Epigenetics 7:10, 1115-1124; October 2012; © 2012 Landes Bioscience

RESEARCH PAPER

Semen samples showing an increased rate
of spermatozoa with imprinting errors have
a negligible effect in the outcome
of assisted reproduction techniques
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The topic of imprinting defects present in the sperm of infertile patients has been addressed by several reports in the last
few years. However, whether methylation abnormalities at one or few CpGs within an imprinted locus are pathological is
a matter of debate. Moreover, whether imprinting anomalies in sperm could interfere with fertility treatment outcomes
is still unknown. In this report we analyze the sperm DNA methylation profile of H19-ICR, KvDMR, SNRPN-ICR, IG-DMR
and MEG3-DMR by pyrosequencing in 107 infertile men series and a control population of 30 proven fertile males.
DNA methylation was statistically evaluated from two points of view: first, the methylation of each CpG was analyzed
in the control population and the mean, standard deviation and range were determined and compared with infertile
population data; second, in order to define altered methylation patterns for each region, a hierarchical cluster analysis
was performed by which individuals were grouped in different clusters according to the degree of similarity of their
methylation pattern. Two pieces of data supported the results obtained in the multi-variate analysis: the classification
of the vast majority of control individuals in clusters with normal methylation patterns and the significant differences in
methylation levels found between individuals within the normal and abnormal clusters. Individuals included in normal
and abnormal methylation clusters were compared according to seminal parameters as well as to the outcome of assisted

reproduction.

Introduction

Imprinting controls the expression of a gene on the basis of its
parental origin, which results in monoallelic expression. To date,
there are about 60 known imprinted genes in the human genome
(htep://igc.otago.ac.nz/home.html) grouped in clusters distrib-
uted in different autosomes.! The differences in expression of
these genes are controlled by epigenetic modifications. Imprinted
genes play an important role in embryo, extra-embryonic tissues
and neurological development. Thus, the allele-specific epigen-
etic marks that control the expression pattern of these genes are
loci-specific and established in the male and female germline to
allow proper development from early stages of embryogenesis.
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In particular, allele-specific DNA methylation is established at
germline differentially methylated regions (DMR) in the adult
spermatogonia in human males” and during oocyte maturation
in human females.>* These germline DMRs act as imprinting
control regions (ICR), regulating, in cis, the monoallelic expres-
sion of the different imprinted genes within a cluster.

DNA methylation is subject to alterations that could be
caused by genetic factors (variations in the DNA sequence of
factors involved in the methylation establishment or mainte-
nance),’” intrauterine environment,® toxin exposure,” hormone
treatment'®"!
of imprinting errors in newborns to the application of assisted
reproduction techniques (ART). Epidemiological data showed a

and diet.!” Some authors have related the presence
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Table 1. Methylation means (MM) and number of equivalent CpG for
each region in the control population

Loci Analyzed CpGs MM (%) Equivalent CpG
H19-ICR 13 88.49 7/13 (53.8%)
KVDMR 21 0.99 11/21 (52.4%)

SNRPN-ICR 20 1.03 16/20 (80%)
1G-DMR 5 78.95 2/5 (40%)
MEG3-DMR 21 1.18 11/21 (52.4%)

moderate increase of the risk of syndromes caused by imprint-
ing abnormalities in the assisted reproduction population.'*"
In these reports, the imprinting defect corresponds to loss of
methylation (LOM) in the maternal allele, indicating a possi-
ble deleterious effect of ovarian stimulation or embryo in vitro
culture on methylation establishment in the female germline
or its maintenance at early stages of development. Even though
the reported epidemiological data lead one to consider mater-
nal methylation defects exclusively, a relationship between male
infertility and imprinting abnormalities in the sperm has also
been described.’®¢ Since paternal imprinted genes mainly con-
tribute to extra-embryonic tissue development, it is not discarded
that loss of imprinting (LOI) at paternal methylated loci could
cause phenotypes that prevent placenta development or could
cause intrauterine growth retardation (IUGR). IUGR has been
described as being associated with imprinting defects® and also
related to assisted reproduction.”

In this study we have analyzed the DNA methylation profile
of the two ICR of 11p15.5 (H19-ICR and KvDMR), the ICR of
15q11-q13 (SNRPN-ICR), the IG-DMR and MEG3-DMR of
14g32.2 in human sperm of infertile men after establishing a ref-
erence threshold of normal methylation status in a proven fertile
male population by pyrosequencing. KvDMR and SNRPN-ICR
were included in our study in order to identify possible errors
in imprinting erasure of maternal imprinting DMRs. MEG3-
DMR corresponds to a secondary or somatic paternal imprinted
DMR and it was included to confirm that paternal imprinting
is also erased during imprinting reprogramming in the male
germline.

The analysis of a control population is crucial to identify
abnormal methylation patterns considered as being pathological.
Furthermore, with the aim of achieving a detailed correlation
between imprinting abnormalities and male infertility, infertile
patients were further divided into several sub-groups according
to sperm concentration, mobility and morphology. To identify
possible interferences with the assisted reproduction treatment
outcome, sperm methylation results were correlated with the rate
of fertilization, embryo development, pregnancy, abortion and
birth, as well as with embryo quality and birth weight.

Results

CpG to CpG analysis. Beginning with the values obtained in the
control population for each CpG analyzed, a range of reference
methylation was calculated, using the value of the mean + 2 SD

(Tables S1-5).
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The mean and 95% confidence interval (CI 95%) methyla-
tion in the H19-ICR and IG-DMR populations was established
at 88.49% (78.16-98.82) and 78.95% (61.70-95.24), respec-
tively, while KvDMR, SNRPN-ICR and MEG3-DMR were
0.99% (0.10-1.89), 1.03% (0.26—1.86) and 1.18% (0.26-2.13),
respectively (Table 1). Furthermore, within a region, only specific
CpGs presented equivalent values. In this sense, the SNRPN-
ICR region was showed the most uniform results, with 80% of
CpG with equivalent values. In the remaining regions analyzed,
the results were grouped between 40% and 53.8% (Table 1).

In order to analyze the results of methylation obtained in the
infertile population, all CpGs that had methylation values out-
side of the reference range established for the control population
were identified. The percentage of infertile individuals showing
at least one CpG with methylation values outside of the range
of normality obtained from the control series was 40.1% for
IG-DMR, 55.1% for SNRPN-ICR, 63.5% for H19-ICR, 78.5%
for KDMR and 94.4% for MEG3-DMR (Fig. 1). The major-
ity of individuals showed methylation anomalies in at least 20%
of the CpGs and, as the percent of altered CpGs increased, the
number of affected individuals decreased significantly (Fig. 1).

Analysis of the methylation pattern. Starting from the meth-
ylation values obtained for each CpG in the series of control and
infertile individuals, a multi-variate analysis was performed.
From this analysis, a dendrogram was obtained per region where
the relationships of proximity between individuals were repre-
sented by means of clusters. Four individuals (95, 24, 97 and
107) were excluded from the clusters analysis due to showing a
very different behavior from the rest. Individual 95 presented a
mean methylation of 9.30% (CI 95%, 6.20-12.00) in H19-ICR
and individual 24 presented a mean methylation of 38.6% (CI
95%, 16.53—60.67) in IG-DMR. Cases 97 and 107 were con-
sidered outliers due to presenting very low methylation values in
CpGl in locus IG-DMR (13% and 41%, respectively). Table 2
summarizes the results obtained in the grouping of the individu-
als in clusters.

In the five loci analyzed, the mean methylation in individuals
from the normal and altered clusters showed significant differ-
ences (p < 0.05). This analysis permitted the establishment of
a methylation mean (MM) of normal and altered clusters and
a confidence interval of 95%. Beginning with the 95% CI for
each region, a range was established based on which a MM could
be considered within the range of normality or abnormality
(Table 3).

The number of individuals with genetic imprinting anomalies
per region was noticeably inferior to the percent observed in the
CpG to CpG analysis (Table 2). Overall, a total of 91 infertile
individuals (91/107; 85%) and three control individuals (3/30;
10%) presented altered methylation patterns at least in one of
the regions analyzed. It is important to highlight that specific
individuals presented methylation anomalies in more than one
region. In this sense, one control individual (1/30; 3.3%) and
34 infertile individuals (34/107; 31.8%) presented hypermeth-
ylation anomalies in regions that normally do not show meth-
ylation in spermatozoa and hypomethylation in regions where
methylation is normally established. Of these latter ones, three
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Figure 1. Percentage of infertile individuals showing abnormal methylation values at every single locus. The total percentage of infertile cases with
abnormal methylation is broken down according to the percentage of altered CpG. Red, 1% to 19% of abnormal CpG; green, 20% to 39% of abnormal
CpG; lilac, 40% to 59% of abnormal CpG; blue, 60% to 79% of abnormal CpG; orange, 80% to 99% of abnormal CpG; gray, 100% of abnormal CpG.

infertile individuals (3/34; 8.8%) showed alterations in four or
more of the six analyzed regions. In one control individual (1/30;
3.3%) and 44 infertile individuals (44/107; 41.1%) alterations
were identified in regions associated with anomalies of meth-
ylation erasure (KvDMR, SNRPN-ICR and MEG3-DMR). Of
these, five infertile individuals (5/44; 11.4%) showed alterations
in the three regions. Lastly, one control individual (1/30; 3.3%)
and 13 infertile individuals (13/107; 12.1%) presented a hypo-
methylation pattern in regions where methylation is established.
Of these 13, two infertile individuals (2/13; 15.4%) showed
alterations in the two regions that were analyzed with paternal-
specific methylation (H19-ICR and IG-DMR).

Relationship between methylation, seminal parameters
and age of individuals. A Chi-square test (x?) to establish the
relation between methylation patterns and sperm analysis com-
ponents was performed. Despite the fact that the different devia-
tions from the reference range for each parameter were found
represented in the clusters with normal and altered methylation
levels, significant associations were found between the N com-
ponent and normal methylation patterns in H19-ICR, KvDMR,
SNRPN-ICR and MEG3-DMR. Component O showed associa-
tions with altered methylation patterns in SNRPN-ICR. Finally,
altered methylation patterns were associated with component T
in H19-ICR, SNRPN-ICR and MEG3-DMR.

In four of the five loci analyzed (H19-ICR, KvDMR, SNRPN-
ICR and IG-DMR), the mean age of the individuals in the nor-
mal and altered clusters did not show significant differences
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Table 2. Results of the multi-variate analysis

Cluster 1 Cluster 2 Cluster 3
Loci Variable
C | C 1 C 1
N 30 79 0 16 0 1
H19-ICR
MM+SD (%) 88+69  94.16+5.26 80+10.7
N 29 79 1 16 0 12
KvDMR
MM +SD (%) 1.07+1.08 2.58+2.63 2.06+1.82
SNRPN- N 26 67 4 22 0 18
ICR MM +SD (%) 095+1.08 232+197  8.12+5.26
N 28 55 0 12 2 37
IG-DMR
MM +SD (%) 78+12.84 8595+11.34 74.81+ 15.89
MEG3- N 28 52 2 55
DMR MM +SD (%) 1.21+0.89 2.03+2.54

N, total number of individuals; C, control; |, infertile; MM, methylation
mean; SD, standard deviation. Abnormal clusters are bolded.

(p > 0.05). On the contrary, age differed significantly among
patients classified in the normal and abnormal clusters for the
MEG3-DMR locus (p = 0.013). Moreover, we observed a posi-
tive correlation between age and presence of abnormal methyla-
tion at KWDMR (p = 0.0009) and MEG3-DMR (p = 0.0001).
Relationship between methylation patterns and assisted
reproduction outcomes. No significant differences were observed
for the parameters analyzed with the exception of indicators of
embryo quality, which showed differences when comparing
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Table 3. Variables that determine the differences between the normal and abnormal clusters

Loci MMNC MMAC Cl 95% range
H19-ICR 88.87 80.01 [87.3/72.6]
KvDMR 1.07 2.36 [1.4/3.2]

SNRPN-ICR 1.24 8.12 [4.7/11.5]
IG-DMR 79.79 74.85 [80.6/69.1]
MEG3-DMR 1.21 2.03 [1.3/2.7]

Range of normal methylation levels

Range of abnormal methylation levels

[100/87.3] [87.3/0]
[0/1.4] [1.4/100]
[0/4.8] [4.8/100]

[100/80.6] [80.6/0]
[0/1.3] [1.3/100]

MMNC, methylation mean of normal clusters; MMAC, methylation mean of abnormal clusters; Cl 95% range, range of methylation mean that includes

95% of individuals within abnormal clusters.

the results of individuals within the normal and altered clus-
ters. In the case of KYDMR region, a significantly higher num-
ber of type A embryos (best quality) were observed in normal
cluster compared with individuals of the abnormal cluster. On
the other hand, an increase in type A embryos was observed
in the cluster of individuals with anomalies at IG-DMR, com-
pared with individuals of the normal cluster. In both KvDMR
and SNRPN-ICR regions, individuals of the abnormal clusters
showed significantly higher numbers of embryos (poor quality),
when compared with the normal clusters (Table 4).

Discussion

Methylation analysis. Methylation analysis of the control popu-
lation permitted the establishment of a reference range of meth-
ylation values for the CpGs in the analyzed regions, to which
the values measured in the infertile population were compared.
This analysis clearly showed that, within the same region, (1)
CpGs differ in methylation levels, (2) regions regulated by
genetic imprinting do not show individual methylation mean
values equivalent to those theoretically expected and (3) the dif-
ferences vary depending on the analyzed region. Previous studies
have not analyzed a control population but have instead com-
pared the methylation results in the infertile population to the
expected theoretical values of 0% or 100%.'*"?? Our results
show the necessity of the analysis of a control population in
order to be able to discriminate between normal and anomalous
variations.

When comparing methylation values obtained in infertile
individuals to the reference methylation range established for the
specific CpGs, we found a great proportion of patients showing
at least one altered CpG among the analyzed loci. Nevertheless,
the biological significance that the presence of specific hypo- or
hypermethylated CpGs has in the overall behavior of a region
can be irrelevant if we consider that, as has been indicated in the
literature, imprinted regions do not show homogenous values of
methylation in the totality of CpGs,*® an observation that was
corroborated by the methylation values of our control popula-
tion. Additionally, a higher incidence of syndromes caused by
imprinting anomalies inherited from the paternal genome would
be expected in offspring conceived by ART if the presence of few
CpGs with abnormal methylation levels brought on alterations.
On the contrary, this increase is not observed, and the identified
syndromes have mainly been linked to imprinting alterations
inherited from the maternal genome.?
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Faced with these considerations, it was considered that not all
of the infertile individuals who showed methylation errors in at
least one CpG could be evaluated as individuals with anomalies.
The soundness of our multi-variate analysis lies in the classifica-
tion of the vast majority of control individuals in clusters with
normal methylation patterns (Table 2), and the existence of sig-
nificant differences in the methylation levels between individu-
als within the normal and abnormal clusters in the five regions
analyzed.

The grouping of individuals in normal and altered clusters
also permitted the establishment of a mean methylation range
to which the mean methylation of each analyzed region could
be compared (Table 3). This calculation was performed for each
one of the regions analyzed. As an example, an individual with
a mean methylation of 80% in H19-ICR could be considered as
an individual with an altered methylation pattern for this region
(range of normal methylation: 83.3-100%).

In terms of types of alterations, errors in the regions that do
not normally present methylation in spermatozoa and errors in
regions of paternal methylation have been identified. The erasure
of methylation originates by an active process that is indepen-
dent of DNA replication.’® The activation of the repair pathway
by the excision of bases during the period in which epigenetic
reprogramming in primordial germ cells (PGC) is produced sug-
gests that demethylation is performed by this pathway.” In this
sense, the deficient or anomalous functioning of some of the fac-
tors involved in the repair pathway by the excision of bases could
involve an insufficient deletion of the pre-existing imprinting
marks in PGC, detectable in the form of a hyper-methylation
pattern at the end of spermatogenesis. Moreover, we observe a
positive correlation between age and presence of abnormal meth-
ylation at MEG3-DMR and KvDMR. Considering that imprint-
ing is erased in PGC, i.c., during the fetal period, the correlation
between the presence of maternal-specific methylation in male
gametes and age could only be explained by a failure in the main-
tenance of those unmethylated loci. This hypothetical fact could
be due to the damage or loss of histone marks, such us H3K4
methylation, or caused by anomalies in proteins that read these
marks and contribute to the unmethylated state.

With reference to the establishment of methylation, the ade-
quate functionality of the family of DNA methyltransferases
(DNMT) as well as of other factors involved in the epigenetic
reprogramming of the masculine germinal line (such as CTCFL)
is essential for the establishment of imprinting during spermato-
genesis. Kobayashi et al.” demonstrated the existence of variants
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Table 4. Comparison of assisted reproduction treatment results between infertile patients that belong to normal and abnormal methylation pattern

clusters

H19-ICR

p value
Fertilization rate 0.5741

A embryos/total 0.2490
B embryos/total 0.8353

C embryos/total 0.2042

D embryos/total 0.5909
Development rate 0.7103
Discarded embryos/total 0.8504
Pregnancy rate/transfer 0.3183

Abortions/gestations =

Birth/informative gestation 0.8940
XX:XY proportion 1.0000
Mean of weight (mg) 0.9939
Mean of weight 1 fetus (mg) 0.8428
Mean of weight 2 fetus (mg) 0.0528

*Statistically significance (p < 0.05).

in homozygosis in the sequence of the DNMT3L co-factor,
which is necessary for the activity of the de novo DNMT3, in
individuals with methylation anomalies in spermatozoa; how-
ever, these abnormalities were not present in all of the regions
studied. The authors suggested that each of the regions present
a different vulnerability to present alterations in function of the
degree of tandem repetitions that they contain. In mice, differ-
ent studies have demonstrated that anomalies of the genes that
codify for DNMT?*% or variations in the functionality of these
proteins due to interaction with environmental factors'®35-4
produce methylation alterations in regions regulated by genetic
imprinting, causing infertile phenotypes.

On the other hand, during spermatogenesis and in stages
previous to the substitution of histones by protamines, regions
regulated by genetic imprinting are marked by specific combi-
nations of histone modifications, in which cases substitution by
protamines would not occur, indicating regions of imprinting
establishment.” Thus, the presence of histones in regions regu-
lated by genetic imprinting could yield epigenetic information
essential for the adequate functioning of spermatozoa,” and
alterations of this process could generate modifications in epigen-
etic information.

Relationship between methylation patterns and sperm
analysis components. Several studies indicate that methyla-
tion anomalies in infertile individuals in regions regulated by
genetic imprinting are directly related to the presence of oligo-
zoospermia.'®?** Furthermore, in these studies it is emphasized
that as the severity of oligozoospermia increases, the frequency
of methylation alterations increases. Nevertheless, the analysis
only mentioned that those individuals who present anomalies
in genetic imprinting are oligozoospermic, but does not specify
that they are also teratozoospermic and/or astenozoospermic in

www.landesbioscience.com
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Loci

KvDMR SNRPN-ICR IG-DMR MEG3-DMR
p value p value p value p value
0.5189 0.1282 0.2312 0.3604
0.0161* 0.1763 0.0252* 0.6589
0.3069 0.0961 0.2557 0.2143
0.8261 0.2962 0.1394 0.6006
0.0387* 0.034* 0.1366 0.4539
0.7567 0.2826 0.2387 0.5430
0.0947 0.078 0.2753 0.2713
0.8179 0.8722 0.9030 0.6409

o 0.2482 0.2482 0.2482
0.6504 0.3388 0,2286 0.3121
0.6206 0.4062 0.2673 0.1707
0.9831 0.9997 0.9894 0.9888
0.2437 0.8023 0.7769 0.1916
0.1387 = 0.7479 0.3980

many cases. Additionally, it is not indicated that typically, as one
of the sperm analysis components deteriorates, another one also
becomes worse.

In order to be exhaustive in the establishing of a relation
between methylation patterns and sperm analysis components,
each of the components was separately valued. The finality of
this separation allowed us to determine if a specific component
was preferentially linked to individuals with normal or altered
methylation patterns and in which region or regions. The results
indicated that the presence of altered methylation patterns is not
exclusively related to oligozoospermia, but that other alterations
could also be involved.

A possible nexus between methylation anomalies in regions
regulated by genetic imprinting and oligozoospermia could
reside in the meiotic blockages that would be produced in sper-
matozoa with altered methylation patterns. Recombination hot-
spots have been described in chromosomal regions regulated by
imprinting.** The presence of methylation anomalies could
cause alterations in the meiotic pairing of chromosomes, leading
to the activation of meiotic checkpoints that would stop the cells
with anomalies, reducing the final number of spermatozoa. In
terms of the relationship between methylation defects and terato-
zoospermia, a possible explanation could be given by the effects
of epigenetic alterations in the packing of the nucleus. In human
spermatozoa, the nucleus retains approximately 15% of histones,
which are not substituted by protamines during spermiogenesis.
Evidence exists that the presence of histones is not the result of
insufficient substitution by protamines, but rather that specific
sequences are packed, such as genes regulated by genetic imprint-
ing, HOX genes, and transcription and signaling factors that
are important for development.”’ Genes regulated by genetic
imprinting that do not present methylation in spermatozoa are
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associated with the H3K4me3 mark, while methylated genes
do not show this modification and contain a moderate presence
of H3K9me3.%" If anomalies in the epigenetic modifications of
genes regulated by genetic imprinting are produced (alterations
in methylation and/or in the modifications of histones), nucleo-
somes could be miss localized or present alterations in the spe-
cific modifications. As a consequence, an abnormal packing of
the chromatin could occur that could give rise to an anomalous
form of the sperm head.

Relationship between altered methylation patterns and
assisted reproduction outcomes. Despite the fact that no case
report or epidemiological study has been published reporting a
major incidence of syndromes produced by methylation altera-
tions in the paternal allele of children conceived by ART, the
presence of anomalies in the imprinting of H19-ICR in samples
of umbilical cord blood in three newborns out of 61 conceived
by ART has recently been described. It is noteworthy that
(1) all three cases correspond to pregnancies of di-zygotic twins in
which siblings did not present anomalies, (2) all three pregnan-
cies were conceived by intracytoplasmic sperm injection (ICSI)
because the fathers presented fertility problems and (3) none of
the cases was identified as showing a Silver-Russell Syndrome
phenotype, characteristic of this type of epigenetic anomaly.

It would have been of great interest to extrapolate the anoma-
lies present in a single spermatozoon to possible alterations in
newborns or in the placentas. Faced with the impossibility of
performing these studies, this work concentrated on the study
of the relationship between semen samples containing sperma-
tozoa with significantly increased abnormal methylation and the
available data from cycles of assisted reproduction. We consid-
ered the hypothesis that if an abnormal spermatozoon fertilizes
the oocyte, embryo development could be abnormal or show an
increase in [TUGR, as a result of alterations in the transfer of nutri-
ents between mother and fetus. This effect was not confirmed in
our results. It was neither confirmed in the study performed by
Kanber et al.,*® where the authors analyzed whether babies born
by ART with low weight (< 3rd percentile) showed methylation
alterations in regions regulated by genetic imprinting that were
related to fetal growth.

As far as the remaining analyzed parameters are concerned,
the results in individuals with altered methylation patterns were,
in general, equivalent to those obtained in individuals with nor-
mal patterns. Even individuals who presented clearly altered
methylation results (24, 95, 97 and 107) had methylation val-
ues that were comparable to those of individuals from normal
clusters. We cannot discard the possibility that the lack of dif-
ferences can be a consequence of a purely numerical fact. As we
have indicated, none of the individuals with altered methyla-
tion patterns presented alterations in the totality of spermatozoa
studied. Except in individual 95, who showed the more extreme
abnormal values in H19-ICR, in the rest of the analyzed cases the
percent of gametes with normal methylation patterns was higher
than the percent of spermatozoa with anomalies and, thus, the
probability of fertilization by a spermatozoon showing a normal
methylation pattern was higher. Another possibility would be
the natural selection of normally methylated spermatozoa, in the
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case of conventional in vitro fertilization (IVF), or the absence
of methylation anomalies in spermatozoa with normal shape and
motility selected for ICSI. Nevertheless, to the best of our knowl-
edge, there is no data demonstrating that single spermatozoon
with abnormal DNA methylation have also abnormal shape or
motility.

In any case, according to the clinical data at our disposal, our
results coincide with the four studies published to date,”?>*4
in which no evidence was found that these anomalies affect the
results of assisted reproduction treatments.

In summary, and considering the results of this work, we
can conclude that individuals with fertility problems generate a
percentage of spermatozoa with DNA methylation anomalies in
regions regulated by genetic imprinting that is higher than that
of control individuals. Nevertheless, these anomalies would not
condition the results of treatments of assisted reproduction.

Materials and Methods

Sperm samples. Thirty semen samples from sperm donors were
selected as a control population. All controls met the follow-
ing characteristics: (1) normal karyotype, (2) proven fertility,
(3) more than 90 x 10° of total motile progressive sperm, in the
raw ejaculates, (4) more than 14% of spermatozoa with normal
morphology (strict criteria) and (5) more than 10 x 10° of sper-
matozoa with progressive motility per ml after post-thawing sur-
vival test. The average age of the control group was 26 = 6.15 y of
age (range: 19-45).

One hundred and seven samples from individuals who sought
consultation for fertility problems have been analyzed: 15 nor-
mozoospermic (N), 1 oligozoospermic (O), 8 astenozoospermic
(A), 30 teratozoospermic (T), 1 oligoastenozoospermic (OA),
5 oligoteratozoospermic (OT), 31 astenoteratozoospermic (AT)
and 16 oligoastenoteratozoospermic (OAT). The average age of
the infertile individuals was 36 + 5.50 y of age (range: 26-53).
Seminal classification was performed following the criteria of the
World Health Organization®® taken from the sperm morphology
analyzed by means of the strict criteria of Kruger.

In 75 of the 107 infertile individuals, data were obtained that
referred to the cycles of assisted reproduction to which the couple
was submitted (Table S6): the ART treatment, the number of
recovered oocytes, number of zygotes, embryo quality,” number
of discarded embryos, number of transferred embryos, clinical
pregnancies, number of miscarriages, births, sex and weight of
the descendant. Embryo quality classification was done accord-
ing to the ASEBIR criteria,” which are based on the morpho-
logical features of the embryo (mainly cell number, degree of
fragmentation and presence of vacuoles). There are four catego-
ries: category A, top quality embryos with the maximum capacity
of implantation; category B, embryos of high quality with high
capacity for implantation; category C, regular embryos with low
chance of implantation and category D, poor quality embryos
with scarce possibilities of implantation.

Starting from these data, the following were calculated: the
fertilization rate (zygotes/mature oocytes), the quality of the
embryos obtained, the rate of embryo development (embryos/
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zygotes), the non-viable embryos, the pregnancy rate, the miscar-
riage rate and the birth rate, the proportion of girls:boys and the
average weight of the offspring.

The spermatozoa were separated from the rest of the cells of
the ejaculate by the direct swim-up technique.’® The extraction of
genomic DNA of the spermatozoa was performed with the com-
mercial extraction kit PUREGEN (Gentra Systems).

Bisulfite pyrosequencing. Bisulfite treatment of genomic
DNA was performed with the EZ DNA Methylation-DirectTM
kit (Zymo Research Corp.). The input DNA to perform the
conversion differs between samples depending on sperm con-
centration. DNA samples were grouped into series according to
DNA concentration (from 200 to 500 ng) and the DNA bisul-
fite conversion was performed on each sample series together
with a similar input of a sperm control DNA and a somatic
control DNA sample in order to confirm the conversion effi-
ciency. Further, cases showing abnormal methylation levels were
retested. Bisulfite converted DNA was amplified by nested PCR
with AmpliTaq Gold DNA Polymerase and Buffer IT (Applied
Biosystems), using the conditions recommended by Tost and
Gut.”! Biotinylated amplicons were conjugated with streptavidin
and recovered using the PyroMark Vacuum Prep Workstation
(QIAGEN). Pyrosequencing was performed with the PyroGold
SQA reagent (QIAGEN) on a PSQI6MA Pyrosequence System
(Biotage) and analyzed with Pyro Q-CpG Software (QIAGEN).
Due to the limitation to analyzing amplicons longer than 80 bp
by pyrosequencing, the H19-ICR, KvDMR and MEG3-DMR
loci were analyzed by three pyrosequencing reactions covering
a total of 13 (excluding CpG 5 that corresponds to the SNP
1510732516 at the 6th CTCF-binding site), 21 and 21 CpGs,
respectively. SNRPN-ICR was analyzed by two pyrosequencing
reactions covering 20 CpGs. The repetitive sequence of IG-DMR
does not allow for the design of optimal sequential pyrosequenc-
ing primers, so it was analyzed by a single pyrosequencing reac-
tion covering 5 CpGs. Primer sets excluded the presence of CpG
and SNP (single nucleotide polymorphisms) in their sequence.
Accession numbers, nucleotide positions, primer sequences,
amplicon length, annealing temperature and number of CpG are
specified in Table 5.

Statistical analysis. The statistical analysis was performed
with the specialized support of the Servei d’Estadistica Aplicada
(Applied Statistics Service) of the Universitat Autdonoma de
Barcelona. The level of statistical significance was 0.05.

CpG to CpG Analysis. Starting from the percent of methyla-
tion of each CpG analyzed in the control population, the mean,
standard deviation (SD) and range were determined. Starting
from the mean + 28D, a range of reference methylation was
obtained that included 95% of the values for each CpG. This
value was compared with the methylation values obtained in the
infertile individuals. The comparison permitted the classifica-
tion of each CpG analyzed from each infertile individual within
or outside the range of reference methylation. With the goal of
knowing whether the analyzed CpGs presented equivalent meth-
ylation values inside of each region in the control population, the
ANOVA test was performed. In the cases in which the SD showed
significant differences, the Kruskal-Wallis test was applied.

www.landesbioscience.com

Analysis of the methylation pattern. In order to define altered
methylation patterns, a hierarchical cluster analysis was per-
formed® where the variables used were the percent of methyla-
tion of the CpG analyzed in the population studied (control and
infertile). The programs used were JMP v7.0.2 (SAS Institute,
Inc.) and SPAD v4.5 (Centre International de Statistiques et
d’Informatique Appliquees). Distances were calculated by means
of the Ward method and the groupings among individuals were
represented by means of a dendrogram.

The clusters that showed a mean methylation value close to
the expected theoretical value were classified as normal clusters
(formed by individuals with normal methylation patterns). On
the other hand, clusters with the most distant mean methylation
values were considered as abnormal clusters (formed by individu-
als with altered patterns).

With the goal of determining whether individuals within the
clusters with anomalies showed significant differences in the lev-
els of methylation, compared with individuals belonging to clus-
ters with normal patterns, a Mann-Whitney test was performed.
The performance of this test permitted the determination of a
mean methylation value and a confidence interval of 95% for
each analyzed regions.

Relationship between methylation, seminal parameters and the
age of the individuals. In order to evaluate the relationship between
altered patterns of methylation and anomalies in sperm counting,
motility and/or morphology, a contingency analysis was performed
using the Chi-square test (x*). This analysis was performed con-
sidering whether the individuals within the normal and abnormal
clusters presented the variables of the sperm analysis/semen param-
eters: NOrmMozoospermia, NoN-normozoospermia; oligozoospermia,
non-oligozoospermia, astenozoospermia, non-astenozoosermia,
teratozoospermia and non-teratozoospermia. This analysis was
specifically performed for each of the regions analyzed.

To determine the influence of age over the methylation results,
two analyses were separately performed in each of the regions.
First, comparing the mean values of methylation of the individu-
als classified in the clusters with anomalies and those individuals
included in the clusters with normal patterns, a Mann-Whitney
test was performed. In a second analysis, the age of every sin-
gle individual (controls and patients) was correlated with their
respective mean methylation level using a Spearman test.

Relationship between methylation patterns and results of the
cycles of assisted reproduction. We evaluated whether significant
differences existed in the results of the cycles of assisted repro-
duction of the infertile individuals who were grouped in the
clusters with normal methylation patterns vs. those who were
grouped in clusters with anomalies. A lineal model was used
that is generalized for repeated measures considering a normal
distribution for the fertilization rate, a binomial distribution for
pregnancy rate and a Poisson distribution for the comparison of
the different types of embryos (A, B, C or D), rate of embryo
development, discarded embryos due to transfer, miscarriage,
births, XX:XY proportion and weight of the descendant.
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Table 5. Bisulfite-treated sperm DNA amplification and pyrosequencing conditions

Loci (Accession Primer name Primer sequence (5'-3') Nucleotide Amplicon !ength Number of
number) (Annealing) CpG
H19F® AGG TGT TTT AGT TTT ATG GAT GAT GG 6,006-6,032 322 bp
H19R? TCC TAT AAA TAT CCT ATT CCC AAATAA CC 6,299-6,328 (61°C)
P-H19F AGG GTTTTT GGT AGG TAT AGA GTT 6,064-6,087 265 bp
H19-ICR
PBT-H19R TCC TAT AAA TAT CCT ATT CCC AAAT 6,304-6,328 (61°C)
(AF087017)
PS1-H19F TCGGTTTTATCG TTT GGA TG 6,133-6,152 5
PS2-H19F TAG TGT AGG TTT ATA TAT TA 6,200-6,219
PS3-H19F AAC GTT TCG GGT TAT TTA AG 6,257-6,276
KCNFP TAT GAG GTATTG GTT GGG TGT G 255,249-255,270 450 bp
KCNR® AAA TCC CAA ATC CTC AAA AAT AAA C 255,673-255,698 (62°C)
P-KCNF TAT TGG TTG GGT GTG AGG T 225,256-225,274 212 bp
KvDMR
PBT-KCNR AAA CCC ACA ACA ATATCA AAATAC 255,444-255,467 (63°C)
(AJ006345)
PS1-KCNF GGT TGG GTG TGA GGT 225,260-225,274 6
PS2-KCNF TTTGTT GTT TTT GAG TAT 255,304-255,321 9
PS3-KCNF GTGTGA TGT GTT TAT TATTT 255,397-255,416 6
SNRPNF® TTATTG TAATAG TGT TGT GGG G 131,151-131,172 400 bp
SNRPNR® CTC CAA AAC AAA AAA CTT TAA AA 131,524-131,546 (53°C)
SNRPN-ICR P-SNF TGT GGG GTT TTA GGG GTTTAG T 131,166-131,187 296 bp
(NC 000015) PBT-SNR TAA CCACTC CCCAAACTATCTCTTA 131,441-131,465 (63°C)
PS1-SNF AGG GAG GGA GTT GGG ATT 131,216-131,233 n
PS2-SNR GAG TTT GGA GTA GAG TGG A 131,332-131,350 9
MEG3F® TTA GGT TGG AAT TGT TAA GAG TTT GT 50,952-50,977 370 bp
MEG3R®P AAA AAC TAC ATT TAA ACA AAA AAA A 51,296-51,320 (59°C)
IG-DMR
P-MEF AGA GTTTGT GGATTT GTG AGA A 50,969-50,990 316 bp
(AL117190)
PBT-MER AAA AAA CGA ATC CAT TAT AAC C 51,262-51,283 (62°C)
PS1-MEF TTG TGG ATT TGT GAG AAA TGA 50,974-50,994 5
MEG3.2F® AAT TTATGT TTT TGT GGG GTT GTA G 64,272-64,296 297 bp
MEG3.2R® TTA ACC ACA ATA TTA ATA ACT AAA AAA CAA 64,532-64,561 (56°C)
P-M2F ATT TAT GTT TTT GTG GGG TTG TAG 64,285-64,302 246 bp
MEG3-DMR
PBT-M2R TCA ACA ACC AAA AAC CCCTAT C 64,497-64,518 (62°C)
(AL117190)
PS1-M2F GTG GGG TTG TAG GGT TGA 64,285-64,302 8
PS2-M2F GGC GGT TATTATAGTTTT TA 64,369-64,388 8
PS3-M2F GTT TTC GAG AGG TTA GTA AT 64,439-64,458 5

Loci, primers sequence and position, amplicon length, annealing temperature and number of CpG within each amplic on are specified. 2Primers
described by Kerjean et al.2°Primers designed using Methprimer software (www.urogene.org/methprimer/). P primers were designed using the Pyro-
sequencing Assay Design Software (QIAGEN). P, nested primer; PBT, biotinylated nested primer; PS, sequencing primer.
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