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Genomic imprinting marks in the male germ line are already established in the adult germinal stem cell population. We studied

the methylation patterns of H19 and MEST imprinted genes in sperm of control and oligozoospermic patients, by bisulphite

genomic sequencing. We here report that 7 out of 15 (46.7%) patients with a sperm count below 10 3 106/ml display defective

methylation of H19 and/or MEST imprinted genes. In these cases, hypomethylation was observed in 5.54% (1.2–8.3%) and com-

plete unmethylation in 2.95% (0–5.9%) of H19 clones. Similarly, for the CTCF-binding site 6, hypomethylation occurred in 4.8%

(1.2–8.9%) and complete unmethylation in 3.7% (0–6.9%) of the clones. Conversely, hypermethylation occurred in 8.3% (3.8–

12.2%) and complete methylation in 6.1% (3.8–7.6%) of MEST clones. Of the seven patients presenting imprinting errors, two

had both H19 hypomethylation and MEST hypermethylation, whereas five displayed only one imprinted gene affected. The fre-

quency of patients with MEST hypermethylation was highest in the severe oligozoospermia group (2/5 patients), whereas H19

hypomethylation was more frequent in the moderate oligozoospermia (2/5 patients). In all cases, global sperm genome methylation

analysis (LINE1 transposon) suggested that defects were specific for imprinted genes. These findings could contribute to an expla-

nation of the cause of Silver–Russell syndrome in children born with H19 hypomethylation after assisted reproductive technol-

ogies (ART). Additionally, unmethylation of the CTCF-binding site could lead to inactivation of the paternal IGF2 gene, and be

linked to decreased embryo quality and birth weight, often associated with ART.
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Introduction

Genomic imprinting is a mechanism that regulates gene expression in

a parental origin-dependent way, leading to monoallelic gene

expression. Evidence suggesting the mouse paternal genome is essen-

tial for normal development of extraembryonic tissues and the

maternal genome for embryogenesis (Barton et al., 1984) came after

finding that androgenotes and gynogenotes could not develop to

term due to poor embryo and trophectoderm development, respect-

ively (McGrath and Solter, 1984; Surani et al., 1984). The differential

expression of parental genomes was later described as affecting only

some chromosomes or chromosome regions, indicating the existence

of a form of chromosome imprinting affecting gene activity

(Cattanach and Kirk, 1985). After fertilization in mice, the paternal

genome undergoes active demethylation and the maternal genome

undergoes passive demethylation, without affecting imprinting

marks. Thus, the functional differences between parental genomes

are inheritable from the gametes and retained following genome acti-

vation at the embryo two-cell stage (Surani et al., 1986). At the blas-

tocyst stage, the inner cell mass genome becomes hypermethylated,

whereas in trophectoderm it remains undermethylated (Santos and

Dean, 2004). After this first reprogramming, demethylation of the

whole-genome and erasure of imprinting marks occur in primordial

germ cells, by the time they migrate into genital ridges (Hajkova

et al., 2002). In the human germ line, re-establishment of paternal

imprints starts prenatally and is completed postnatally at the pachytene

stage (Kerjean et al., 2000), whereas maternal imprints are acquired

postnatally being completed by metaphase II (Geuns et al., 2003).

Imprinted genes play important roles in embryo development, pla-

cental function, neurological processes and behaviour. Imprinting

deregulation might cause Beckwith–Wiedemann (11p15.5), Prader–

Willi and Angelman (15q11-q13) human syndromes, as well as

cancer (Takai et al., 2001; Ulaner et al., 2003; Arnaud and Feil,

2005). Due to an increased risk of birth of children with imprinting

syndromes after assisted reproduction techniques (ART) in association

with hypomethylation of the maternal allele, the maintenance and/or

establishment of maternal imprints was suggested to be potentially

affected during ovarian hormonal hyperstimulation and/or embryo

culture (Arnaud and Feil, 2005). However, the recent demonstration

of imprinting defects in cases of disrupted spermatogenesis raised

the possibility that they could be associated with infertility itself

(Marques et al., 2004).

To further underscore the impact of disturbed spermatogenesis on

the risk of producing gametes with genomic imprinting defects, the

imprinting marks of sperm from controls and infertile males with

different degrees of oligozoospermia were here studied using bisul-

phite modification and cloning analysis. Two imprinted genes were

chosen, H19 and MEST/PEG1 (Mesodermal-specific transcript/Pater-

nally expressed gene 1). H19 encodes for an untranslated RNA, being
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methylated (repressed) in the paternal allele and unmethylated

(expressed) in the maternal allele (Bartolomei et al., 1991; Zhang

and Tycko, 1992). Paternal methylation of H19 is acquired asynchro-

nously, as it first occurs in the paternal allele (Davis et al., 1999).

Thus, even in the absence of methylation, parental alleles can retain

their identity, possibly through other epigenetic marks such as

histone modifications (Delaval et al., 2007). Nevertheless, both

alleles become methylated before the onset of meiosis (Davis et al.,

1999). H19 is physically and functionally linked to the IGF2 gene,

being reciprocally expressed in endoderm and mesoderm tissues

during the fetal life and strongly down-regulated after birth (Gabory

et al., 2006). They share common enhancers, located downstream of

H19, whose activity is regulated by a differentially methylated

region (DMR) upstream of the H19 gene. In the maternal allele,

H19 is unmethylated, which allows the CTCF insulator protein

(CCCTC-binding factor) to bind to the DMR. This prevents access

of IGF2 to the common enhancers, thus inhibiting IGF2 and promot-

ing H19 expression. In the paternal allele, H19 is methylated and

binding of CTCF is blocked, thus inactivating H19 and promoting

IGF2 expression (Arney, 2003). Oppositely, MEST is methylated

and repressed in the maternal allele, and unmethylated and expressed

in the paternal allele (Kaneko-Ishino et al., 1995; Nishita et al., 1996).

It is mainly expressed in mesodermal tissues (Kaneko-Ishino et al.,

1995) and is implicated in maternal behaviour (Lefebvre et al.,

1998). In females, MEST becomes remethylated during meiosis (Luci-

fero et al., 2004), whereas in males it remains unmethylated (Kerjean

et al., 2000; Lucifero et al., 2002).

We here show, by bisulphite genomic sequencing analysis of 788

clones, that sperm of patients with ,10 million spermatozoa per ml

of semen present complete unmethylation of H19 (along with the

CTCF-binding site) and complete methylation of MEST imprinted

genes. In order to investigate if hypomethylation of H19 could be

linked to a decreased level of global methylation of the sperm

genome, the methylation status of LINE1 transposon was then ana-

lysed. LINE1 (L1) elements are retrotransposons that account for

5–10% of the human genome (Woodcock et al., 1997). Methylation

of CpGs within this element is important for maintaining transcrip-

tional inactivation of potentially functional L1 elements and for inhi-

biting L1 transposition (Burden et al., 2005). L1 elements seem to be

resistant to the global demethylation that occurs in primordial germ

cells, which suggests that methylation might be passed from one gen-

eration to the other. However, de novo methylation still occurs in the

male germ line, resulting in complete methylation of these elements in

sperm (Sanford et al., 1987; Lane et al., 2003; Lees-Murdock et al.,

2003). On the contrary, L1 elements are sensitive to the reprogram-

ming events occurring in the zygote and blastocyst stages (Lane

et al., 2003). The present data shows that methylation errors occurring

during spermatogenesis are specific for imprinted genes and associate

with disturbed spermatogenesis.

Materials and Methods

Patient recruitment and classification

Under informed consent of the patients and ethics committee approval, 25

samples of semen were obtained from males undergoing routine spermiogram

analysis: 5 with normal semen parameters (NZ: �20 � 106 sperm/ml, �15%

sperm normal morphology and �25% sperm rapid progressive motility; under-

going fertility treatments due to infertility of female factor) and 20 with oligo-

zoospermia (OZ), 5 with mild (OZ1: 10–20 � 106/ml), 5 with moderate (OZ2:

5–10 � 106/ml), 5 with severe (OZ3: 1–5 � 106/ml) and 5 with very severe

(OZ4: ,1 � 106/ml) oligozoospermia. Among the 20 oligozoospermic

samples, 14 had asthenozoospermia and 6 had normal sperm rapid progressive

motility (1 with mild, 1 with moderate, 3 with severe and 1 with very severe

oligozoospermia). Morphology was abnormal in all samples, with 0% sperm

normal morphology in very severe oligozoospermia. All males had normal

karyotypes and absence of Y-chromosome microdeletions (Pinho et al., 2005).

Purification of sperm from the ejaculate

After liquefaction (378C, 30 min), the semen was centrifuged (437g, 20 min)

using Suprasperm gradients (MediCult, Copenhagen, Denmark; 1 ml semen,

2 ml 55%, 2 ml 80%, 1 ml 90%). The pellet was washed (2 � 10 min, 437g)

in sperm preparation medium (SPM, MediCult), slightly covered with 0.1–

1 ml SPM and incubated at 378C with 5% CO2 in humidified air, for 1 h, to

collect the swim-up fraction. The purity of the fraction was confirmed by

phase contrast microscopy (Nikon, Tokyo, Japan). In cases with very low

sperm concentration, 200–300 sperm cells were isolated by micromanipulation

using an inverted microscope (Nikon), equipped with Hoffman optics, thermic

stage and micromanipulators (Narishige, Nikon), and micropipettes with 7 mm

of internal diameter (SweMed, Billdal, Sweden).

DNA extraction and modification with sodium bisulphite

Sperm DNA was decondensed and extracted by adding 20 ml of alkaline lysis

buffer, 1 M KOH (Merck, Darmstadt, Germany) and 0.05 M dithio-threitol

(Invitrogen, Carlsbad, CA, USA), followed by incubation at 808C during

20 min. The reaction was stopped by adding 20 ml of neutralizing buffer,

0.9 M Tris–HCl (Sigma, Steinheim, Germany), 0.3 M KCl and 0.2 M HCl,

pH 8.3 (Merck). Extracted DNA was then treated and modified with a

sodium bisulphite procedure using the CpGenome DNA Modification Kit

(Chemicon International, Temecula, USA), according to manufacturer’s

instructions. Bisulphite converts unmethylated cytosines to uracil, whereas

5-methylcytosines (5-MeC) remain unaltered. Only sequences with .95% of

non-CpG cytosines converted and without unconverted cytosines adjacent to

CpGs were validated.

DNA amplification

Modified DNA was amplified by PCR for H19 and MEST imprinted genes

(Kerjean et al., 2000) and for LINE-1 transposon. For H19, 18 CpGs of the

DMR were analysed within a sequence of 322 bp (GenBank Accession

Number AF087017; nucleotides 6006-6328). This sequence includes the

CTCF-binding site 6 (Fig.1, CpG 4–8). In the sequence, CpG 7 (GenBank

Accession number AF125183, position 7966) behaves as a polymorphic site

as it may display either a cytosine or a thymine (C/T). Because CpG 7 is not

informative in terms of methylation after bisulphite modification, it was not

considered for the quantitative analysis. For MEST, the amplified region

included part of the first exon and part of the first intron from the DMR

(GenBank Accession Number Y10 620; nucleotides 609-898), containing 22

CpGs and spanning a 289 bp sequence. For LINE-1 transposon, a region

with 19 CpGs within the CpG island (GenBank Accession Number X58 075;

nucleotides 113–357) was amplified using the following primers: F113

5’-ttattagggagtgttagatagtggg-30 and R357 50-cctctaaaccaaatataaaatataatctc-3’

(designed with MethPrimer, Li and Dahiya, 2002).

A PCR reaction (50 ml) was prepared for each gene and their respective

negative controls (DNA extraction, bisulphite treatment, PCR reaction). The

reagent mixture contained 1� buffer with 1.5 mM MgCl2 (Qiagen, Hilden,

Germany), 0.12 mM of each dNTP (Invitrogen), 0.5 mM of each primer

(Thermo Electron, Ulm, Germany), 1.5 U HotStarTaq enzyme (5 U/ml,

Qiagen) and different amounts of the modified DNA according to the gene,

6 ml (H19) and 4 ml (MEST, LINE 1). The PCR conditions were: initial

strand denaturation (15 min, 958C), followed by 45 amplification cycles (dena-

turation, 1 min, 948C; primer annealing, 1 min, 608C; strand elongation, 1 min,

728C) and a final extension (20 min, 728C).

DNA cloning

Amplified products were purified with the GFX PCR-DNA and Gel Band

Purification Kit (Amersham Biosciences, Buckinghamshire, England),

according to manufacturer’s instructions. Purified PCR products were

cloned with the TOPO TA cloning kit (Invitrogen), using the E. coli

Mach1-T1 (Invitrogen) bacteria strain and the pCRII vector (Invitrogen),

according to manufacturer’s instructions. Selection of bacterial clones that

incorporated the plasmid containing the fragment of interest was performed

using selective LB growth medium with ampicillin (100 mg/ml, AppliChem,
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Darmstadt, Germany) and X-Gal (8 mg/ml of 5-bromo-4-chloro-3-indolyl-

beta-D-galactopyranoside; Sigma). For each sample, �20 positive clones

were selected for sequencing analysis.

DNA sequencing

For each sample, �20 clones from H19, MEST and LINE 1 PCR products were

sequenced using the BigDye Terminator Cycle Sequencing v1.1 Ready Reac-

tion kit (Applied Biosystems) and analysed in an ABI PRISM 310 Genetic

Analyzer (Applied Biosystems). Direct sequencing of all samples prior to

cloning was also performed to assure the absence of a bias in cloning and to

determine the overall level of methylation. The methylation status of all

CpGs present in the sequences was analysed manually and using the BiQ Ana-

lyzer software (Bock et al., 2005).

For H19 gene, clones with .50% of the CpGs unmethylated were con-

sidered hypomethylated and for MEST gene, clones with .50% of the CpGs

methylated were considered hypermethylated, as suggested before (Davis

et al., 1999).

Figure 1: Methylation patterns of H19 (18 CpGs) and of MEST/PEG1 (22 CpGs) in sperm. Normozoospermia (NZ). Oligozoospermia: mild, moderate, severe and
very severe (OZ1-OZ4). CpGs: methylated (blue), unmethylated (yellow), normal C/T polymorphism (CpG 7), CTCF-binding site 6 (CpGs 4–8). Number of clones
(C). Patient codes (P) with number of clones per methylation patterns

Imprinting errors in oligozoospermia
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Statistics

For each group, the mean of the percentages obtained from the five patients and

the SEM were analysed using Microsoft Excel Analysis ToolPak (Windows).

Statistical analysis was performed using raw data (number of clones) obtained

from each of the five patients, for each group, and data was analysed with two-

sided Fisher’s exact test (SPSS 15, Windows) for comparison between groups.

Differences with P-values ,0.05 were considered significant.

Results

Direct sequencing

Analysis of H19 and MEST methylation, by direct sequencing, has

shown similar results to those obtained in a previous study

(Marques et al., 2004). H19 was completely methylated in four of

the five NZ patients with one patient presenting CpG 10 unmethylated.

H19 hypomethylation was found in one of the 10 patients with mod-

erate oligozoopermia (OZ1þOZ2) and in three of the 10 patients

with severe oligozoospermia (OZ3þOZ4). Regarding MEST gene,

direct sequencing of all patients analysed have shown MEST comple-

tely unmethylated.

Methylation status of H19

A total of 419 clones were studied for H19 gene, 72 for NZ and 347 for

oligozoospermic samples distributed into four subgroups, 76 for OZ1,

101 for OZ2, 84 for OZ3 and 86 for OZ4 (Fig. 1). The analysed

sequence contains 18 CpGs within the DMR of H19 including one

polymorphic site at CpG 7 (C/T) and the CTCF-binding site 6

(CpGs 4–8) (Fig. 1). Figure 2 summarizes the results obtained regard-

ing complete methylation, hypomethylation (.50% of unmethylated

CpGs) and complete unmethylation of H19 gene. Complete methyl-

ation of H19 was found in all groups, with a mean of 39.9% in NZ,

59.8% in OZ1, 48.3% in OZ2, 28.5% in OZ3 (P ¼ 0.001 to OZ1;

P ¼ 0.024 to OZ2) and 61.2% in OZ4 (P , 0.001 to OZ3). Hypo-

methylation and complete unmethylation of H19 gene were only

found in oligozoospermia (Fig. 2). Hypomethylation occurred in 6%

of the clones from OZ2 (P ¼ 0.021 to OZ1), 8.6% of the clones

from OZ3 (P ¼ 0.014 to OZ1) and in 1.1% of the clones from OZ4

(P ¼ 0.033 to OZ3) samples. Complete unmethylation occurred in

4.3% of the clones from OZ2 (P ¼ 0.038 to OZ1; P ¼ 0.032 to

OZ4) and in 2.2% of the clones from OZ3 (Fig. 2). In H19, the

number of unmethylated CpGs varied between 1–4 in NZ, 1–3 in

OZ1, 1 to all in OZ2 and OZ3, and 1–14 in OZ4 (Fig. 1).

Per individual, complete methylation of H19 gene was found in 23

of the 25 (92%) cases, in all five cases with OZ1, OZ2 and OZ4, and in

four of the five cases in NZ and OZ3. Hypomethylation and complete

unmethylation were only found in oligozoospermia cases with a sperm

count below 10 � 106/ml. Hypomethylation was found in 5/15 cases:

2/5 with OZ2, 2/5 with OZ3 and 1/5 with OZ4. Complete unmethyla-

tion was found in 2/15 cases: 1/5 with OZ2 and 1/5 with OZ3 (Fig. 1).

Methylation status of CTCF-binding site 6

Figure 3 summarizes the results obtained regarding complete methyl-

ation, hypomethylation (.50% of unmethylated CpGs) and complete

unmethylation of the CTCF-binding site. The CTCF-binding site

(Fig. 1: CpGs 4–8) was completely methylated in clones from all

groups: 87.9% in NZ, 83.8% in OZ1, 66.9% in OZ2 (P ¼ 0.036 to

OZ1), 46.4% in OZ3 (P , 0.001 to OZ1; P ¼ 0.01 to OZ2) and

69.2% in OZ4 (P ¼ 0.03 to OZ1; P ¼ 0.019 to OZ3). Hypomethyla-

tion and complete unmethylation of the CTCF-binding site were

only found in oligozoospermia (Fig. 3). Hypomethylation occurred

in 7.7% of the clones from OZ2 (P ¼ 0.011 to OZ1), 3.3% of the

clones from OZ3 and in 1.1% of the clones from OZ4 (P ¼ 0.022 to

OZ2). Complete unmethylation was found in 5.6% of the clones

from OZ2 (P ¼ 0.02 to OZ1; P ¼ 0.016 to OZ4) and in 3.3% of the

clones from OZ3 samples. The number of unmethylated CpGs at the

CTCF-binding site varied between 1–2 in NZ, 1 in OZ1, 1–4 in

OZ2 and OZ3, and 1–3 in OZ4 (Fig. 1).

Per individual, complete methylation of CTCF-binding site 6 was

found in 24/25 (96%) cases, in all 5 cases of NZ and with OZ1,

OZ2 and OZ4, and in 4/5 cases with OZ3. Hypomethylation and com-

plete unmethylation were only found in oligozoospermia cases with a

sperm count below 10 � 106/ml. Hypomethylation was found in 5/15

cases: 3/5 with OZ2, 1/5 with OZ3 and 1/5 with OZ4. Complete

unmethylation was found in 3/15 cases: 2/5 with OZ2 and 1/5 with

OZ3 (Fig. 1).

Methylation status of MEST

A total of 369 clones were studied for MEST gene (22 CpGs within the

DMR), 79 for NZ and 290 for oligozoospermic samples distributed

into four subgroups: 62 for OZ1, 82 for OZ2, 80 for OZ3 and 66 for

Figure 2: Percentages of clones with complete methylation (white bars), hypo-
methylation (grey bars) and complete unmethylation (black bars) of H19 gene.
Data are represented as mean+SEM (n ¼ 5 patients from each group). Stat-
istically significant differences to the control (NZ) are represented (*P ,

0.05). Clones that present between 0–50% of abnormal methylation are not
represented. This information is shown in Supplementary Data, Table S1

Figure 3: Percentages of clones with complete methylation (white bars), hypo-
methylation (grey bars) and complete unmethylation (black bars) of
CTCF-binding site 6. Data are represented as mean+SEM (n ¼ 5 patients
from each group). Statistically significant differences to the control (NZ) are
represented (*P , 0.05; **P , 0.01). Clones that present between 0–50% of
abnormal methylation are not represented. This information is shown in Sup-
plementary Data, Table S2
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OZ4 (Fig. 1). Figure 4 summarizes the results obtained regarding com-

plete unmethylation, hypermethylation (.50% of methylated CpGs)

and complete methylation of MEST gene. Clones with complete

unmethylation of MEST were found in all groups (Fig. 4), 92.5% in

NZ, 89.1% in OZ1, 80.7% in OZ2, 93.3% in OZ3 (P ¼ 0.003 to

OZ2) and 88.8% in OZ4. Hypermethylation and complete methylation

of MEST gene were only found in oligozoospermia (Fig. 4). Hyper-

methylation was present in 7.4% of the clones from OZ2 (P ¼ 0.005

to OZ1), 4.3% of the clones from OZ3 and 7.7% of the clones from

OZ4 (P ¼ 0.028 to OZ1). Complete methylation was found in 4.4%

of the clones from OZ2 (P ¼ 0.037 to OZ1), 4.3% of the clones

from OZ3 and 6.8% of the clones from OZ4 (Fig. 4). In MEST, the

number of methylated CpGs varied between 1–3 in NZ, 1 in OZ1

and 1–22 in OZ2, OZ3 and OZ4 (Fig. 1).

Per individual, complete unmethylation of MEST gene was found in

all cases of NZ and with OZ1, OZ2, OZ3 and OZ4. Hypermethylation

and complete methylation were only found in oligozoospermia cases

with a sperm count below 10 � 106/ml. Hypermethylation was

found in 4/15 cases, 1/5 with OZ2, 1/5 with OZ3 and 2/5 with OZ4.

Complete methylation was found in 4/15 cases: 1/5 with OZ2, 1/5

with OZ3 and 2/5 with OZ4 (Fig. 1). In comparison, whereas for

H19 imprinted gene, including the CTCF-binding site 6, the highest

number of cases with hypomethylation (2/5) was in the OZ2 subgroup,

for the MEST imprinted gene the highest number of cases affected

with hypermethylation (2/5) were in the OZ4 subgroup. Comparisons

between both imprinted genes further revealed that two patients, one

from OZ2 (Patient 1) and one from OZ4 (Patient 5), presented both

H19 hypomethylation and MEST hypermethylation (Fig. 1).

Methylation status of LINE-1 transposon

For human LINE-1 transposon, the individual that presented more

hypomethylation of the H19 gene in each of the five groups was

selected to test if that was associated with global demethylation of

the sperm genome or if it was specific of the imprinted gene. In

total, 1425 CpG were analysed (84 clones) (Table I). The level of

methylation of LINE-1 was high in all groups, 78.5% in NZ, 77.6%

in OZ1, 83.8% in OZ2 (P ¼ 0.046 to OZ1), 69.3% in OZ3 (P ¼

0.027 to NZ; P ¼ 0.018 to OZ1; P , 0.001 to OZ2) and 73.9% in

OZ4 (P ¼ 0.003 to OZ2) (Table I). The patient that presented the

highest methylation on this element was the same that also presented

H19 and CTCF completely unmethylated and MEST completely

methylated (Fig. 1, Patient 1).

Discussion

We here report for the first time that infertile male patients with a

sperm count below 10 � 106/ml display defective methylation of

imprinted genes. For H19 imprinted gene, hypomethylation occurred

in 5.5% (1.2–8.3%) and complete unmethylation in 2.95% (0–

5.9%) of the clones. Similarly, for H19-CTCF-binding site 6, hypo-

methylation occurred in 4.8% (1.2–8.9%) and complete unmethyla-

tion in 3.7% (0–6.9%) of the clones. Conversely, for MEST

imprinted gene, hypermethylation occurred in 8.3% (3.8–12.2%)

and complete methylation in 6.1% (3.8–7.6%) of the clones.

Finally, in all cases, global sperm genome methylation analysis by

using bisulphite genomic sequencing of LINE1 transposon confirmed

that these defects are specific of the imprinted genes (the patient that

presented the highest methylation on this element was the same that

also presented H19 and CTCF completely unmethylated and MEST

completely methylated).

The main resetting of H19 methylation has been postulated to be

already finished in spermatogonia after birth (Kerjean et al., 2000;

Hartmann et al., 2006; Oakes et al., 2007). Accordingly, previous

studies in sperm of mice and normozoospermic individuals have

shown that the DMR of the H19 gene is completely methylated

(Kerjean et al., 2000; Li et al., 2004) or presents a reduced number

of unmethylated CpGs (Olek and Walter, 1997; Davis et al., 1999;

Frevel et al., 1999; Lucifero et al., 2002). On the contrary, oligozoos-

permic patients were shown to have changed methylation profiles of

H19 (24%, 23/96 patients), including of the CTCF-binding site 6

(11.5%, 11/96 patients) (Marques et al., 2004). Therefore, we here

confirm that unmethylation of the DMR and CTCF-binding site 6 of

H19 occurs in human sperm from cases with disrupted spermatogen-

esis, probably in association with loss of control of DNA methyltrans-

ferase activity. Furthermore, the present cloning analysis revealed that

25% (5/20) of all oligozoospermic patients had hypomethylated

(.50% of unmethylated CpGs) and 10% (2/20) complete unmethy-

lated H19 clones, including hypomethylation (25%, 5/20 of patients)

and complete unmethylation (15%, 3/20 patients) of the

CTCF-binding site 6. Although deletion of the CTCF-binding sites

was demonstrated not to affect the establishment of paternal methyl-

ation marks nor the expression of H19 and IGF2 during mice sperma-

togenesis (Engel et al., 2006), deletions within the DMR disrupted

H19 and IGF2 expression in a tissue specific manner (Thorvaldsen

et al., 2002). As CTCF binding protects the maternal allele from

acquiring methylation and is required for normal preimplantation

development (Fedoriw et al., 2004; Rand et al., 2004), acquisition

of sperm H19 methylation, in cases with disturbed spermatogenesis,

might thus be further blocked by CTCF binding.

The MEST gene is highly expressed in human placenta, where it

might play a role in angiogenesis (Mayer et al., 2000). Mice deficient

Figure 4: Percentages of clones with complete unmethylation (black bars),
hypermethylation (grey stripped bars) and complete methylation (white bars)
of MEST gene. Data are represented as mean+SEM (n ¼ 5 patients from
each group). Statistically significant differences to the control (NZ) are rep-
resented (*P , 0.05; **P , 0.01). Clones that present between 0–50% of
abnormal methylation are not represented. This information is shown in Sup-
plementary Data, Table S3

Table I. Methylation status of LINE-1 in human sperm.

Groups Clones, n Total CpGs, n Methylated CpGs, n

NZ 11 195 153 (78.5%)
Oligozoospermia
OZ1 19 340 264 (77.6%)
OZ2 17 315 264 (83.8%)
OZ3 20 280 194 (69.3%)
OZ4 17 295 218 (73.9%)
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for MEST present growth retardation, increased perinatal and post-

natal lethality and abnormal maternal behaviour (Lefebvre et al.,

1998), suggesting that this gene might play an important role in

growth and behaviour. Studies on mice and human sperm have

shown that MEST gene is completely unmethylated (Kerjean et al.,

2000) or has one CpG methylated (Lucifero et al., 2002). We first

show here, by cloning sequence analysis, that MEST gene is hyper-

methylated and completely methylated (20%, 4/20 of all oligozoosper-

mic patients) in cases of disrupted spermatogenesis and that these

defects aggravate with the severity of the spermiogenic failure. Erro-

neous methylation of this gene could be due to incomplete erasure of

methylation marks during germ line development or could be acquired

de novo, either during formation of spermatozoa in the seminiferous

tubules or through abnormal epididymal function (Ariel et al.,

1994). Interestingly, one patient presented both complete unmethyla-

tion of H19 and complete methylation of MEST, suggesting that a

problem with the identification of the identity of the germ line could

be occurring.

Imprinting errors associated with ART have been traditionally

related to hypomethylation of the maternal allele, either due to

ovarian hormonal stimulation or in vitro embryo culture (Arnaud

and Feil, 2005). The present study indicates that human sperm from

patients with disturbed spermatogenesis present a significant increase

in abnormal paternal imprinting marks, due to hypomethylation (H19)

and hypermethylation (MEST), suggesting that genomic imprinting

defects might underlie infertility by itself. Furthermore, because

sperm with hypomethylation of H19 simultaneously present hypo-

methylation of the CTCF-binding site 6, infertile patients carry a sig-

nificant higher risk of causing biallelic inactivation of the IGF2 gene

in the human embryo, which could have a direct negative impact on

embryo quality, pregnancy and birth weight rates. In fact, other

studies have demonstrated that sperm DNA global methylation is

essential for normal embryo development and pregnancy outcome in

mice (Kelly et al., 2003) and humans (Benchaib et al., 2005). Also,

absence of IGF2 expression has been related with low birth weight

in mice (DeChiara et al., 1991; Engel et al., 2004) and could underlie

the higher rates of this condition in children conceived by ART

(Schieve et al., 2002). A very recent study, byKobayashi et al.

(2007), using combined bisulphite restriction analysis, which

permits the identification of the methylation status of only few

CpGs, reported imprinting errors, such as H19 unmethylation and

MEST methylation, in sperm from oligozoospermic patients, albeit

not indicating a threshold for the appearance of these errors. Addition-

ally, the authors show that abnormal methylation patterns present in

one patient are not transmitted to the offspring. However, children pre-

senting Silver–Russel syndrome due to hypomethylation of H19 and

conceived by ART have been reported (Kallen et al., 2005; Svensson

et al., 2005; Bliek et al., 2006).

In conclusion, we here show, by bisulphite cloning sequencing, the

occurrence of genomic imprinting defects in human sperm, by erro-

neous H19 hypomethylation and MEST hypermethylation. Addition-

ally, we first report a threshold of 10 million sperm per ml of

semen, below which there is a risk of gametes carrying these imprint-

ing defects. Since these patients also presented clones with normal

H19 methylation and MEST unmethylation, our data also demonstrate

that different patterns of sperm methylation might occur in the same

patient and that cases presenting spermatozoa with severe imprinting

errors can also produce sperm with normal imprinting marks. This fact

suggests that misregulations leading to errors in the establishment of

imprinting marks are not widespread throughout the seminiferous

tubules. Accordingly, abnormal methylation patterns of imprinted

genes in cases with disrupted spermatogenesis might derive from

different imprinting marks in the testicular adult germinal stem cell

pool, or from defects occurring during progenitor diploid germ cell

expansion or haploid germ cell differentiation.

Supplementary material

Supplementary material is available at Molehr Journal online (http://
molehr.oxfordjournals.org).
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