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ABSTRACT  Epigenetic modifications such as DNA methylation and alterations to chromatin

structure have been proposed as hallmarks of imprinting in somatic cells after fertilization. In the

germ cell line, gene imprinting needs to be reset in order to transmit the correct sex-specific

imprinting pattern to the next generation. The precise timing of imprint erasure and re-establish-

ment for many genes remains to be determined and precise molecular mechanisms of genomic

imprinting have not yet been fully characterized. Here, we have analysed the methylation state and

DNase-I sensitivity of two genes with reciprocal genomic imprinting (U2af1-rs1 and H19  genes) in

a male mouse primordial germ cell (PGC) derived cell line (EG-1), isolated post-natal spermatogonia

and mature sperm cells. Our results show that establishment of imprinting of the U2af1-rs1 and H19

genes during male germ cell differentiation occurs at different stages of differentiation. Further-

more, the presence of DNase-I hypersensitive sites may constitute a molecular marker to identify

alleles and subsequently acquire the appropriate methylation imprint. We propose that this

molecular identifier may be present or absent for a specific gene according to the sex of the gamete.
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Introduction

Mammalian development requires genetic information from
both parents. However, in diploid organisms, expression of genes
from both alleles does not always occur. Genes in which monoallelic
expression is governed by the parental origin of the allele are
termed imprinted genes and the epigenetic mechanism which
gives rise to their monoallelic expression is known as genomic
imprinting (Reik and Walter, 2001a; Ferguson-Smith et al., 2001;
da Rocha and Ferguson-Smith, 2004; Peters and Beechey, 2004;
Murrell, 2006).

The U2af1-rs1 gene is a small intronless gene, located in the
proximal region of mouse chromosome 11, which encodes a
protein that shares homology with the U2 small nuclear ribonucle-
oprotein auxiliary factor (Hatada et al., 1993; Hayashizaki et al.,
1994). The maternal allele of this gene is imprinted and it is the
paternal allele which is expressed in embryonic and adult tissues
(Shibata et al., 1996; Feil et al., 1997; Zhang et al., 2006).

The H19  gene is mapped to a cluster of imprinted genes
located in the distal region of mouse chromosome 7. It encodes
the RNA of the most abundant ribonucleoprotein particle found
during embryo development (Brannan et al., 1990; Pachnis et al.,

Int. J. Dev. Biol. 52: 1105-1111 (2008)
doi: 10.1387/ijdb.072284mb

*Address correspondence to: María D. Boyano. Department of Cell Biology and Histology, Faculty of Medicine and Dentistry, University of the Basque
Country, E-48940 Leioa, Vizcaya, Spain. Tel: +34-94-601-5689. Fax: +34-94-601-3266. e-mail: lola.boyano@ehu.es

Accepted: 5 November 2007. Published online: 19 September 2008

1998). In contrast to the U2af1-rs1 gene, the imprinted allele is the
paternal one and expression of this gene takes place from the
maternal allele. It is thought that H19 participates in down-
regulating cellular proliferation (Bartolomei and Tilghman, 1997).

Chromatin structure of most imprinted genes presents differ-
ences between the maternal and paternal alleles (Feil et al.,
1995). Differentially methylated regions (DMRs), which are CpG
rich areas subjected to epigenetic modifications (Constancia et
al., 1998; Tilghman, 1999), also present allele-specific differ-
ences (Tada et al., 1998; Jaenisch and Bird, 2003; Durcova-Hills
et al., 2004). Moreover, the role of regulatory elements at im-
printed domains (Thorvaldsennet al., 2002; Arney, 2003; Arney
and Fisher, 2004; Delaval and Feil, 2004) and other processes
such as acetylation and methylation of histones, and chromatin
dynamics (Turner, 2000; Gregory et al., 2002; Drewell et al., 2002;
Delaval et al., 2007; Hajkova et al., 2008) may be equally
important for imprinting. In the initial stages of development, these
processes are necessary to correct embryo differentiation. Pa-
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rental imprinting is conserved in all somatic cells of the embryo but
in germ cells, this imprint must be erased and  a new sex-specific
imprint which will be inherited by the next generation must be re-
established. Successful erasure and re-establishment of sex-
specific epigenetic marks in primordial and post-natal germ cells
are crucial for normal development. It has been suggested that
each gene has a specific time window to receive primary imprint-
ing (Obata and Kono, 2002), but gene-specific information about
the timing of imprinting is lacking. Moreover, the molecular mecha-
nisms underlying genomic imprinting have not yet been fully
characterized.

In order to address these questions, we have analyzed the
methylation pattern and chromatin structure of the U2af1-rs1 and
H19 imprinted genes in a mouse male PGC derived cell line
(EG1), isolated spermatogonia from 6-7 day old mouse testes and
mature sperm cells. Our data indicate that re-establishment of
genomic imprinting of the U2af1-rs1 and H19  genes during male
germ differentiation occurs at different stages of development.
Furthermore, the presence of DNase-I hypersensitive sites may
constitute a molecular marker to identify the future maternal or
paternal alleles and subsequently acquire the appropriate methy-
lation imprint.

Results

Methylation patterns of the U2af1-rs1 and H19 genes
In this study we have examined spermatogonia and somatic

cells obtained from 6-7 day-old mouse testes, mature sperm cells
and the MSC-1 Sertoli cell line. By flow cytometry we found that
spermatogonia cells were SSEA-1 and vimentin negative, while
freshly isolated Sertoli cells and the MSC-1 cell line were SSEA-
1 negative and vimentin positive. The purity of each population
obtained was always superior to 90%. We analyzed the isolated
spermatogonia (Fig. 1 A, B) and Sertoli cells (Fig. 1 C) by electron
microscopy. The prevailing spermatogenic cells detectable in the
former cell population were primitive (p) and type A (a) sper-
matogonia (Bellvé et al., 1977).

For methylation analysis of the U2af1-rs1 gene, we studied its
DMR, which includes the gene and its flanking sequences (Fig.
2A). To isolate this region, we digested DNA with the Bgl II
restriction enzyme, generating a 5.8 kb fragment. Then, we
analyzed the methylation dependent Not I and Hpa II restriction

sites in this region. For spermatogonia, DNA was found to be
partially methylated (Fig. 2 B, lanes 1-3) indicating that imprint
establishment had not yet happened at this stage of male germ
cell differentiation. Since the U2af1-rs1 gene is methylated only in
its maternal allele, it was expected that both alleles would pro-
gressively reach a demethylated state. However, we observed
increased levels of methylation in more differentiated male germ
cells (Fig. 2C, lanes 1-3). Thus, 30% of the Not I and Hpa II
restriction sites in the U2af1-rs1 DMR from spermatogonia cells
were found to be methylated (Fig. 2B), while in mature sperm cells
the level of methylation was found to be 50% and 40% at Not I and
Hpa II restriction sequences, respectively (Fig. 2 C). In the case
of isolated Sertoli cells and the MSC-1 Sertoli cell line used as
control somatic cells, approximately 50% of the alleles were found
to be methylated (Fig. 2 D, E).

The frequently studied H19  DMR located 2-4 kb upstream of
the H19 coding sequence is delimited by Sac I restriction sites
(Fig. 3A). Another small region situated upstream near the pro-
moter presents a differential pattern of methylation in alleles
according to their parental origin (Davis et al., 1999). Thus, in the
present study we also employed the BstX I enzyme, which
generates a restriction fragment including both of these DMRs.
We analyzed restriction sequences of the methylation dependent
Hha I enzyme in these two regions.

Partial methylation of Hha I restriction sites was observed in
the BstX I region of spermatogonia, sperm cells, isolated Sertoli
cells and MSC-1 Sertoli cells (Fig. 3 B, C, D and E, respectively,
lanes 2). In spermatogonia, the 5.3 kb band obtained after DNA
digestion with BstX I and Hha I enzymes was approximately 30%
of that found after DNA digestion with BstX I alone (Fig. 3 B, line
2). However, in mature sperm cells, the level of methylation at the
BstX I fragment was observed to be twofold (60%) (Fig. 3 C, lane
2). The methylation level detected in the Sac I limited DMR of the
H19  gene in spermatogonia (60%, Fig. 3 B, lane 3) was found to
be much higher than in somatic cells (40% and 30% in isolated
Sertoli and MSC-1 cells, respectively; Fig. 3 D and E, lanes 3).
Finally, in mature sperm cells, 75% of completely methylated Hha
I restriction sequences were observed at this region (Fig. 3 C, lane
3).

Chromatin structure of the U2af1-rs1 and H19 genes
To analyze possible modifications in chromatin structure of

Fig. 1. Morphology of spermatogonia and isolated Sertoli cells. Transmission electron micrographs showing morphological characteristics of
spermatogonia (A,B) and isolated Sertoli cells (C) obtained from 6-7 day-old mice testes. Following the morphological and structural standard
described by Bellvé et al. (1977), the prevailing spermatogenic cells detectable at this stage of germ cell development were primitive (p) and type A
(a) spermatogonia. Scale bar, 5 µm.
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Fig. 2 (Left). Methylation pattern of the U2af1-rs1 gene. (A) The U2af1-rs1 gene (black box) and flanking sequences (GenBank accession number
AF309654) include the EcoRI (E), BglII (Bg), NotI (N) and HpaII (disrupted lines) restriction sites. A 630 base pair EcoRI fragment was used as a probe.
The open rectangle denotes the position of the differentially methylated region (DMR) and the grey rounded figures indicate the location of repetitive
sequences. The thick line above the gene represents the promoter. The size of the restriction fragments obtained following digestion with BglII or
BglII+NotI restriction enzymes is also shown. DNase-I hypersensitive sites (vertical arrows) are located in a broad region within approximately 1 Kb
from the U2af1-rs1 transcription start site. The DNA methylation pattern was analyzed by Southern blotting in spermatogonia (B), mature sperm cells
(C), control isolated Sertoli cells (D) and in the MSC-1 Sertoli cell line (E). To perform methylation assays, samples were incubated with BglII, BglII+NotI
and BglII+HpaII restriction enzymes (lanes 1, 2 and 3 respectively).

Fig. 3 (Right). Methylation pattern of the H19  gene. (A) The H19 gene (black box) and its upstream sequence (GenBank accession number U19619)
include the BstXI (Bs), SacI (S) and HhaI (disrupted lines) restriction sites. A 3.8 kb SacI DNA fragment was used as a probe. The DMRs (open rectangles)
are located at -2 to -4 kb and less than 1 kb upstream from the transcription start site. The BstXI restriction fragment is also shown. The DNA methylation
pattern was analyzed by Southern blotting in spermatogonia (B), mature sperm cells (C), control isolated Sertoli cells (D) and in the MSC-1 Sertoli cell
line (E). To perform methylation assays, samples were incubated with BstXI, BstXI+HhaI and SacI+HhaI restriction enzymes (lanes 1, 2 and 3
respectively).
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alleles during the process of establishment of the parental imprint,
we performed DNase-I sensitivity assays. Samples of isolated
nuclei from each cell type were treated with increasing concentra-
tions of DNase-I endonuclease and afterwards with Bgl II or Sac
I restriction enzymes, depending on the studied U2af1-rs1 or H19
gene, respectively. Densitometric analysis revealed that post-
natal spermatogonia showed higher sensitivity to DNase-I diges-
tion than isolated Sertoli cells or MSC-1 Sertoli cell line in the
analized region of both genes (Figs. 4 and 5 A,B,C).

Then, we analyzed hypersensitive sites (HSS). For the U2af1-
rs1 gene, we detected these sites in spermatogonia as well as in
isolated Sertoli cells and in the MSC-1 Sertoli cell line (Fig. 4 A, B
and C). Consequently, we decided to study the presence of HSS
in male EG-1 and female EG-3 embryonic germ cells, which

derive from 8.5 dpc mouse embryo PGCs. HSS were found to be
present in the analyzed region in male EG-1 embryonic germ
cells. In contrast, no HSS were detected in the EG-3 female
embryonic germ cell line (Fig. 4 D and E). Thus, we detected HSS
in all the male germ cells examined, but not in female germ cells.
These HSS were located in a broad region at approximately 1 kb
downstream from the transcription start site of U2af1-rs1. The
approximately 4 Kb band detected in all samples is likely a
digestion product due to the activity of endogenous nucleases
present during nuclear isolation. This fragment is located in the
promoter region of the U2af1-rs1 gene.

For the H19  gene, several HSS were detected in all cell types
analyzed at the DMR located 2-4 kb upstream, except in sper-
matogonia (Fig. 5 A, B, C, D and E). Moreover, a close chromatin
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Previous reports support the idea that the allelic methylation
pattern is not fully established in the gametes, but will be complete
after fertilization or even during the initial stages of embryo
development (Brandeis et al., 1993; El-Maarri, 2001; Reik and
Walter, 2001b; Jeong et al., 2007; Polanski et al., 2008). More-
over, using a sensitive immunofluorescence assay with a well-
characterized antibody to 5-methyl cytosine, it has been shown
that after fertilization and prior to the first DNA duplication, the
paternal genome is selectively demethylated while the maternal
genome displays de novo methylation (Mayer et al., 2000; Oswald
et al., 2000). This active demethylation process occurs immedi-
ately following sperm decondensation and by 4 hours post-
fertilization maternal and paternal genomes are unequally methy-
lated (Santos et al., 2002).

Concerning the methylation status of the H19  gene, we found
a progressive increment at the Hha I sites in Sac I and BstX I
fragments for spermatogonia and sperm cells, although methyla-
tion was not absolute. Results from other authors that have
analysed restriction sites in this gene are compatible with our
findings, showing that methylation at Hha I restriction sites is
incomplete, despite the fact that new genomic imprinting has
been established (Ueda et al., 2000). In fact, the detected methy-
lation was approximately twofold in the Sac I DMR of the H19
gene in spermatogonia and sperm cells with respect to somatic
cells, suggesting that all H19 alleles are methylated in sper-
matogonia and gametes. The BstX I fragment presented a similar
level of methylation in both spermatogonia and somatic cells, but
this degree of methylation was increased almost twofold in sperm
cells. Therefore, in contrast to the U2af1-rs1 gene, imprinting of

Fig. 4. DNase-I sensitivity of the U2af1-rs1 gene. DNase-I sensitivity was analyzed by
Southern blotting of spermatogonia (A), control isolated Sertoli cells (B), MSC-1 Sertoli cell line
(C) and of male EG-1 (D) and female EG-3 (E) embryonic germ cell lines. For nuclease sensitivity
analysis, after incubation of nuclei with 0, 10, 20, 30, 50, 100 and 250 U/ml of DNase-I (lanes
1-7), DNA was isolated from nuclei and digested with BglII. Arrows indicate DNase-I digestion
products corresponding to hypersensitive sites.

conformation was detected in EG-1 male em-
bryonic germ cells in comparison to that of EG-
3 female cells (Fig. 5 D and E).

Discussion

DNA methylation is one of the most relevant
mechanisms which participates in the control
of genomic imprinting. In somatic cells, im-
printed genes can be identified as those which
present DMR methylation in 50% of their alle-
les. This percentage corresponds to the ma-
ternal alleles in the case of the U2af1-rs1 gene
or the paternal ones in the case of the H19
imprinted gene. So, a state of complete
demethylation for the U2af1-rs1 gene or com-
plete methylation for the H19  gene is likely to
be indicative of establishment of genomic im-
printing.

We found that the Not I and Hpa II restric-
tion sites in the U2af1-rs1 DMR were partially
methylated in spermatogonia and sperm cells.
Surprisingly, we detected a level of methyla-
tion which increased with the development of
the male germ cell line. Thus, sperm cells
presented complete methylation of the Not I
and Hpa II restriction sites in approximately
half of the U2af1-rs1 alleles. These results
indicate that the imprinting of the U2af1-rs1
gene is not totally established in sperm cells.

H19 appears to be completely established in the male gametes.
It is noteworthy that methylation of the Sac I DMR was ob-

served during the spermatogonia stage, whereas methylation of
the BstX I restriction fragment, which includes the promoter and
the 5’-extreme of the H19  gene, was observed later, during the
sperm cell stage of differentiation. Thus, the occurrence of methy-
lation of the BstX I fragment subsequent to that of the Sac I
fragment during the course of development corroborates the
theory that proximal promoter region is probably involved in the
maintenance rather than the establishment of H19 genomic
imprinting (Davis et al., 1999; Davis et al., 2000).

Prior to the establishment of methylation, other epigenetic
mechanisms may be involved to determine the identification of
alleles as future paternal or maternal and subsequently permit the
selective methylation of the appropriate maternal or paternal
allele of the imprinted gene. Thus, the present results point to the
possibility that modifications in chromatin structure and more
specifically the presence of DNase-I hypersensitive sites (HSS),
may be involved in the sex-specific labelling of alleles.

In the present work, we have detected HSS for the U2af1-rs1
gene in male germ and somatic cells, but not in female germ cells,
which only contain future maternal alleles and will become methy-
lated. These findings suggest the association of HSS with the
U2af1-rs1 paternal allele. It is possible that the presence of HSS
may be related to the joining of specific DNA binding proteins
involved in keeping the paternal allele unmethylated, as has been
described previously by Feil and Khosla (1999).

At the H19  DMR, we detected several HSS in the different
types of cellular nuclei analyzed, with the exception of nuclei of
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spermatogonia. Since the spermatogonia will produce male ga-
metes, in which the H19  gene must be methylated, it is conceiv-
able that the absence of HSS allows these alleles to acquire
methylation imprinting. Consequently, the HSS detected in fe-
male EG-3 embryonic germ cells as well as in somatic cells would
be associated with maternal alleles. HSS in EG-1 embryonic germ
cell line (derived from 8,5 dpc mouse embryo PGCs) may be due
to the fact that erasure of imprinting of the H19  gene has not yet
happened at this stage of development (Hajkova et al., 2002; Li
et al., 2004; Trasler, 2006). Consistently, other authors have
detected HSS in maternal alleles of somatic cells from several
tissues with and without gene expression (Hark and Tilghman,
1998; Khosla et al., 1999), suggesting that the presence of HSS
might be constitutively associated with H19 maternal alleles.

In summary, our results suggest that the establishment of
imprinting in the male germ cell line is gene specific and that this
process does not occur during a single stage of development.
Moreover, the presence of DNase-I hypersensitive sites (HSS)
may constitute a molecular marker to identify alleles and subse-
quently acquire the appropriate methylation imprint. Thus, this
identifier would be present or absent for a specific gene according
to the sex of the gamete.

Materials and Methods

Animals and cell lines
Pathogen-free C57BL/6 (H-2b) mice were purchased from Iffa Credo

Laboratories (France). Sertoli MSC-1 cell line were cultured with DMEM
supplemented with 10% fetal bovine serum, 32 mM NaHCO3, 2 mM

glutamine, 100U/ml penicillin and 100 µg/ml strep-
tomycin. Embryonic germ cell lines EG-1 and EG-
3 (Stewart et al., 1994) were grown on a feeder
layer of freshly obtained primary mouse embryonic
fibroblasts (MEF) inactivated with mitomycin C, in
gelatine-coated culture flasks. Fibroblasts were
collected from 12.5 days post-coitum (dpc) mouse
embryos as described by Abbondanzo et al., 1993.
Culture medium consisted of Dulbecco´s Modified
Eagle´s Medium (DMEM) (Gibco, Grand Island,
NY) supplemented with 15% fetal bovine serum, 32
mM NaHCO3, 2 mM glutamine, 1% non-essential
amino acids, 1 mM sodium pyruvate, 50 mM 2-β-
mercaptoethanol, 100 U/ml penicillin, 100 µg/ml
streptomycin, 10 ng/ml Steel Factor (SF) and 20
ng/ml leukemia inhibitory factor (LIF). EG cells
were collected after 5-6 passages and the undiffer-
entiated state of cells was tested routinely by the
detection of endogenous alkaline phosphatase ac-
tivity using the Red Alkaline Phosphatase Sub-
strate Kit I (Vector, Burlingame, CA, USA).

Isolation of spermatogonia and sperm cells
Spermatogonia from 6-7 day-old mice were

obtained after decapsulation of testes and diges-
tion with collagenase-II followed by centrifuga-
tion at 85 g for 7 min. Testicular cords were
digested with a trypsin-EDTA salt solution and
DNase-I. Cell suspension obtained was filtered
throughout a nylon cell strainer (Falcon-BD Bio-
sciences Discovery Labware Europe, Oxford, UK)
to remove cell aggregates and was centrifuged at
390 g during 10 min. In order to separate sper-
matogonia from somatic cells, cell suspensions

Fig. 5. DNase-I sensitivity of the H19  gene. DNase-I sensitivity was analyzed by Southern
blotting of spermatogonia (A), control isolated Sertoli cells (B), MSC-1 Sertoli cell line (C) and
of male EG-1 (D) and female EG-3 (E) embryonic germ cell lines. For nuclease sensitivity
analysis, after incubation of nuclei with 0, 10, 20, 40, 80 and 160 U/ml of DNase-I (lanes 1-6),
DNA was extracted from nuclei and digested with SacI. Arrows indicate DNase-I digestion
products corresponding to hypersensitive sites.

were plated onto culture flasks and maintained at 32°C overnight in the
same culture medium as for MSC-1 cell line. Spermatogonia remain in
suspension and adherent somatic cells were collected separately,
washed and used for other experimental assays. Purity of isolated
spermatogonia and testicular somatic cells (mainly Sertoli cells) were
analysed by electron microscope and by flow cytometry. Samples for
electron microscopy observations were prepared as described previ-
ously (Andollo et al., 2005) and ultrathin sections were examined in a
Philips EM208S electron microscope (Philips Electronic Instruments,
Eindhoven, Netherlands). Flow cytometric analysis was performed to
characterize the cell populations obtained from testis. Briefly, cells
were washed in PBS and fixed in ethanol. After three washes, 1x106

cells per sample were incubated with the first antibody (60 min at 37°C)
in PBS containing 0.5% Bovine serum albumina (BSA, Sigma) and
0.1% sodium azide (Sigma). The following mAb were used: anti-SSEA-
1 (Sigma) at 1:5 dilution and anti-vimentin (Roche) at 1:5 dilution. After
three washes in PBS-1% BSA-0.02% sodium azide, cells were incu-
bated with FITC-conjugated anti-rat IgG (1:100 dilution) (Sigma) for 30
min at 37°C. Then cells were washed again and the percentage of
positive cells was measured using a Coulter EPICS ELITE ESP flow
cytometer.

Mature sperm cells were obtained from the epididymis and vas
deferens from 12-16 week-old mice. Spermatozoa from the lumen of
the vas deferens were collected in PBS by gently sliding smooth
forceps along the length of the duct. Sperm cells of the cauda epididy-
mis were recovered cutting the duct into 1 mm3 segments and placing
the fragments in PBS. Cell and tissue preparations were vortexed
briefly. Clumps of tissue were allowed to settle at unit gravity and
sperm cells in the supernatants were collected. Cell suspensions were
filtered through a nylon cell strainer (Falcon, Becton-Dickinson Labo-
ratories, Orangeburg, NY, USA) to remove residual clumps of somatic
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cells. Sperm cells were recovered by centrifugation without contamina-
tion of somatic cells.

Methylation analysis, nuclease sensitivity assays and Southern
blotting

Methods for methylation analysis, nuclease sensitivity assays and
Southern blotting were previously described in Andollo et al., 2005. For
methylation assays, cells were collected and lysed and DNA was isolated.
DNA samples for the U2af1-rs1 analysis were digested with Bgl II alone
or in combination with Not I and Hpa II methylation dependent restriction
enzymes. To study the methylation status of the H19  gene, we analyzed
the restriction sequences of the methylation dependent Hha I endonu-
clease in two coupled regions that are limited by the BstX I and Sac I target
sites respectively. All restriction enzymes used were provided by
Amersham Bioscience (Piscataway, NJ, USA). For nuclease sensitivity
assays, nuclei were obtained as described in Feil et al., 1995 and assays
were performed as it is said in this publication. Isolated DNAs were
incubated with Bgl II enzyme for the U2af1-rs1 study and with Sac I
enzyme for the H19 analysis. Southern hybridization was carried out as
previously described (Andollo et al., 2005) using a 550 base pair EcoR I
fragment of U2af1-rs1 gene (probe 1), a 3.8 kb Sac I fragment which
comprises the core region of the H19 upstream region (probe H19-4) and
a 1.8 kb human β-ACTIN control probe (Clontech Labs, Palo Alto, CA,
USA). Densitometric measurements were performed with a video-densi-
tometer (Model 620, Bio-Rad Laboratories Ltd) using a Bio-Rad com-
puter-assisted system (FingerPrinting 1.0). Autoradiogram band intensi-
ties for DNase-I digestions were always refereed to the value correspond-
ing to the incubation with 0 units of nuclease. Southern blotting for
individual genes was repeated three times.
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