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ABSTRACT

In mice, male germ cells enter mitotic arrest beginning at
13.5 days postcoitum (dpc), and remain suspended in the G /G,
cell cycle stage until after birth. During this period, male germ
cells undergo extensive epigenetic reprogramming, which is
essential for their subsequent function as male gametes. A global
reorganization and spatial clustering of constitutive heterochro-
matin has been implicated in epigenetic plasticity during cellular
differentiation. Here, we have studied the dynamics of hetero-
chromatin in fetal (12.5-19.5 dpc) and neonatal (4 days
postpartum) male germ cells. We monitored constitutive
heterochromatin-specific markers, and observed changes in the
association of histone H3 trimethylation of lysine 9 (H3K9me3),
binding of heterochromatin protein 1, and patterns of 4/,6-
diamino-2-phenylindole staining in pericentric regions of chro-
mosomes, along with a coincident loss of chromocenters in fetal
prospermatogonia during mitotic arrest. We also observed a
transient loss of H3K9me3 associated with major and minor
satellite repeat sequences, plus inactivation of histone methyl-
transferases (Suv39h1 and Suv39h2), and transient activation of
histone demethylase (Jmjd2b) in these same cells. These
epigenetic changes were correlated with relocation of centro-
meric regions toward the nuclear periphery in prospermatogo-
nia during mitotic arrest. Taken together, these results show that
constitutive heterochromatin undergoes dramatic reorganiza-
tion during prespermatogenesis. We suggest that these dynamic
changes in heterochromatin contribute to normal epigenetic
reprogramming of the paternal genome in fetal prospermatogo-
nia suspended in the G /G, stage, and that this also represents
an epigenomic state that is particularly amenable to reprogram-
ming.
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INTRODUCTION

In mammals, the precursors of gametogenesis are the
primordial germ cells (PGCs), which, in the mouse embryo,
arise from the proximal layer of the epiblast at 6.25 days
postcoitum (dpc) [1]. By 8.5 dpc, PGCs enter the embryo
proper, then proliferate and migrate to the genital ridges by
11.5 dpc [2, 3]. The sex-determining gene on the Y
chromosome, Sry, is first expressed in the male genital ridges
at 10.5 dpc [4] to initiate a cascade of gene expression that
leads to testis development [5, 6]. By 12.5 dpc, morphological
sex differentiation occurs in the developing male gonads to
form testicular cords [5]. Sexual differentiation of the germ
cells initiates 1 day later, at 13.5 dpc. Female germ cells begin
to enter meiosis, while male germ cells, termed type M
prospermatogonia at this stage, become enclosed by the
developing testicular cords and continue mitotic cell division.
By 15.5 dpc, these male germ cells stop dividing and enter
mitotic arrest. They are called type T, prospermatogonia at this
stage, and they remain suspended in the G /G, phase of the cell
cycle until 3-4 days postpartum (dpp), when, as type T,
prospermatogonia, they reinitiate a burst of mitotic activity [2,
71.

During the initial stages of germ cell sex differentiation in
the fetus, the germline genomes in both sexes undergo dynamic
epigenetic reprogramming, including erasure and resetting of
sex-specific genomic imprints [8—19]. This epigenetic plasticity
is essential to the process of germ cell sex differentiation, and
the acquisition of developmental competence by both the
sperm and the oocyte genomes [19]. Nuclear transfer (cloning)
has been used to assess the correlation of epigenetic plasticity
and developmental potential of fetal germ cell genomes [20-
24]. We and others found that germ cell nuclei taken from
fetuses at 8.5-10.5 dpc were fully competent to support
development of viable cloned offspring based on inherited
epigenetic programming that had not yet been erased [23, 24],
whereas germ cell nuclei recovered at 11.5 dpc or later were
developmentally incompetent [20-22]. This loss of develop-
mental competence was correlated with the initial erasure, and
subsequent biallelic resetting of genomic imprints in the
germline genomes in both sexes, resulting in identical
imprinting (or lack thereof) on both alleles of each imprinted
gene in these cells. The lack of proper allele-specific imprinting
in cloned offspring leads to developmental defects, especially
during late fetal development, as evidenced by a relatively high
population of blastocysts cloned from germ cells that
successfully implanted in the womb, but then suffered from
severe developmental retardation or death by midgestation
stages [21, 22]. Despite these defects manifest during fetal
development, the donor germ cell nuclei were competent to
direct preimplantation development of cloned embryos, and
even early postimplantation development of cloned fetuses to
varying extents.
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Interestingly, when 15.5-dpc male germ cell nuclei were
used as donors for cloning, 100% of the cloned, two-cell
embryos developed to the morula/blastocyst stage, and 26% of
these developed to midgestation fetuses following transfer to
surrogate dams [22]. By comparison, only 54% of two-cell
embryos cloned from 12.5-dpc male germ cell nuclei
developed to the morula/blastocyst stage, and only 5.7% of
these formed midgestation fetuses following embryo transfer
[22]. Lee et al. also reported that the recovery of morula/
blastocyst stage embryos, and their subsequent implantation
rates were higher in embryos cloned from 14.5- to 15.5-dpc
PGCs than in those cloned from 12.5- to 13.5-dpc PGCs [21].
Because G,/G, is the most suitable cell cycle stage for the
nuclear transfer, type T, prospermatogonia at 15.5 dpe, which
are suspended in a G/G, mitotic arrest, may possess relatively
greater developmental competence for directing preimplanta-
tion development than mitotically active type M prosper-
matogonia at 12.5 dpc, even though neither was able to
sustain normal development of fetuses during postimplanta-
tion stages.

We ascribed the differences in initial developmental
competence of embryos cloned from mitotically active (type
M) or mitotically inactive (type T,) prospermatogonia to
differential capacities of nuclei from each of these cell types to
respond to reprogramming cues upon transfer into an
enucleated oocyte, but wondered how these differences are
manifest in these donor nuclei. A major aspect of epigenetic
reprogramming involves changes in chromatin [19, 25].
Therefore, to begin to investigate the different capacities for
reprogramming potential displayed by mitotically active and
inactive male germ cells, respectively, we undertook a study of
the global organization and epigenetic modifications of
constitutive heterochromatin in these two cell types.

In mammals, constitutive heterochromatin primarily encom-
passes the pericentric regions of chromosomes, and is
important for chromosome segregation [26]. Pericentric
heterochromatin is mainly composed of a repetitive DNA
sequence, called the major satellite repeat, which flanks the
centromeric domain consisting of minor satellite repeats, and is
characterized by hypoacetylated histones and trimethylation at
lysine 9 of histone H3 (H3K9me3) [27]. These modified states
of histones have been implicated in the maintenance of
heterochromatin protein (CBXS, also known as HP1) binding
at pericentric heterochromatin, and in transcriptional silencing
and centromere function [28-30]. In interphase nuclei, major
satellites on different chromosomes are associated in clusters,
called chromocenters, whereas the corresponding minor
satellites are located in surrounding domains that associate
with centromeric proteins [31].

Initially, constitutive heterochromatin was thought to be
stable in composition and transcriptionally inert [29]. However,
several lines of recent evidence now show that dynamic
reorganization occurs in constitutive heterochromatin, and that
this contributes to epigenetic plasticity during cellular devel-
opment and differentiation. In particular, pluripotent embryonic
stem (ES) cells show dynamic organization of heterochromatin
[32, 33]. In these cells, CBXS and linker histones, key proteins
involved in maintaining a heterochromatic state, exhibit
transient binding to target chromatin domains [32]. In certain
terminally differentiated cells, such as quiescent B lympho-
cytes, pericentric heterochromatin domains are reorganized into
large clusters following mitotic stimulation [34]. Extensive
clustering of heterochromatin also takes place during differen-
tiation of myoblasts into myotubes, a process that is correlated
with increased DNA methylation. This process has also been
shown to require histone deacetylase activity, and can be

induced by overexpression of methyl-CpG binding domain
proteins [35, 36]. This illustrates that global reorganization,
spatial clustering, and epigenetic modifications of constitutive
heterochromatin are associated with major changes in epige-
netic plasticity during cellular differentiation.

In the study described here, we investigated correlations
between global organization and epigenetic modifications of
constitutive heterochromatin, and mitotic activity (at 12.5-13.5
dpc or 4 dpp) or inactivity (at 15.5-19.5 dpc) in developing
male germ cells. In addition, we also examined these same
parameters in undifferentiated ES cells to determine which may
be correlated with genomic pluripotency. Our results show that
developing prospermatogonia undergo dramatic changes in the
manner in which constitutive heterochromatin is organized and
epigenetically modified. We suggest that these changes may
correlate with the significant changes in epigenetic plasticity
and developmental capacity that we have previously observed
in these cell types.

MATERIALS AND METHODS

Mice Used and Collection of Tissues

Transgenic mice expressing germ cell-specific green fluorescent protein
(GFP) driven by the PouSfl gene promoter/enhancer (Tg OG2) were
generated by microinjecting (CBA/CaJ X C57BL/6J) F2 zygotes (a generous
gift from Dr. J.R. Mann, University of Melbourne, Melbourne, Australia) [11].
Female CD1 mice were mated with male Tg OG2 mice to produce (CD1 X
0OG?2) F1 hybrid fetuses and pups. Mating was assessed by the presence of a
vaginal plug on the following morning, and recorded as Embryonic Day 0.5
(0.5 dpc). Gonads were dissected in Hepes-Dulbecco modified Eagle medium
(Invitrogen, Carlsbad, CA) with 20% fetal bovine serum, and incubated in
saline/ethylenediaminetetraacetic acid (EDTA) plus glucose solution for 10
min at room temperature to dissociate germ cells, as previously described [37].
After incubation, gonads were gently pipetted and filtered through a 40-um
cell strainer (BD Biosciences, San Jose, CA) to prepare a single-cell
suspension. Fetal male germ cells were isolated on the basis of GFP
expression using either fluorescence-activated cell sorting (FACS) or
individual picking by micromanipulator, as described in each section below.
Neonatal male germ cells at 4 dpp were isolated on the basis of morphological
characteristics.

Cumulus cells were collected from B6D2F1 (C57BL/6 X DBA/2) mice.
Female mice were induced to superovulate by consecutive injections of equine
chorionic gonadotropin (5 IU; Calbiochem, San Diego, CA) and human
chorionic gonadotropin (5 IU; Calbiochem) 48 h apart. At 14 h after human
chorionic gonadotropin injection, oocyte-cumulus complexes were collected
from oviducts. Ovulated oocyte-cumulus complexes were treated with 0.1%
hyaluronidase (300 U/mg; Sigma-Aldrich, St. Louis, MO) for 5 min to disperse
cumulus cells.

Mouse ES cells (R1 line) were maintained as previously described [38]. All
relevant experimental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of Hawaii.

Immunocytochemistry and Interphase Fluorescence
In Situ Hybridization

GFP-positive male germ cells, cumulus cells, and ES cells were picked
using a fluorescence microscope (Olympus, Center Valley, PA) equipped with
a micropipette, and placed on UltraStick slides (Ted Pella, Inc., Redding, CA).
For immunocytochemistry, cells were fixed with 2% paraformaldehyde, and
were washed three times with PBS containing 0.1% Tween 20 (PBS-Tween).
Slides were then incubated in PBT (PBS containing 0.15% bovine serum
albumin and 0.1% Tween 20) plus 5% goat serum for 60 min at 37°C prior to
overnight incubation with one of the following antibodies: H3K9me3 (Abcam,
Cambridge, MA), 1:200; or CBXS (HP1o; Millipore, Billerica, MA), 1:100.
Thereafter, slides were washed three times for 5 min in PBS-Tween, and
incubated with secondary antibodies (Alexa Fluor 568 goat anti-rabbit IgG,
1:500, or Alexa Fluor 568 goat anti-mouse IgG, 1:100 [Invitrogen]) for 60 min
in PBT at 37°C. After washing in PBS-Tween, slides were mounted in
Vectashield with 4’,6-diamino-2-phenylindole (DAPIL; Vector Laboratories
Inc., Burlingame, CA). Immunofluorescence was visualized using a FluoView
1000 confocal microscope (Olympus). For interphase fluorescence in situ
hybridization (FISH), cells were fixed with 3:1 methanol:acetic acid and baked
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for 3 h at 65°C. Slides were denatured in 70% formamide/2X saline-sodium
citrate (SSC) at 70°C for 3 min, and then dehydrated in a cold 70%/85%/100%
ethanol series for 1 min each. The Cy-3-labeled mouse pancentromeric probe
(Open Biosystems, Huntsville, AL) was denatured at 75°C for 10 min. The
labeled probe was dropped onto the denatured cells, covered with Parafilm
(Alcan Packaging, Neenah, WI), and incubated at 37°C overnight in a
humidified chamber. After hybridization, the slides were washed in 50%
formamide/2X SSC at 37°C, 2X SSC, and 1X SSC for 15 min each, and once
briefly in PBS. The slides were mounted in Vectashield with DAPI (Vector
Laboratories Inc.). Signals were observed and photographed using a FluoView
1000 confocal microscope (Olympus).

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assays were performed as previ-
ously described [39], with minor modifications. The GFP-positive male germ
cells were sorted using a FACSAria cell sorter (BD Biosciences). After sorting,
the purity of GFP-positive cells was >95%. A total of 3 X 10* GFP-positive
male germ cells was mixed with 1 X 107 Drosophila melanogaster SL2 cells
(Invitrogen). Cells were fixed in a final concentration of 1% formaldehyde for
10 min at room temperature, and then the reaction was stopped by addition of
125 mM glycine. Cells were washed twice in NB buffer (15 mM Tris-HCI, pH
7.4, 60 mM KCI, 15 mM NaCl, 5 mM MgCl,, 0.1 mM ethyleneglycol-bis-(-
aminoethyl ether)-N,N’-tetraacetic acid, | mM PMSF, 5 mM sodium butyrate,
Halt protease inhibitor cocktail [Pierce Biotechnology, Inc., Rockford, IL]).
Cells were then resuspended in NB buffer plus 0.2% Igepal CA-630 and left on
ice for 15 min. After washing nuclei with NB buffer plus 0.32 M sucrose, the
nuclear pellets were resuspended in micrococcal nuclease (MNase) digestion
buffer (20 mM Tris-HCI, pH 8.0, 5 mM NaCl, 2.5 mM CaClz, 2% Triton X-
100), and digested with 30 U MNase (TAKARA Bio USA, Madison, WI) for 5
min at room temperature. The MNase reaction was stopped by adding a similar
volume of MNase stop buffer (20 mM Tris-HCI, pH 8.0, 20 mM EDTA, 295
mM NaCl, 0.2% SDS), and incubating at 4°C overnight with agitation. After
centrifugation to remove cellular debris, the chromatin solution was incubated
with anti-H3K9me3 (Abcam) antibody and Dynabeads protein A (Invitrogen)
at 4°C overnight with agitation. The beads were washed several times, and the
attached immune complexes were eluted with a buffer containing 1% SDS, 10
mM dithiothreitol and 0.1 M NaHCO,. Cross-links were reversed by the
addition of 5 M NaCl and incubation at 65°C for 5 h. The samples were then
treated with RNase A for 30 min and proteinase K for 1 h, and DNA was
purified by phenol-chloroform extraction and ethanol precipitation. DNA was
quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA) and analyzed by quantitative PCR.

Quantitative Real-Time PCR for ChIP Assay

Quantitative PCR analysis was carried out with DNA precipitated by ChIP
using the MyiQ single-color real-time PCR detection system (Bio-Rad,
Hercules, CA) with iQ SYBR Green Supermix (Bio-Rad). Each PCR assay
was performed in duplicate. PCR primers were as follows: for major satellite
repeats, 5'-GACGACTTGAAAAATGACGAAATC-3’, 5'-CATA-
TTCCAGGTCCTTCAGTGTGC-3’; for minor satellite repeats, 5-CATG-
GAAAATGATAAAAACC-3', 5'-CATCTAATATGTTCTACAGTGTGG-3’
[34, 40]. Relative amounts of DNA in the input and bound fractions were
determined from cycle threshold (Cy) values, using a standard curve generated
from DNA of known concentrations. Values for enrichment were calculated as
the average of two independent ChIP experiments conducted on germ cells at
12.5 and 19.5 dpc, and three or more experiments conducted on germ cells at
13.5,15.5, and 17.5 dpc. Statistical analyses were performed using the Student
t-test.

Quantitative Gene Expression Analysis

Quantitative real-time PCR was performed using the MyiQ single-color
real-time PCR detection system (Bio-Rad) with iQ SYBR Green Supermix
(Bio-Rad). A total of 200—400 GFP-positive germ cells were collected as one
set, and cDNA was synthesized using the Superscript III Cells Direct cDNA
synthesis system (Invitrogen). We used three sets of germ cells from each stage
for each gene expression assay. PCR primers were as follows (forward and
reverse, respectively): for Suv39hl, 5'-TGTGATGCCAGGCACTTGGT-3', 5'-
TGGGCTCCACCTTTGTGGTT-3'; for Suv39h2, 5'-TTGGAGTGCCAGG
CAGAGTG-3’, 5-CACTGTCATCGGGGCTTGTG-3'; for Jmjd2b, 5'-
GTGGCTGAGGGCAGGAGAAA-3’, 5'-GTGCAGACTGGGCCTGTGAA
-3’, for Actb, 5'-CGCCATGGATGACGATATCG-3', 5-CGAAG
CCGGCTTTGCACATG-3'. The relative expression of target mRNAs was
calculated from target C.. values and Actb C,, values using the standard curve

method. Results were normalized to Actb gene expression and calibrated
according to the result from 12.5 dpc male germ cells. Data are presented as
means of three replicate analyses of each cell type. Statistical analyses were
performed using the Student #-test.

RESULTS

Epigenetic Changes in Constitutive Heterochromatin
in Male Germ Cells

Pericentric heterochromatin, the major component of
constitutive heterochromatin, can be easily visualized in
interphase nuclei by the fluorochrome, DAPI, and by
immunostaining of H3K9me3 and CBXS5. In mouse somatic
cells, pericentric heterochromatin domains cluster together and
form higher-order chromatin structures, called chromocenters,
which are visualized as DAPI-dense foci [31]. Since constitu-
tive heterochromatin architecture and higher-order structures
are important for epigenetic plasticity [32-36], we character-
ized this phenotype in male germ cells during fetal (12.5-19.5
dpc) and neonatal (4 dpp) periods. Male germ cells were
stained with DAPI, and immunostained to detect H3K9me3
and CBX5, to reveal the global organization of constitutive
heterochromatin.

Three different staining patterns were observed during male
germ cell development (Fig. 1, A and B). In the first pattern,
H3K9me3 and CBXS5 staining was confined to small, discrete
foci, coincident with intense DAPI staining, and were widely
distributed in the nuclei (Fig. 1, A and B, 12.5 dpc panels). In
the second pattern, staining revealed punctuate foci of
heterochromatin, which primarily localized around the nuclear
periphery (Fig. 1, A and B, 13.5 dpc panels). In the third
pattern, staining showed a loss of chromocenters and a
generally diffuse staining of heterochromatin, with some
enrichment at the nuclear periphery (Fig. 1, A and B, 15.5
dpc panels). As shown in Figure 2, the distribution of these
three staining patterns of H3K9me3 and CBXS varied as a
function of the developmental stage of male germ cells. At
12.5-13.5 dpc, examples of all three staining patterns were
observed (Fig. 1, A and B, 12.5-13.5 dpc panels). As
development proceeded, the proportion of germ cells with
diffuse staining (the third pattern) gradually increased, such
that, between 15.5 and 19.5 dpc, all of the cells showed this
diffuse localization of H3K9me3 and CBXS throughout the
nuclei, with loss of chromocenter formation, as observed by
DAPI staining (Fig. 1, A and B, 15.5-19.5 dpc panels).
Interestingly, in postnatal male germ cells at 4 dpp, the pattern
reverted to that observed at 12.5-13.5 dpc (Fig. 1, A and B, 4
dpp panels).

These epigenetic changes in nuclear organization of
heterochromatin occurred coincidentally with the transition
from mitotically active type M prospermatogonia to mitotically
arrested type T, prospermatogonia, and then to mitotically
active type T, prospermatogonia, respectively. During the late
fetal period (15.5-19.5 dpc), type T, prospermatogonia are
characterized by mitotic arrest and by a period of significant
epigenetic reprogramming [8—19]. To determine if the hetero-
chromatin organization that we observed in these cells is a
common feature of all cell types arrested at the G /G, phase of
the cell cycle, we examined adult cumulus cells, which are
arrested at the G /G, stage at the time of ovulation [41].
Interestingly, as shown in Figure 1C, H3K9me3 and CBXS5 in
mitotically inactive camulus nuclei were accumulated in DAPI-
dense pericentric heterochromatin domains similar to those seen
in mitotically active male germ cells at 12.5 dpc (Fig. 1, A and
B, 12.5 dpc panels). Thus, in two separate experiments, 41 of 41
(100%) and 33 of 36 (96%) cumulus cells showed a punctate
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Dynamic organization of epigenetic heterochromatin states during prespermatogenesis. A) The kinetics of H3K9me3 in fetal and neonatal male

germ cells. Male germ cells were isolated from fetuses at 12.5, 13.5, 15.5, 17.5, and 19.5 dpc, and neonates at 4 dpp, and stained with anti-H3K9me3
antibody (red) and DAPI (blue). Arrowheads in the panels of 12.5, 13.5, and 15.5 dpc cells indicate the typical staining patterns of the H3K9me3 as
punctate, punctate perinuclear distribution, and diffuse, respectively. B) The kinetics of CBX5 in fetal and neonatal male germ cells. Male germ cells were
stained with anti-CBX5 antibody (red) and DAPI (blue). Arrowheads in the panels of 12.5, 13.5, and 15.5 dpc cells indicate the typical staining patterns for
CBX5 as punctate, punctate perinuclear distribution, and diffuse, respectively. C and D) Immunofluorescence detection of H3K9me3 (left panels) and

CBX5 (right panels) in cumulus cells (C) and in ES cells (D). Bars = 10 pm.

pattern of H3K9me3 and CBX3, respectively (data not shown).
To determine if a transition to the heterochromatin organization
seen in type T, prospermatogonia is characteristic of cells that
have undergone epigenetic reprogramming to achieve pluripo-
tency, we next examined undifferentiated, pluripotent ES cells.
By immunostaining for H3K9me3 and CBXS5, 120 of 154
(78%) and 33 of 50 (66%) ES cells, respectively, showed the
same pattern of organization of constitutive heterochromatin as

that detected in type M prospermatogonia (Fig. 1, A and B, 12.5
dpc panels) and in adult cumulus cells (Fig. 1D). The remaining
ES cells showed almost no staining for either H3K9me3 or
CBXS5, and were therefore distinct from type T, prosper-
matogonia (data not shown). Thus, we observed the same
pattern of heterochromatin organization in four different cell
types (mitotically active type M prospermatogonia at 12.5 dpc;
mitotically active type T, prospermatogonia; mitotically
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FIG. 2. The proportion of different epigenetic states during male germ

cell development. A) The percentage of cells showing positive H3K9me3
staining in a punctate pattern (black bars), a punctate perinuclear
distribution (gray bars), or a diffuse distribution (white bars) is shown. B)
The percentage of cells showing positive CBX5 staining in a punctate
pattern (black bars), a punctate perinuclear distribution (gray bars), or a
diffuse distribution (white bars) is shown. At least two independent
immunostaining experiments were performed and on > 100 cells each
were recorded to calculate the percentages.

inactive, differentiated, adult cumulus cells; and mitotically
active, undifferentiated, pluripotent ES cells), and this pattern
was distinct from that seen in type T, prospermatogonia. These
results indicate that the pattern of nuclear organization of
heterochromatin that we observed in type T, fetal prosper-
matogonia is indeed unique, and is common to neither all cells
suspended in mitotic arrest, nor to all cells bearing a pluripotent
genome.

The Profile of Pericentric Heterochromatin States
in Developing Male Germ Cells

The loss of chromocenter organization in type T, prosper-
matogonia (Fig. 1, A and B, 15.5-19.5 dpc panels) may be
caused by histone hypomethylation at pericentric heterochro-
matin regions composed of major and minor satellite repeats.
To detect epigenetic changes in constitutive heterochromatin in
a region-specific manner, we assessed histone methylation
levels specifically at major or minor satellite repeats by ChIP
analysis (Fig. 3). Our results showed a similar, enriched
abundance of H3K9me3 associated with both major and minor
satellite repeats in type T, prospermatogonia. This enrichment
in H3K9me3 was observed at 12.5 dpc, and continued to
increase gradually until 15.5 dpc. Interestingly, this enrichment
of H3K9me3 showed a transient but significant decrease across
major satellite repeats at 17.5 dpc (Fig. 3A). There was a
similar trend toward loss of H3K9me3 across minor satellite
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FIG. 3. Histone methylation levels at pericentric heterochromatin

regions in fetal male germ cells. ChIP analyses were performed on more
than 95% purified populations of fetal male germ cells recovered from
specific stages prior to and during the period of mitotic arrest using an
antibody specific for H3K9me3. Precipitated DNA was subjected to real-
time PCR with the use of specific primers for the major satellite repeats (A)
and minor satellite repeats (B), and enrichment of immunoprecipitated
DNA (bound fractions [BOJ) relative to input (IP) DNA was calculated in
each case. Data represent mean (= SEM) values of two independent ChIP
experiments for 12.5 dpc and 19.5 dpc, and more than three for 13.5 dpc,
15.5 dpc, and 17.5 dpc. Two dots show the extent of variation when only
two measurements were made. Statistical analyses were performed using
the Student t-test. A value of P < 0.05 was considered statistically
significant.

repeats at this same stage, although the decrease was not
statistically significant (Fig. 3B). By 19.5 dpc, the level of
H3K9me3 tended to be restored to previous levels. These
results reveal that constitutive heterochromatin undergoes
significant changes in epigenetic modifications in mitotically
arrested type T, prospermatogonia.

We next examined the expression profiles in prosper-
matogonia of master epigenetic regulators involved in the
establishment of constitutive heterochromatin, including his-
tone methyltransferases and demethylases. The histone meth-
yltransferases, SUV39H1 and SUV39H2, are preferentially
targeted to pericentric heterochromatin to establish H3K9me3
at these regions [40, 42, 43]. On the other hand, JIMJD2B is a
histone demethylase that antagonizes H3K9me3 in these same
regions [44, 45]. As noted above, our stage-specific ChIP
assays revealed a transient loss of H3K9me3 across major and
minor satellite repeats in male germ cells at 17.5 dpc (Fig. 3).
To determine if this was related to changes in levels of histone
methylases or demethylases, we characterized the pattern of
expression of the histone-methyltransferase-encoding Suv39hl/
and Suv39h2 genes, and of the histone-demethylase-encoding
gene, Jmjd2b, in prospermatogonia using real-time RT-PCR
(Fig. 4). Expression of Suv39hl was constant between 12.5 and
13.5 dpc, and then showed a transient but significant down-
regulation at 15.5 dpc, followed by a gradual increase during
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subsequent stages (Fig. 4A). Similarly, Suv39h2 was also
significantly down-regulated at 15.5 dpc, and then up-regulated
at 17.5 dpc, but this was followed by a gradual decrease in later
stages (Fig. 4B). In contrast, expression of the Jmjd2b gene
was constant in prospermatogonia throughout fetal develop-
ment, except for a transient and significant up-regulation at
17.5 dpc (Fig. 4C). Thus, the marked decrease that we
observed in levels of H3K9me3 at both major and minor
satellite repeats in type T, prospermatogonia at 17.5 dpc (Fig.
3) appears to correlate with a preceding decrease in levels of
mRNAs encoding histone methyltransferases at 15.5 dpc (Fig.
4, A and B), and with an increase in levels of histone
demethylase mRNAs at 17.5 dpc (Fig. 4C).

Nuclear Reorganization of Constitutive Heterochromatin
in Male Germ Cells

Our observations described above reveal a distinction
between type T, prospermatogonia and adult cumulus cells.
Both cell types are suspended in mitotic arrest at the G,/G,
stage, but cumulus cells retain relatively well-organized
chromocenters, whereas these are lost in type T, prosper-
matogonia. We therefore wondered which epigenetic modifi-
cations may contribute to the loss of chromocenters in type T,
prospermatogonia. We considered the possibilities that: 1) there
could be a localized demethylation of H3K9me3 residues in
chromatin associated uniquely with pericentric regions, result-
ing in a release of CBXS protein and subsequent dissociation of
the chromocenters; or 2) that this change could be associated
with more global epigenomic changes in chromatin modifica-
tions in type T, prospermatogonia. We reasoned that, if the loss
of organized chromocenters in type T, prospermatogonia is due
to localized demethylation of H3K9me3 (option 1 above), then
the pericentric regions of chromosomes should remain adjacent
to one another, whereas, if the loss of organized chromocenters
in these cells is due to more global epigenomic changes (option
2 above), then the pericentric regions should become more
diffuse within the nuclei.

To address this question, we characterized the spatial
distribution of pericentric and centromeric chromosomal
regions in fetal and neonatal male germ cells using interphase
FISH (Fig. 5A). In type M prospermatogoma at 12.5 dpc,
pericentric and centromeric regions were detectable as small,
discrete foci that were coincident with intense DAPI staining
(Fig. 5A, 12.5 dpc panels). Some of these discrete foci of
centromeric regions became relocated to the nuclear periphery
in type T, prospermatogonia at 13.5 dpc (Fig. 5A, 13.5 dpc
panels), and this pattern was then retained throughout the
period of mitotic arrest in these cells (Fig. 5A, 15.5-19.5 dpc
panels). In particular, type T, prospermatogonia at 17.5 dpc
showed a loss of chromocenters, and diffuse distribution of
pericentric and centromeric regions when analyzed by
interphase FISH (Fig. 5A, 17.5 dpc panels). This was
consistent with the results of our ChIP assay, which showed
a transient loss of H3K9me3 at major and minor satellite
repeats in these same cells (Fig. 3). However, in type T,
prospermatogonia at 4 dpp (Fig. 5A, 4 dpp panels),
chromocenters had become reassembled, and were clearly
visible within the nucleus, similar to those observed in type M
prospermatogonia at 12.5 dpc (Fig. 5A, 12.5 dpc panels).

Taken together, these results suggest that organization of
pericentric heterochromatin and correlated epigenetic modifi-
cations undergo dynamic global reorganization coincident with
the period of mitotic arrest in type T, prospermatogonia. This
supports the second option posed above—that the disappear-
ance of organized chromocenters in type T, prospermatogonia
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FIG. 4. Quantitative expression of two histone methyltransferase genes
and a histone demethylase gene during fetal and neonatal male germ cell
development. Relative expression of two different histone methyltransfer-
ase genes, Suv39h1 (A) and Suv39h2 (B), and a histone demethylase,
Jmjd2b (C), in fetal and neonatal male germ cells are shown. In each case,
expression of each gene was measured in endogenous male germ cells
(recovered at 12.5, 13.5, 15.5, 17.5, and 19.5 dpc, and 4 dpp, and
purified to 100%). The relative expression of each target mRNA was
calculated from the target C values and Actb mRNA C; values, using the
standard curve method. The relative amount of each target mRNA at 12.5
dpc was arbitrarily set at 1, and all other transcript levels were compared
to these values. Error bars indicate SEM. Statistical analyses were
performed using the Student t-test. A value of P < 0.05 was considered
statistically significant.

is associated with global changes in nuclear architecture.
Interestingly, our control experiments involving cumulus cells
and ES cells as examples of cells in states of mitotic arrest or
pluripotency, respectively, failed to reveal a pattern of
perinuclear relocation of centromeric heterochromatin (Fig. 5,
B and C), indicating that the dynamic spatial reorganization of
constitutive heterochromatin that we observed in prosper-
matogonia is a phenomenon unique to germ cells. It is
intriguing to consider that this unique epigenomic phenomenon
may be related to the uniquely high success previously
observed in the ability of nuclei from type T, prosper-
matogonia to direct preimplantation development following
nuclear transfer [21, 22].
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FIG. 5. Changes in nuclear architecture during prespermatogenesis. A)
Dynamic reorganization of pericentric heterochromatin domains during
fetal and neonatal male germ cell development. Male germ cells were
isolated from fetuses at 12.5, 13.5, 15.5, 17.5, and 19.5 dpc, and neonates
at 4 dpp, and hybridized with a Cy3-labeled pancentromeric probe (red)
to visualize the nuclear localization of centromeric regions. DNA was
stained with DAPI (blue). B and C) Localization of centromeric regions in
cumulus cells (B) and in ES cells (C). Bar =10 pm.

DISCUSSION

We have examined the status of intranuclear heterochroma-
tin organization and epigenetic markers in fetal and neonatal
prospermatogonia, including mitotically active type M prosper-

matogonia at 12.5-13.5 dpc, mitotically arrested type T,
prospermatogonia at 15.5-19.5 dpc, and type T, prosper-
matogonia at 4 dpp following reactivation of mitotic activity.
We observed dynamic changes in heterochromatin organiza-
tion and epigenetic markers associated with constitutive
heterochromatin in these cells that coincided with transitions
between states of mitotic activity and inactivity, and with a
major period of epigenetic reprogramming. As noted above,
these changes in organization of heterochromatin also
coincided with changes in the capacity of nuclei from each
of these cell types to sustain preimplantation and early
postimplantation development of cloned embryos.

Recently, Western et al. [7] examined the precise timing and
dynamics of cell cycle arrest in fetal male germ cells. Using
FACS analysis based on propidium iodide staining, they found
that 38%, 55%, and 95% of germ cells were arrested in the Go/
G, stage at 12.5 dpc, 13.5 dpc, and 14.5 dpc, respectively.
These proportions of male germ cells found in mitotic arrest at
each fetal stage were similar to those that we observed of germ
cells showing diffuse staining of H3K9me3, CBXS5, and DAPI
(pattern no. 3, Fig. 1, A and B, 15.5-19.5 dpc panels) at these
same stages, suggesting a direct link between entry into mitotic
arrest and the appearance of diffuse intranuclear localization of
H3K9me3- and CBXS5-positive heterochromatin, along with
the disappearance of the chromocenter in type T, prosper-
matogonia. Interestingly, a similar observation has been
reported in mitotically quiescent B lymphocytes, which, like
quiescent germ cells, lack certain features of nuclear hetero-
chromatin organization, and show higher reprogramming
potential compared with the same cell type following
stimulation of mitotic activity [34]. However, this epigenetic
feature does not appear to be common to all cells arrested in the
G,/G, phase of the cell cycle, as demonstrated by our analysis
of cumulus cells that are arrested in GO/GI’ but showed
punctate distribution of H3K9me3 and CBXS, along with the
presence of a chromocenter (Fig. 1C).

Taken together, these observations suggest that multiple
parameters influence the likelihood of successful development
of cloned embryos produced by nuclear transfer. One
parameter is mitotic activity. Clearly, cloned embryos produced
from donor cells suspended in mitotic arrest typically show
higher developmental success than those produced from
mitotically active cells [46]. A second parameter is genomic
imprinting. Previous studies have demonstrated that embryos
produced from donor germ cells in which imprints have been
erased are able to develop to early-stage fetuses, but undergo
severe growth retardation thereafter [20-22]. Our studies
reported here, along with our previous cloning experiments
using prospermatogonia as nuclear donors, suggest that a third
parameter that influences developmental success of cloned
embryos is the status of epigenetic programming of the
genome, as indicated by nuclear organization of heterochro-
matin. Thus, while cumulus cells have been successfully used
as somatic cell nuclear transfer donors to produce viable cloned
offspring [47, 48], it is interesting to note that the percentage of
cloned embryos generated from cumulus donor nuclei that
developed to the morula/blastocyst stage was only 31% and
60% in two independent experiments using B6D2F1 donor
cells [48]. In contrast, although no viable cloned offspring were
produced when prospermatogonia were used as nuclear donors,
due to a lack of proper imprinting, 100% of cloned embryos
produced with nuclei from B6D2F1 type T, prospermatogonia
developed to the morula/blastocyst stage [22]. This suggests
that type T, prospermatogonia exist in an epigenetic state that
is better predisposed to direct preimplantation development
than are cumulus cells. We suggest that the differences that we
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observed in intranuclear organization of heterochromatin in
these two cell types are indicative of this epigenetic distinction.

Specifically, we observed that pericentric regions lost their
association with H3K9me3 and CBXS5 proteins, and relocated
toward the nuclear periphery, and that the chromocenter
became less organized in type T, prospermatogonia. Our
studies of the expression profiles of histone methyltransferases
(Suv39hl and Suv39h2) and histone demethylase (Jmjd2b) in
prospermatogonia suggest that the changes that we observed in
heterochromatin organization in these cells are developmen-
tally regulated events. SUV39H histone methyltransferases
govern accumulation of H3K9me3 at pericentric heterochro-
matin, and recruit binding of CBXS proteins to form stable
heterochromatin, and CBXS5 proteins self-associate and interact
with SUV39H to form a positive feedback loop [49]. SUV39H
histone methyltransferases also direct Dnmt3b-dependent DNA
methylation at pericentric repeats [40]. Furthermore, recent
discoveries have uncovered a role for the RNA interference
pathway in heterochromatin formation [30]. Given these facts,
it is evident that the reorganization of pericentric heterochro-
matin depends on a complex and interactive modulation of
epigenetic factors.

We also observed a decrease in expression of the Suv39h
genes in type T, prospermatogonia at 15.5 dpc (Fig. 4, A and
B), prior to the transient loss of H3K9me3 at 17.5 dpc (Fig. 3).
While these events appear to represent a cause-and-effect
relationship, it is not clear why there is a lag between the
putative cause and its effect. However, it seems likely that an
active DNA demethylase and/or histone demethylase is
required to remodel the pericentric heterochromatin without
DNA replication in male germ cells at these stages. Indeed, we
observed transient activation of Jmjd2b gene expression in
these same cells at 17.5 dpc (Fig. 4C). Interestingly, the level of
H3K9me3 in germ cells at 17.5 dpc was similar to that in germ
cells at 12.5 dpc (Fig. 3), even though the H3K9me3 staining
patterns were different (Fig. 1). This indicates that the level of
H3K9me3 is not the sole determinant of formation of the
chromocenter. It will be necessary to perform knockout or
knockdown studies of these key epigenetic modifiers in vivo to
fully dissect the dynamic mechanism(s) governing the
organization of pericentric heterochromatin and chromocenter
formation during male germ cell development. However, we
suspect that the changes that we observed in expression of
genes encoding key epigenetic modifiers may initiate a series
of changes in components of constitutive heterochromatin or
their modified states that result in diffusion of heterochromatin
throughout the nucleus.

The notion that heterochromatin organization is indicative
of reprogramming potential is supported by previous observa-
tions including a report by Houlard et al. [50] that showed that
ES cells depleted of chromatin assembly factor 1 underwent a
loss of chromocenter organization and delocalization of CBXS5,
with a relocation of centromeric and pericentric heterochroma-
tin to the nuclear periphery. Another report by Taddei et al.
[51] showed that long-term treatment of mouse fibroblast L.929
cells or human HeLa cells with the histone deacetylase
inhibitor, trichostatin A, reversibly induced the relocation of
centromeric regions at the nuclear periphery, with loss of
chromocenter organization and delocalization of CBXS. The
results of our analysis of the spatial distribution of pericentric
and centromeric chromosomal regions in fetal and neonatal
male germ cells suggest that these effects may be correlated
with more general epigenetic changes in chromatin structure
that render the genome in a donor nucleus more amenable to
reprogramming cues emanating from the ooplasm of the
recipient enucleated oocyte following nuclear transfer.

Previous studies have documented at least two periods of
genome-wide epigenetic reprogramming during fetal germ cell
development in the mouse. The first occurs at about 8.5 dpc,
when PGCs are migrating, and may be necessary for eventual
transmission of genomic totipotency to the zygote [12—14]. The
second reprogramming event occurs at about 11.5 dpc,
coincident with the arrival of PGCs in the developing gonads,
and includes genome-wide DNA demethylation, and major
changes in nuclear architecture accompanied by an extensive
erasure of several histone modifications [18]. This step appears
to be crucial for erasure of genomic imprints. Genome-wide
chromatin reprogramming then continues during postnatal
spermatogenesis, including meiosis and spermatid differentia-
tion [19]. The functional significance of H3K9me3 at
pericentric regions during meiosis is evident in mice with
deletions of both Suv39hl and Suv39h2 genes [43]. In these
double-mutant mice, genomic stability is impaired, with
differentiation arrest at the transition between early-to-late
spermatocytes, resulting in severe impairment of spermatogen-
esis. Recently, Govin et al. [52] showed a distinct behavior of
pericentric heterochromatin during postmeiotic chromatin
reorganization in male germ cells. Pericentric regions are
dynamically reorganized in elongating spermatids to acquire a
unique epigenetic state, marked by both histone H4 acetylation
and H3K9me3, and loss of CBXS. These unique epigenetic
marks may be required to establish sperm-specific packaging
of pericentric heterochromatin in condensed nuclei.

In the present study, we reveal yet another period of
epigenetic reprogramming in male germ cells during the late
fetal/early postnatal stages. This reprogramming is character-
ized by global changes in chromatin conformation in type T,
prospermatogonia that correlate with the timing of re-
establishment of biallelic imprints in the male germ line that
are a critical prerequisite for developmental competence in the
paternal genome [15, 19]. Thus, we suggest that a global
decondensation of chromatin conformation occurs in type T,
prospermatogonia, and is normally required to facilitate
paternal imprinting, but also represents an epigenetic state that
is particularly amenable to efficient reprogramming upon
nuclear transfer. While the initial observations that we have
reported here clearly warrant significant follow-up studies, we
believe that we have described evidence of a unique epigenetic
state in prospermatogonia. In addition, this information may be
useful in efforts to understand the normal process of epigenetic
reprogramming that occurs during male gametogenesis, as well
as the molecular basis of epigenetic reprogramming of
differentiated cells required to achieve a pluripotent state.
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