In our study, we observed a significant 
increase in the percentage and frequency of XRCC1 methylation in 
infertile men with OAT as compared to the normozoospermic con-
trols. Similarly, DNA mismatch repair gene MLH1 promoter methyl-
ation was found to be significantly associated with oligozoospermia 
(Gunes, Agarwal, et  al.,  2018); whereas no significant association 
could be found between homologous recombinational repair genes 
BRCA1 and BRCA2 promoter methylation and male factor infertility 
(Kabartan et al., 2019).

ERCC2, which is the main component of TFIIH, recog-
nises and verifies the DNA damage in NER pathway (Vashisht & 
Wohlschlegel, 2019). ERCC2 polymorphism (A > C, rs13181, p.Ly-
s751Gln) has been found to be associated with idiopathic male in-
fertility in some studies (Gu et al., 2007; Singh et al., 2019a), while 
other studies have not found this association (Ji et al., 2008). The 
XPD 751Gln allele has been implicated to be a risk factor for id-
iopathic azoospermia (Gu et  al.,  2007; Singh et  al.,  2019a). We 
did not find a significant association between ERCC2 promoter 
methylation and idiopathic male infertility (p = .2271). We found a 
significant positive correlation of ERCC2 methylation with XRCC1 
methylation, which may result from the involvement of XRCC1 to 
NER pathway as well as BER pathway. According to ROC curve 
analysis, ERCC2 methylation is not a prognostic factor for male 
infertility, specifically for OAT. On the other hand, the smoking 
status has not been found to be associated with the promoter 
methylation of ERCC2 (p > .05).

F I G U R E  1  Sensitivity and specificity of the ROC curve analysis 
for SDF. AUC, area under the ROC curve

F I G U R E  2  Sensitivity and specificity of the ROC curve analysis 
for DNA methylation status of XRCC1. AUC, area under the ROC 
curve
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It is important to emphasise that this study has some limitations 
including the relatively small sample size and semi-quantitative na-
ture of the detection of the methylation status. Additionally, our 
study involved only two genes playing important roles in the BER 
and NER pathways; however, these pathways include numerous 
genes. Investigating more genes involved in these pathways may be 
more informative about the role and importance of these genes in 
DNA damage and/or male infertility.

In conclusion, our results show that the methylation pattern of 
XRCC1 may have a role in the quality of spermatozoa, chromatin con-
densation and idiopathic OAT. To find out the possible role of ERCC2 
promoter methylation in DNA fragmentation and/or male infertil-
ity, large sample cohorts and the investigation of other promoters 
belonging to 14 transcripts of ERCC2 with a total of 15 transcript 
variants are required to reveal the possible role of the promoter 
methylation of ERCC2. Further studies investigating more genes in-
volved in BER and NER pathways and all putative promoters belong-
ing to the studied genes are warranted to understand the molecular 
mechanisms of idiopathic OAT and SDF.
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