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Global methylation status of sperm DNA in carriers
of chromosome structural aberrations

Marta Olszewska', Miroslawa Z Barciszewska?, Monika Fraczek', Nataliya Huleyuk’”,
Vyacheslav B Chernykh**, Danuta Zastavna’, Jan Barciszewski?, Maciej Kurpisz'

Male infertility might be clearly associated with aberrant DNA methylation patterns in human spermatozoa. An association between
oxidative stress and the global methylation status of the sperm genome has also been suggested. The aim of the present study
was to determine whether the global sperm DNA methylation status was affected in the spermatozoa of carriers of chromosome
structural aberrations. The relationships between the 5-methylcytosine (m°C) levels in spermatozoa and chromatin integrity status
were evaluated. The study patients comprised male carriers of chromosome structural aberrations with reproductive failure (n = 24),
and the controls comprised normozoospermic sperm volunteers (n = 23). The global m°C level was measured using thin-layer
chromatography (TLC) and immunofluorescence (IF) techniques. The sperm chromatin integrity was assessed using aniline blue (AB)
staining and TUNEL assay. The mean m°C levels were similar between the investigated chromosome structural aberrations carriers (P)
and controls (K). However, sperm chromatin integrity tests revealed significantly higher values in chromosomal rearrangement
carriers than in controls (P < 0.05). Although the potential relationship between sperm chromatin integrity status and sperm
DNA fragmentation and the m®C level juxtaposed in both analyzed groups (P vs K) was represented in a clearly opposite manner,
the low chromatin integrity might be associated with the high hypomethylation status of the sperm DNA observed in carriers of

chromosome structural aberrations.
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INTRODUCTION

The symmetric methylation of 5cytosine (m°C) in CpG islands is one
of the mechanisms involved in the regulation of gene expression. DNA
methylation is widely regarded as the most stable epigenetic marker and
one of the most informative markers for explaining patterns of gene
expression, cell differentiation, and phenotype. Cytosine methylation
influences chromatin configuration via histone modification and
determines genome-wide DNA methylation patterns, which play a
crucial role in gametic imprinting, gene silencing, chromosome X
inactivation, and protein conformation changes."” Developmental
disturbances might occur in newly formed embryos, reflecting the
lack of the activation of genes crucial for normal development and
associated with disturbances in proper methylation and demethylation
events in gametogenic cells.*” In addition, immature gametes without
fully established methylation patterns can be used for fertilization in
assisted reproductive technologies (ARTs). Thus, a basic knowledge
concerning the mechanisms and meaning of the gametic epigenome
disturbances is important because of the current relatively high
frequency of ART-assisted births (approximately, 1%-3% of all
live-births).>¢8

Male infertility might clearly be associated with the aberrant DNA
methylation pattern in human spermatozoa previously confirmed through
DNA methylation analyses of selected imprinted or nonimprinted
genes.”'* Changes in the methylation patterns were documented for males
with decreased semen parameters (i.e., DAZL, H19, NFT3, MT1A, PAXS,
and PLAGLI)'""*" and for infertile men with disturbed protamine
ratios (LIT1, SNRPN, MEST, ZAC, and PEG3).1°

There are other experimental approaches concerning the
status of global DNA methylation. To our knowledge, the global
methylation analysis of sperm DNA has only been described in
eight studies.'”"* The methodology used for the evaluation of global
sperm DNA methylation has been limited to a few techniques, most
often based on immunofluorescent or colorimetric measurements,
followed by microscopic validation or flow cytometry.”7-2"** Only
two studies have described methods based on chromatographic
measurement, i.e., ultra-performance liquid chromatography/tandem
mass spectrometry (UPLC-MS/MS) or high-performance liquid
chromatography (HPLC).?>*

The global methylation status of sperm DNA was also analyzed
with respect to sperm apoptosis,'”'**"** abnormal P1/P2 ratio,"” IVE'"'®
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and male aging.” Based on the results of previous studies, there is a
visible relationship between the global m°C level, sperm quality or IVF
outcome, and age of male patient. Thus, it is highly desired to obtain an
analysis of various sperm features not only regarding genomic structure
but also considering epigenetic changes.

The purpose of the present study was to determine the global
DNA methylation level in the spermatozoa of carriers of chromosome
structural aberrations. In addition, correlations between the level
of global sperm DNA methylation and the sperm chromatin
integrity (chromatin deprotamination and sperm DNA fragmentation)
were performed. To our knowledge, this study is the first to analyze the
methylation status in spermatozoa from a group of infertile males with
chromosomal rearrangements. Moreover, this study demonstrated the
first application of the TLC method for the examination of the global
methylation levels in human sperm cells.

MATERIALS AND METHODS

The study group included patients (P) with reproductive failures,
comprising 24 men, 26-37 years of age (mean age: 30.7), and
harboring chromosome structural aberrations including 15 reciprocal
chromosome translocations (RCTs), 4 Robertsonian translocations,
2 complex chromosome rearrangements (CCRs), and 3 pericentric
inversions. The karyotyping of all studied patients was performed using
a classical GTG staining method (Giemsa solution; Merck, Darmstadt,
Germany). The characteristics of the men in the study group,
including reproductive history and semen parameters, are presented
in Supplementary Table 1. The karyotypes of all female partners were
normal (46,XX). The control group (K) comprised 23 healthy males,
aged 25-33 years (mean: 28.5), with normozoospermia (according to
the WHO criteria, 1999; Supplementary Table 2).* All men (P and K)
were carefully selected to have nonsmoking habits or no stimulants/
drug use. Ejaculated sperm samples from all enrolled men were
collected after 3-5 days of sexual abstinence. After liquefaction and
washing in F-10 medium, the sperm samples were analyzed according
to the WHO criteria for seminological evaluation (concentration,
volume, motility, and morphology). Next, the semen samples were
fixed in fresh fixative solution (methanol: glacial acetic acid, 3:1 v/v,
—20°C) and stored at —20°C until further use. All men were notified of
the purpose of the planned research, and written consent was obtained
according to the guidelines of the Local Bioethical Committee at the
Poznan University of Medical Sciences.

Sperm chromatin integrity

Chromatin immaturity

The chromatin status was evaluated using aniline blue (AB) staining as
previously described.? Briefly, aniline blue binds to lysine residues (in
histones), resulting in dark blue staining for the determination of the
protamine: histone proportions. Subsequently, three subpopulations
of spermatozoa can be visualized as pink, normal sperm cells with a
proper protamine: histone ratio; purple-pink, semi-deprotaminated
spermatozoa with a disturbed protamine: histone ratio; and dark
blue, deprotaminated sperm cells with a high proportion of the
remaining histones (lysine rich). In each examined case (P: n = 24;
K: n = 23), at least 1500 spermatozoa were assessed using a light
microscope (Olympus BX41, Tokyo, Japan; 100x oil immersion
objective).

DNA fragmentation

Sperm DNA fragmentation was evaluated using the TUNEL
assay (Flow TACS Apoptosis Detection Kit, R&D Systems, Minneapolis,
MN, USA) as previously described.” The principle of the assay was to
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identify spermatozoa with fragmented DNA-based complex formation
between the biotinylated DNA fragments and streptavidin-conjugated
fluorescein (FITC) in the presence of terminal deoxynucleotidyl
transferase (TdT). After the reaction, two population of sperm cells
were counted: fluorescently (light green) labeled TUNEL-positive
cells (fragmented DNA) and TUNEL-negative (nonfragmented
DNA) labeled only with DAPI (blue). In each case (P: n = 24; K:
n = 23), at least 1100 sperm cells were analyzed using a fluorescent
microscope (Olympus BX41, equipped with 100x oil immersion
objective and FITC/DAPI filters).

Global methylation analysis

Sperm DNA extraction

For sperm DNA extraction, only samples (P: n = 9; K: n = 14) without
other contaminating cells were selected using a phase contrast
microscope (Olympus BX41, x200 magnification). Sperm DNA was
extracted using a Maxwell 16° (Promega Corp., Madison, W1, USA)
automated instrument for DNA extraction (for the simultaneous
extraction of up to 16 samples) using a DNA IQ™ Casework Pro
Kit (Promega), according to the manufacturer’s instructions and the
pretreated samples. Briefly, the fixed sperm samples (methanol: acetic
acid, 3:1 v/v, =20°C) were washed twice in 1 x PBS (pH 7.4, Biomed,
Lublin, Poland) to remove the fixative solution. Approximately, 2 x 10°
sperm cells from each sample were resuspended in 150 ul of 1 x PBS
and subsequently used for extraction. Each sample was incubated
with 20 ul of Proteinase K (Qiagen GmbH, Hilden, Germany) for
2 h at 56°C with brief vortexing every 30 min. Next, 400 pl of lysis
buffer (Promega) and 5 ul of I MDTT (Merck, Darmstadt, Germany)
were added to the samples, followed by mixing and incubation for
15 min at 56°C. Subsequently, the pretreated samples were transferred
to the kit cartridges for DNA extraction. The DNA extraction
was performed using a Maxwell 16° instrument with “Forensic”
and LEV (low extraction volume) software options (30 min). The
purified sperm DNA was subsequently dissolved in distilled sterile
nuclease-free water, and the concentration was assessed using a
NanoDrop® Spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, USA).

Enzymatic hydrolysis of the DNA and deoxynucleotides labeling
using P

Approximately, 1-3 pg of the DNA sample was resuspended in a
solution containing 20 mM sodium succinate buffer, pH 6.0, with
10 mM CaCl,. The following enzymes were added to the buffer: 0.02 U
Micrococcus nuclease (MN; Sigma-Aldrich, St. Louis, MO, USA) and
0.001 U spleen phosphodiesterase (SPD, Sigma-Aldrich). The mixture
was subsequently incubated for 5 h at 37°C. A hydrolysate of the
DNA containing 3’ deoxynucleoside monophosphates (dNp) was
applied for labeling. Next, 3 ul of bicine buffer, pH 9.8 (20 mM bicine,
10 mM MgClZ, 10 mM DTT, 1 mM spermidine; Merck, Darmstadt,
Germany), 400 pM ATP, 2 U polynucleotide kinase and 1 uCi [y-**P]
ATP were added to the mixture. The mixture was incubated at 37°C
for 30 min. Next, radioactive nucleoside-3,5’-diphosphates ([**P] Np)
were hydrolyzed using nuclease P1 (0.2 ug diluted in 0.5 M ammonium
acetate buffer, pH 4.0, 30 min, 37°C) to delete the 3’-phosphate group.

Separation and analysis of the chromatography products

For the analysis of the modified deoxynucleotides in a sample, thin-layer
chromatography (TLC) was used. The separation and identification
of [**P] dN were performed on cellulose-covered plates (10 cm x 20 cmy;
Merck) using a mixture of diluents such as (i) first direction (20 cm):
isobutyric acid/ammonium/water (66/1/17) and (ii) second direction:




0.1 mmol I"' sodium phosphate buffer, pH 6.8/ammonium sulfate/
propanol-1 (100 ml/60 g/1.5 ml). After resolution, the plates were dried.
The chromatographic images were analyzed through mapping using
a PhosphorImager Typhoon laser scanner (Molecular Dynamics; GE
Healthcare, Sunnyvale, CA, USA) equipped with a FLA-5100 Fluoro
Image Analyzer and Multi-Gauge 3.0 software (FujiFilm, Tokyo, Japan).
For the quantitative evaluation of m°C, the quantity of m°C decay
products (C and T) was assessed. The intensity of individual nucleotide
spots was estimated. Quantities of m°C were calculated according to
the formula, R = [(m°dC)/(m°dC + dC + dT)] x100.

Immunofluorescent staining for DNA methylation analysis (IF)
Immunostaining was performed according to previously published
methods."®?! Slides with fixed spermatozoa were washed as following:
1xPBS(pH7.4),1xPBST (1 x PBS +0.5% Triton X-100, Sigma- Aldrich),
1 x PBST, and 1 x PBS for 5 min each. To facilitate the access of
methylated DNA, the sperm DNA was incubated and decondensed in 25
mmol 1™ DTT/1 M Tris-HCI (pH 9.5) for 20 min. After double washing
in 1 x PBST (5 min) and denaturing in 6N HCI (15 min), followed by
incubation in 1 M Tris-HCI (pH 9.0, 15 min), the sperm DNA was
subsequently blocked with 1% BSA/1 x PBST for 30 min. The slides were
further incubated with primary mouse anti-5-methylcytosine (33D3)
antibody (Sigma-Aldrich) diluted 1:200 for 60 min in a humidified
chamber, followed by incubation with secondary goat anti-mouse
IgG (whole molecule)-FITC antibody (Sigma-Aldrich) diluted 1:400
for 30 min. Next, the slides were washed 3 times with 1 x PBST for
5 min each (light-proof chamber) and 20 pl of DAPI/antifade was
applied (MetaSystems, Altlussheim, Germany). A negative control
was used in the experiment (no primary antibody incubation). All
proceedings were performed at room temperature. The analysis of
immunofluorescence was performed within 20 min using an Olympus
BX41 fluorescence microscope equipped with an adequate filter
set (DAPI/FITC/Triple) and a 100x oil immersion objective. To avoid
fading of the fluorescence staining, each field of view was exposed to a
fluorescent light for no longer than 3 s. In each experiment (P: n = 24; K:
n=20), atleast 200 spermatozoa were documented (ISIS, MetaSystems)
and evaluated using Image]J software (version 1.48; NIH, Bethesda, MD,
USA). The intensity of fluorescence (cell fluorescence, CF; arbitrary units,
a.u.) was calculated in each case, including the integrated density, area
of the sperm cell, and mean fluorescence of the background (measured
in 5 areas near the spermatozoa).

Statistical analysis

All tests were performed considering a significance cut-off level at
0.=0.05. The normal distribution of obtained results was examined using
the Shapiro-Wilk method with log transformation. All obtained results
revealed a normal distribution pattern (P> 0.05; range: 0.051-0.920) in
both groups of investigated men (P and K), suggesting that the proper
statistical methods were used for further significance delineation.

The statistical significance between the individual values and
the mean frequencies of sperm seminological parameters, sperm
DNA fragmentation, chromatin immaturity, and DNA methylation
status were assessed using an unpaired two-tailed t-test. In addition,
linear regression analyses among the values for the DNA methylation
status versus seminological parameters and chromatin integrity were
performed. For all statistical evaluations, Origin (v. 8.1, OriginLab,
Northampton, MA, USA) and the Analyse-it Method Evaluation for
Microsoft Excel (v. 3.70, Analyse-it Software, Ltd., UK) were applied.

RESULTS

The seminological analysis of a group of males with reproductive
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failures (P) revealed normozoospermia in 11 individuals,
while in 13 other patients, the sperm quality parameters were
decreased (Supplementary Table 1). Statistical boxes showing the
range, median, and mean of the values obtained in each studied
category are presented in Figure la. Statistical significance between
both studied groups of males was observed after comparing the
sperm concentration (P = 0.0025) and total sperm count in the semen
samples (P =0.0055). The mean P seminological values were markedly
lower than the K values and showed increased heterogeneity. Statistical
significance was observed for the sperm motility (a + b: P <0.0001; c:
P =0.0291; d: P=0.0001) and sperm morphology (P = 0.0408). The
sperm motility was significantly better in control individuals while the
sperm morphology was better in the patient group.

Sperm chromatin integrity

Chromatin immaturity

The results of AB staining showed that the mean frequency of
spermatozoa with deprotaminated chromatin obtained for the analyzed
group of patients (P) was 31.90 + 14.72% (range: 13.48%-66.29%) was
significantly higher (P = 0.0106) compared with the mean control
value (K) 21.02 + 13.21% (range: 7.65%-53.50%) (Tables 1 and 2,
Figure 1b).

No correlations (P > 0.05) were observed in both groups of males
when collating global chromatin deprotamination status versus sperm
concentration (P: r = —0.3114; K: r = 0.1031), total sperm count
(P: r =-0.1459; K: r = —0.0504), sperm morphology (P: r = —0.2161;
K: r = 0.0041), and sperm progressive motility (a + b; P: r = —0.2328;
K: r=0.0667). When examining sperm immotility (type d), statistical
significance was observed in the control group (K: r = 0.4464,
P =0.0327). No such association was observed in the P group
(P: 7= 0.4271, P = 0.4732).

DNA fragmentation

The results of the TUNEL assay (Tables 1 and 2, Figure 1b) showed
that the mean frequency of sperm DNA fragmentation in the patient
group (P) was 15.39 + 10.08% (range: 2.56%-34.16%), and this value
was statistically higher (P = 0.0005) compared with the mean K value
7.09 + 3.54% (range: 2.50%-13.58%).

A positive correlation between the sperm chromatin
deprotamination status and the sperm DNA fragmentation was
observed in both groups of males (r = 0.5445, P = 0.0059 for P,
r=0.6260, P = 0.0010 for K), indicating a potential link between the
two parameters for chromatin integrity status (Figure 2b).

No correlations (P > 0.05) were observed in both groups of males
when collating the sperm DNA fragmentation level versus the sperm
concentration (P: r = —0.0727; K: r = —0.0064), total sperm count
(P: r = —0.0898; K: r = 0.0011), sperm progressive motility (a + b;
P: r = -0.0284; K: r = —0.1245), sperm immotility (d; P: r = 0.4084;
K: r=0.3723), and sperm morphology (P: r = 0.1114; K: r = —0.1742).

Global methylation of sperm DNA

To quantify the global m°C level in the sperm DNA, TLC and IF
methods were used. Using TLC technique, the results obtained for
the patient group (P) showed an R coeflicient of 0.47 + 0.37 (range:
0.09-1.29), similar for the controls (K) 0.47 + 0.34 (range: 0.13-1.31;
P = 0.9640; Tables 1 and 2, Figure 1c). Using IF method, the mean
control CF result was 17.17 + 3.09 a.u. (Table 2), and this value was
statistically lower (P = 0.0378; Figure 1c) than the primary result
obtained for patients (P: 19.60 £ 4.20 a.u.; Table 1). In addition, the
results of both methods (TLC and IF) validated each other (r=0.9326,
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Figure 1: Statistical boxes showing the range (s.d.), median and mean (black square) of the values observed in each performed category of examinations;
(a) semen parameters: concentration, total count, motility (a: rapid progressive, b: slow or sluggish progressive, c: nonprogressive, and d: immotile), and
morphology; according to the WHO guidelines (1999);?° (b) sperm chromatin integrity: DNA fragmentation and chromatin deprotamination; (c) global m°C
level in spermatozoa. The blue color represents Patients (carriers of chromosome structural aberrations with reproductive failures), while the red color
corresponds to the Control group (healthy males with normozoospermia). A value of P < 0.05 indicates a statistically significant difference.

P=0.0002 for P, 7=0.9301, P < 0.0001 for K; Figure 2a) and facilitated
the interpretation of the obtained results.

An interesting phenomenon was observed from the analysis of the
relationship between the parameters of the sperm chromatin status
and global sperm methylation (Figure 2¢ and 2d), and contrasting
results were obtained for patients with chromosomal rearrangements
versus controls (K). Thus, the analysis of the correlation between the
global m°C level and chromatin deprotamination status showed a
positive correlation in the control group (K: r = 0.6520, P = 0.0110),
and a negative association in the patient group (P: r = —0.4580,
P = 0.2150) (Figure 2c). Similar observations were obtained after
analyzing the correlation between the global m°C level and the sperm
DNA fragmentation (Figure 2d).

No correlations (P > 0.05) were observed in either group of males
studied when collating the global me°C levels, measured using both
TLC and IF techniques versus all sperm parameters. Representative
images of the staining results are presented in Figure 3.

DISCUSSION

To our knowledge, this study is the first to demonstrate the global
methylation of sperm DNA from males with chromosome structural
rearrangements. Moreover, this study also demonstrated the first
application of TLC method for the measurement of the global me*C
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levels of DNA in human spermatozoa. The results showed that TLC
is a good, cheap, and rapid technique for global m°C evaluation.
These findings also support the data obtained from previous studies
concerning TLC application for the successful measurement of
methylation status in different tissue types from patients with a
variety of diseases (breast, brain, and colon cancers and blood
hypertension).?-!

Similar mean levels of me*C observed in both groups of males
(P vs K) might reflect the fact that the majority of methylation in
the genome occurs in areas outside of CpG islands such as repetitive
elements and noncoding and nonregulatory regions.”** However, it
cannot be excluded that the presence of rearranged chromosomes
plays an important but indirect role in establishing sperm epigenomic
regulation.

The sperm cell is a final product of male spermatogenesis, in which
the complexity in cell divisions (mitotic and meiotic) generates a unique
haploid cell type with dramatically changed chromatin packaging
resulting from the replacement of approximately 85%-90% of the
histones with protamines (P1 and P2).>*** A disruption in expression
observed at a proportion of P1:P2, describing the ratio of protamines
to the remaining histones, has been implicated in male fertility as a
reduction in sperm quality and the induction of sperm DNA damage,
leading to the breakdown of embryo implantation.’>-
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Figure 2: Analysis of the correlations between the global me®C level and
chromatin integrity features: (a) correlation between two me°C measurement
methods: TLC versus IF; (b) spermatozoa with deprotaminated chromatin
versus spermatozoa with fragmented DNA; (c) me®C versus spermatozoa with
deprotaminated chromatin; (d) me®C versus fragmented DNA. “P” indicates
Patients, while “K” corresponds to the Control. A value of P< 0.05 indicates
a statistically significant difference.

Sperm DNA damage can be inflicted (among others) through an
oxidative cascade initiated via reactive oxygen species (ROS) directed
to unresolved DNA strands. The presence of strand breaks might also
result from the remodeling of sperm chromatin during spermiogenesis
when high torsion tensions occur.**** Such tensions might also
accompany chromosomal rearrangements and promote the opening
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Figure 3: Representative images of the staining results for spermatozoa. The bar
represents 5 um. (a) aniline blue staining of three populations of spermatozoa:
b: deprotaminated, c: semi-deprotaminated and d: normal, with a proper
protamine: histone ratio; light microscopy, x1000 magnification; (b) TUNEL
assay involving the two populations of spermatozoa: light-green (with
fragmented DNA) and blue (only DAPI as a counterstain, without DNA
fragmentation); fluorescent microscopy, x1000 magnification; (¢) examples
of the two-dimensional thin-layer cellulose chromatography (TLC) analysis
of [5'3?P]-labeled deoxynucleotides obtained after the enzymatic hydrolysis
of DNA. dNp — deoxynucleoside monophosphates: A: adenine; C: cytosine;
G: guanine; T: thymine and m°C: 5-methylcytosine. Three different values
for the R coefficient are presented; (d) example of the immunofluorescent
staining (IF) of spermatozoa. Left panel: merged DAPI and FITC channels;
right panel: FITC panel with cell fluorescence (CF) values calculated for five
spermatozoa; fluorescent microscopy, x1000 magnification.

of sperm chromatin prone to apoptosis, leading to a decrease in sperm
quality. In the present and previous studies,* we observed a decrease
of chromatin stability in men with chromosomal rearrangements,
expressed as both increased sperm DNA fragmentation (2.17x and 2.5x,
respectively: present and previous study, P < 0.05) and a significantly
increased frequency of deprotaminated spermatozoa (1.52x and 1.97x,
P < 0.05). Thus, we hypothesized that chromosome rearrangements
not only lead to the disruption of meiotic segregation but also induce
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Table 1: Results of sperm DNA analysis obtained from a group of 24 patients comprising carriers of chromosome structural aberrations: the data
for sperm DNA fragmentation (TUNEL), sperm chromatin deprotamination (AB), and global sperm DNA m°C level (TLC, IF) are presented

Case signature TUNEL assay (percentage of

AB (percentage of deprotaminated spermatozoa)

Global DNA methylation

spermatozoa with fragmented DNA) status — m°C
a=b+c b c d TLC (R coefficient) IF (CF a.u.)
P40 t(1;7) 3.33 15.50 9.69 5.81 84.50 - 35.59
P19 t(1;11) 24.22 23.73 14.41 9.32 76.27 0.52 18.77
P2 t(2;8) 18.77 28.52 16.13 12.39 71.48 - 16.48
P3 t(2;10) 33.52 66.29 41.00 25.29 33.71 0.28 17.58
P1 t(4;10) 5.88 36.48 16.48 20.00 63.52 - 19.64
P41 t(4;13) 10.48 34.40 16.51 17.89 65.60 - 20.51
P7 t(6;14) 19.23 25.37 18.81 6.56 74.63 - 16.89
P13 t(7;10) 5.60 25.10 15.56 9.54 74.90 - 21.78
P20 t(7;15) 23.54 66.05 46.45 19.60 33.95 0.13 17.24
P8 t(7;18) 5.46 45.58 27.58 18.00 54.42 0.73 18.49
P21 t(8;9) 22.15 28.21 20.84 7.37 71.79 0.53 19.69
P31 t(8;9) 25.42 53.33 28.89 24.44 46.67 - 16.16
P39 t(8;21) 16.50 30.69 23.98 6.71 69.31 - 19.61
P22 t(11;18) 4.78 28.14 16.29 11.85 71.86 - 25.40
P14 t(15;17) 2.95 14.64 6.00 8.64 85.36 1.29 21.69
P26 der(13;15) 34.16 30.12 15.37 14.75 69.88 - 15.93
P27 der(13;15) 18.09 28.57 9.36 19.21 71.43 - 18.38
p28 der(13;14) 7.79 27.05 14.43 12.62 72.95 - 22.01
P35 der(13;22) 18.92 48.45 30.08 18.37 51.55 - 17.20
P30 t(6;10;11) 5.43 16.47 10.05 6.42 83.53 0.33 17.63
P18 t(7;9),inv(9) 8.69 15.27 12.0 3.27 84.73 0.36 17.32
P4 inv(2) 27.44 28.30 17.80 10.50 71.70 - 16.66
P5 inv(2) 24.53 35.96 24.29 11.67 64.04 0.09 16.61
P6 inv(10) 2.56 13.48 7.86 5.62 86.52 - 23.23
Mean P+s.d. 15.39*+10.08 31.90*+14.72 19.16*+9.97 12.74*+6.27 68.10*+14.72 0.47+0.37 19.60%+4.20
Mean Kxs.d. 7.09+3.54 21.02+13.21 14.58+10.26 6.43+5.42 78.98+13.21 0.47+0.34 17.17+3.09

*P<0.05 was considered statistically significant according to the mean control value (mean K). AB: aniline blue staining; a: sum of deprotaminated; b: deprotamiated;
c: semi-deprotaminated; d: normal; TLC: thin-layer chromatography; IF: immunofluorescence; CF: cell fluorescence measured using IF; a.u.: arbitrary unit; s.d.: standard deviation;

TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; m°C: 5-methylcytosine

disruptions at the chromatin stability level, consistent with the data
obtained from previous studies.?***-** We also proposed that the
presence of chromosome aberrations might also disrupt the definitive
link between chromatin deprotamination and sperm motility observed
in the control group, as this finding was not observed in the patient
group, even when the seminal parameters (motility and morphology)
in the P group were reduced.

In the control donors (K), the number of spermatozoa with
hypermethylated genomes increased with increasing chromatin
instability (Figure 2). These results are consistent with those of Barzideh
et al.”® who revealed that in normozoospermic males (assuming
their normal karyotypes), apoptotic sperm cells were associated with
disorders of spermatogenesis, demonstrating the hypermethylation
of the genome. In addition, other authors have suggested that global
hypermethylation might be an early response to oxidative stress
mediated through an increase in DNA methyltransferase (Dnmt)
activity.*

In males with chromosomal rearrangements (P), we observed that
the global me>C level represented negative association with chromatin
deprotamination and sperm DNA fragmentation (Figure 2¢ and 2d).
Tunc and Tremellen? also reported increased hypomethylation with
decreased chromatin integrity, suggesting a potential association
between DNA damage and impaired methylation. Moreover, a
positive correlation between TUNEL and NBT results (nitroblue
tetrazolium staining to evaluate ROS production in semen) and
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therapy with antioxidants suggested that oxidative damage of the
sperm DNA might at least in part be responsible for sperm global DNA
methylation.?"*>*¢ These authors also hypothesized that spermatozoa
with hypomethylated DNA might be prone to DNA damage.?*"4>4¢
Taken together, these data suggest that oxidative stress, among the other
factors, might induce global sperm DNA demethylation, particularly
in males with rearranged chromosomes.

A strong hypothesis concerning the role of oxidative stress in
establishment of DNA methylation patterns has been presented not
only for spermatozoa but also in carcinogenesis. It has been clearly
documented that in breast, brain, and colon cancers and in patients
with blood hypertension, global DNA hypomethylation is correlated
with the severity of the disease stage.®"*" In this scenario, it is
reasonable to propose the measurement of global DNA methylation as
a potential prognostic and/or diagnostic value biomarker. Indeed, we
cannot exclude the fact that the global methylation pattern in different
abnormalities/diseases might future determinate the initial symptoms
of ailing humans. In addition, the results of the methylation analysis for
selected genes showed that the inheritance of affected DNA methylation
patterns is a likely etiological candidate for many heritable disorders
that were previously considered idiopathic.**-*!

An association between hypomethylation and genomic instability
based on the presence of chromosomal breakpoints has also been
shown in cancer research.” Studies have focused on the fact that
specified structural genomic elements (such as repetitive GC-rich



DNA Methylation and chromosome aberrations
M Olszewska et al

Table 2: Results of the sperm DNA analysis obtained from a group of 23 normal controls: the data for sperm DNA fragmentation (TUNEL), sperm
chromatin deprotamination (AB) and global sperm DNA mSC level (TLC, IF) are presented

Case TUNEL assay (percentage of AB (percentage of deprotaminated spermatozoa) Global DNA methylation
signature spermatozoa with fragmented DNA) status — m°C

a=b+c c d TLC (R coefficient) IF (CF a.u.)
K5 5.32 24.90 8.30 16.60 75.10 - 17.26
K7 5.11 7.65 4.62 3.03 92.35 0.17 16.87
K8 12.73 27.58 22.09 5.49 72.42 0.37 18.99
K9 7.84 11.73 10.83 0.90 88.27 0.13 13.66
K10 4.58 7.84 6.37 1.47 92.16 0.68 18.69
K11 4.73 36.4 21.86 14.54 63.60 0.46 19.90
K13 4.65 20.71 17.85 2.86 79.29 0.21 15.15
K14 13.06 25.00 23.53 1.47 75.00 0.27 17.36
K15 5.83 18.17 13.94 4.23 81.83 0.24 17.65
K16 13.07 51.92 42.72 9.20 48.08 0.91 21.77
K17 10.71 11.78 8.77 3.01 88.22 0.65 -
K18 8.86 14.45 7.79 6.66 85.55 0.67 -
K19 7.84 26.63 9.14 17.49 73.37 0.27 -
K21 7.15 7.63 5.72 1.91 92.37 0.19 14.42
K23 13.58 53.50 35.30 18.20 46.50 1.31 25.72
K24 4.92 8.90 7.63 1.27 91.10 - 13.72
K27 3.24 15.56 10.89 4.67 84.44 - 16.54
K28 2.50 32.30 26.60 5.70 67.70 - 18.32
K29 9.37 31.55 21.84 9.71 68.45 - 19.08
K30 4.10 13.73 9.25 4.48 86.27 - 15.31
K31 2.50 11.02 3.42 7.60 88.98 - 15.92
K32 3.81 14.50 8.92 5.58 85.50 - 14.64
K33 2.60 9.96 8.05 1.91 90.04 - 12.52
Mean Kts.d. 7.09+3.54 21.02+13.21 14.58+10.26 6.43+5.42 78.98+13.21 0.47+0.34 17.17+3.09

AB: aniline blue staining; a: sum of deprotaminated; b: deprotamiated; c: semi-deprotaminated; d: normal; TLC: thin-layer chromatography; IF: immunofluorescence; CF: cell fluorescence
measured using IF; a.u.: arbitrary unit; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; m°C: 5-methylcytosine; s.d.: standard deviation

fragments or regions close to Alu with higher rates of recombination)
might be more sensitive to aberrant methylation incidents creating
DNA breakpoints. These factors might lead to the epigenetic
instability of the genome. Moreover, the inheritance of the affected
DNA methylation patterns could serve as a background for many
heritable disorders that were previously considered unknown.*!
The results of previous studies on spermatozoa have suggested
that the affected health of the offspring might reflect epigenetic
defects resulting from aberrant sperm DNA methylation.'*?"*%
Hypomethylation might also alter cell differentiation, and embryonic
genomic expression might reveal the disturbed synchronization
in development.” Consequently, the unique epigenetic marks in
spermatozoa might be crucial for proper mature gamete function
and the activation of specific genes during early embryonic
development.**”!8 Therefore, understanding the paternal epigenetic
“landscape,” particularly in infertile men with an abnormal karyotype,
is of paramount importance.
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Supplementary Table 2: Characteristics of semen parameters in control population group (K) of 23 healthy donors (according to the WHO

criteria, 1999)

Case Sperm parameters (according to WHO, 1999)
signature .
Volume of Sperm Total sperm Motility (%) Morphology

ejaculate (ml) concentration (x10° mi-1) count (x10°) 24b d (percentage of normal forms)
K5 2.0 210.0 420.0 68 3 29 25
K7 3.5 82.0 287.0 68 10 22 23
K8 4.5 60.6 272.7 59 5 36 10
K9 2.75 126.3 347.3 61 3 36 14
K10 2.5 120.0 300.0 69 5 26 27
K11 6.8 99.0 673.2 47 7 46 8
K13 1.5 50.3 75.37 45 6 49 11
K14 4.5 72.0 324.0 52 5 43 9
K15 3.0 87.8 263.4 54 3 43 9
K16 1.5 51.5 77.25 47 4 53 8
K17 7.2 87.5 630.0 60 4 36 11
K18 4.1 85.5 350.5 61 8 31 10
K19 2.0 87.6 175.2 51 5 44 13
K21 3.3 58.0 191.4 44 9 47 5
K23 1.8 131.0 235.8 45 5 50 23
K24 5.0 41.7 208.5 42 7 51 -
K27 2.5 63.7 159.3 56 6 38 15
K28 5.3 85.9 455.3 74 5 21 16
K29 4.5 25.0 112.5 43 10 47 -
K30 5.0 28.0 140.0 40 32 28 -
K31 4.2 72.5 304.5 70 6 24 10
K32 3.1 111.5 345.6 59 7 34 12
K33 4.0 56.0 224.0 44 17 39 11
Mean K+s.d. 3.7+1.6 82.3+40.1 285.8+153.4 54.7+10.4 7.5+6.2 38.0+9.8 13.6+5.8

s.d.: standard deviation; WHO: world health organization





