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Spermatogenesis is a complex sequential process that converts mitotically dividing spermatogonia stem
cells into differentiated haploid spermatozoa. Not surprisingly, this process involves dramatic nuclear and
chromatin restructuring events, but the nature of these changes are poorly understood. Here, we linked the
appearance and nuclear localization of the essential histone variant H2A.Z with key steps during mouse
spermatogenesis. H2A.Z cannot be detected during the early stages of spermatogenesis, when the bulk of
X-linked genes are transcribed, but its expression begins to increase at pachytene, when meiotic sex
chromosome inactivation (MSCI) occurs, peaking at the round spermatid stage. Strikingly, when H2A.Z
is present, there is a dynamic nuclear relocalization of heterochromatic marks (HP1� and H3 di- and
tri-methyl K9), which become concentrated at chromocenters and the inactive XY body, implying that
H2A.Z may substitute for the function of these marks in euchromatin. We also show that the X and the
Y chromosome are assembled into facultative heterochromatic structures postmeiotically that are en-
riched with H2A.Z, thereby replacing macroH2A. This indicates that XY silencing continues following
MSCI. These results provide new insights into the large-scale changes in the composition and organization
of chromatin associated with spermatogenesis and argue that H2A.Z has a unique role in maintaining sex
chromosomes in a repressed state.

At the most basic level, the mammalian genome is parti-
tioned into domains that are compacted and repressed (het-
erochromatin) or less condensed and gene rich (euchromatin).
However, more complex levels of chromatin organization exist.
For example, heterochromatin can be further classified as con-
stitutive or facultative.

In all higher eukaryotes, constitutive heterochromatic struc-
tures are assembled at the ends of chromosomes and at the
centromere (pericentric heterochromatin) to maintain these
important functional domains in a stable state. Rather than
being structurally static as first believed, it is becoming clear
that these large highly compacted domains are dynamic since
their protein composition can change during cellular differen-
tiation (10, 26, 50), between transitions from proliferation to
quiescence (21), and when the levels of CpG methylation are
altered (37). This argues that the function(s) of constitutive
heterochromatin may vary with the cellular context. For exam-
ple, during the differentiation of extraembryonic lineages in
preimplanation mouse embryos, H2A.Z becomes enriched at
pericentric heterochromatin (50). MacroH2A then relocates
from pericentric heterochromatin to the inactive X chromo-
some to silence gene expression (10). These two variants do
not appear to coexist at the same place, suggesting that they
have distinct functions within the context of heterochroma-
tin (50).

Mice deficient in H2A.Z die early in development around

the time of implantation (13). Our recent studies suggest that
this essential function of H2A.Z may relate to its role in the
chromosome segregation process (51). Using a variety of mam-
malian cell lines, we have shown that, whereas H2A.Z is a
minor component of pericentric heterochromatin compared
to H2A (and thus difficult to detect by indirect immunofluo-
rescence), it has a major structural role in maintaining the
integrity of pericentric heterochromatin and, without it, sister
chromatid cohesion is lost (I. Greaves and D. Tremethick,
unpublished data), leading to defects in chromosome segrega-
tion (51). The concentration of H2A.Z in constitutive hetero-
chromatin can vary depending on the differentiation state (50).
Consistent with this function, recent biophysical studies of
nucleosomal arrays have shown that H2A.Z, compared to
H2A, can generate condensed chromatin secondary structures
(14), and this level of compaction is enhanced with HP1� (15).
Interestingly, ARP 6, a unique component of the SWR1 com-
plex, which has been proposed to deposit H2A.Z at specific
chromatin loci (31, 32, 42), is required for telomeric silencing
in fission yeast (64).

In addition to H2A.Z having a role in maintaining large
chromosomal domains, H2A.Z may also function at a local
level. Recent studies in budding yeast have shown that H2A.Z
is associated with a small number of nucleosomes at inactive
promoters, but these H2A.Z containing nucleosomes are dis-
placed upon gene activation. Since these H2A.Z-containing
nucleosomes are specifically positioned and inhibit histone
modifiers associated with transcription (35), they may contrib-
ute to the unique architecture of a promoter poised to be
activated (22, 35, 49, 67). H2A.Z found at promoters or at
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condensed chromatin may be distinguished by its acetylation
state (3). It is worth noting that the amino acid sequence of
budding yeast H2A.Z compared to mouse H2A.Z differ signif-
icantly at the N and C termini (55).

It has been proposed that histone posttranslational modifi-
cations also play an important role in the formation of consti-
tutive heterochromatin. Mouse pericentric heterochromatin is
enriched with H3-K9 trimethylation, H3-K27 monomethyl-
ation, and H4-K20 trimethylation (33). Consistent with the
plasticity of this heterochromatic domain, loss of the Suv39h
histone methyltransferase (required for H3-K9 trimethylation)
changes the methylation pattern as pericentric heterochroma-
tin accumulates H3-K27 trimethylation and K9 monomethyl-
ation (46).

The formation of facultative heterochromatin is develop-
mentally regulated (17). Most of the genome, which contains
genes not needed for a specific cell lineage pathway, is silenced
by the assembly into compacted domains of facultative hetero-
chromatin (17). The dynamic nature of this type of heterochro-
matin enables it to return to a transcriptionally activated state
(5, 12, 23). Mouse facultative heterochromatin is defined by a
different set of histone posttranslational modifications, H3-K9
dimethylation and H3-K27 trimethylation (46, 53). macroH2A
can participate in the formation of both facultative and con-
stitutive heterochromatin (9, 10, 26) (see below).

The mechanisms that partition the genome into these dif-
ferent heterochromatic states are poorly understood. Given
the major chromosome reorganization events and associated
compositional and histone modification changes, mouse sper-
matogenesis provides a unique opportunity to study the estab-
lishment of distinct structural and functional chromatin states.
Mammalian spermatogenesis is a complex process involving
the differentiation of diploid and then haploid germ cells (44).
Of particular importance is the process of meiotic sex chromo-
some inactivation (MSCI), an evolutionarily driven process in
which both the X and the Y chromosome become heterochro-
matic and transcriptionally inactive during meiotic prophase I
at pachytene (29, 52).

A wide variety of histone modifications and histone variants
(ubiquitous and testes specific) have been identified at distinct
stages throughout spermatogenesis (7, 8, 19, 24, 34). Phosphor-
ylated H2A.X (16, 60) and macroH2A1.2 (26, 27, 54, 57) par-
ticipate in the assembly of the X and Y chromosomes into
facultative heterochromatin at the onset of MSCI but are re-
moved at later stages. In mature sperm, macroH2A1.2 can no
longer be detected (1). macroH2A1.2 is also found at pericen-
tric heterochromatin in round spermatids with HP1� (2, 11, 40,
43, 54, 61, 62). Loss of Suv39h histone methyltransferase in-
hibits spermatogenesis (47). To date, no study has examined
the role or localization of H2A.Z during spermatogenesis.

In the present study, we addressed this question by analyzing
the specific nuclear localization of H2A.Z during the key
stages of mouse spermatogenesis and its relationship with
macroH2A and other repressive marks that define heterochro-
matin. We show that: (i) H2A.Z is weakly expressed during the
early stages of spermatogenesis, but its expression begins to
increase at pachytene when MSCI occurs, peaking at the round
spermatid stage; (ii) at pachytene dramatic changes also occur
in the nuclear localization and appearance of the key determi-
nants that define heterochromatin; and (iii) in postmeiotic

round spermatids, the sex chromosomes are assembled into a
facultative heterochromatic state and are enriched with
H2A.Z. We therefore propose that H2A.Z may have a role in
keeping the sex chromosomes in a transcriptionally repressed
state.

MATERIALS AND METHODS

Meiotic sections, surface spread preparations, and immunocytochemistry.
Meiotic sections (26) and surface spread spermatogenic cells (48) were prepared
for immunocytochemistry as previously described. After permeabilization in 1%
Triton X-100, slides were blocked in phosphate-buffered saline (PBS) containing
3% bovine serum albumin for 45 min at room temperature and then incubated
at 37°C for 45 min with the primary antibody. H2A.Z and H2A were detected by
a sheep monoclonal antibody raised against mouse H2A.Z and H2A at dilutions
of 1:500 and 1:200, respectively. All acetylated and methylated histone antibodies
were supplied from Upstate (1:100 dilution), apart from the H3-K27 trimethyl-
ation antibody, which was obtained from Abcam (1:100 dilution). Mouse mono-
clonal antibodies to HP1 were obtained from Chemicon (1:100 dilution).
MacroH2A was detected by using a polyclonal rabbit antibody (kindly supplied
by John Pehrson) at a 1:100 dilution. The antibody for the phosphorylated form
of RNA polymerase II (serine 2; 1:50) was obtained from Covance. A rabbit
polyclonal antibody to the synaptonemal complex protein SCP3 (1:100) was
obtained from Abcam. After two washes in PBS, slides were incubated with a
secondary antibody for 45 min at 37°C. Secondary antibodies used were fluores-
cein isothiocyanate (FITC)-conjugated donkey anti-sheep immunoglobulin G
(IgG; Jackson), indocarbocyanine (Cy3)-conjugated donkey anti-sheep IgG
(Jackson), FITC-conjugated donkey anti-rabbit IgG (Jackson), and FITC-con-
jugated donkey anti-mouse IgG (Jackson). Slides were subsequently washed
twice in PBS and counterstained with DAPI (4�,6�-diamidino-2-phenylindole) or
propidium iodide. Slides were mounted with Vectorshield anti-fade mounting
media (Vector).

To quantitatively determine changes in H2A.Z protein levels during spermato-
genesis, one standard exposure time was used to measure the amount of fluo-
rescence (and one for DAPI staining) in germ cells at different stages of sper-
matogenesis (identified by anti-SCP3 staining). The mean intensity of at least 10
cells for each spermatogenic stage was determined by using Image Pro-plus 5.1.
To take into account changes of fluorescence intensity due to chromatin com-
paction, the mean ratio of H2A.Z fluorescence to DAPI staining was deter-
mined.

Quantitative RT-PCR. RNA was isolated from various stages of spermatogen-
esis as previously described (56). Reverse transcription (RT) with random
decamer primers was performed with the RETROScript RT Kit (Ambion) after
treatment of 1 �g of purified RNA with TURBO DNase (Ambion). The result-
ing cDNAs were used as templates for PCR with the following gene-specific
primers: APRT, 5�-CCAGCAGCACTAGGAACTGCTT and 5�-AGGGTGTG
TGGGACGTGTACAA; ZFY, 5�-AAGATAAGCTTACATAATCACATGGA
and 5�-CCTATGAAATCCTTTGCTGCACATGT; H2A.Z, 5�-CCAAGACAA
AGGCGGTTTCC and 5�-TCCTGCCAACTCAAGTACCTC; and GAPDH, 5�-
GTGAAGGTCGGTGTGAACGGAT and 5�-CTGGAAGATGGTGATGGGC
TTC. Real-time RT-PCR was performed by using the SYBR Green PCR master
mix and the 7900 Thermal cycler at typical amplification parameters (50°C for 2
min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1
min), and the fold differences were determined by comparing the �CT value of
each gene normalized with GAPDH using REST-2 software.

FISH. Fluorescence in situ hybridization (FISH) was carried out as previously
described (20). Briefly, meiotic cells were fixed in methanol-acetic acid (3:1),
denatured at 70°C for 2.5 min, and then washed with cold ethanol (70 to 90%
[vol/vol]). X and Y chromosome paints (Cambio) labeled with FITC and CY3,
respectively, were denatured at 70°C for 6 min, along with 1 �g of mouse
COT1-DNA (Invitrogen). After re-annealing for 20 min at 37°C, the paints were
hybridized to the sex chromosomes overnight at 37°C. Slides were then washed
three times in 50% formamide–1� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), and once in 2� SSC at 40°C. Cells were stained with DAPI
(Sigma) before being mounted with Vectorshield.

Microscopy. Samples were observed with a Leica confocal fluorescence or an
Olympus I � 70 microscope. Digital images and signal intensity charts were
prepared by using Image-Pro Plus (Media Cybernetics), Microsoft Excel, and
Adobe Photoshop 7.0 software.
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FIG. 1. H2A.Z is first observed at the pachytene cell stage. Mouse seminiferous tubules were stained with propidium iodide (PI) and
immunostained with H2A.Z (A and B) or H2A (C) affinity-purified antibodies. For the merged panel, the first and second panels are artificially
colored red and green, respectively. Bar, 50 �m. (D) To determine at which stage of meiotic prophase H2A.Z becomes apparent, meiotic surface
spread spermatocytes were stained with an H2A.Z antibody (red) and an antibody to the synaptonemal complex marker SCP3 (green). Also shown
is an outline highlighting the basic steps during spermatogenesis. Colored arrows highlighting the different cell types are shown and used in the
merged panel to illustrate the location of the major cell types in the seminiferous tubule. Bar, 10 �m.
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RESULTS

H2A.Z expression increases at pachytene and peaks in
round spermatids. In mammals, spermatogenesis occurs in the
seminiferous tubule. Stem cell spermatogonia are located at
the outer edge of these tubes (44). Some spermatogonia stop
proliferating and differentiate into primary spermatocytes,
which enter the first meiotic prophase. The first meiotic prophase
can be divided into five sequential stages (leptotene, zygotene,
pachytene, diplotene, and diakinesis; see Fig. 1) (44, 57). During
these stages, major chromosomal structural changes occur as they
undergo synapsis, recombination, and desynapsis (6). Cells then
continue with division I of meiosis to produce secondary sper-
matocytes, which then undergo meiotic division II to produce
haploid round spermatids. Differentiation continues to proceed
toward the center of the tubule that ultimately yields mature
spermatozoa, which escape into the lumen.

To investigate the distribution and nuclear localization of
H2A.Z during spermatogenesis, we indirectly immunofluores-
cently labeled mouse testis sections with affinity-purified
H2A.Z (Fig. 1A and B) and H2A antibodies (Fig. 1C). There
was little H2A.Z in leptotene-to-zygotene (leptotene/zygo-
tene) meiotic cells (Fig. 1A, blue arrow), or at earlier stages
(data not shown, Fig. 2A). H2A.Z is first observed in pachytene
spermatocytes (Fig. 1A, red arrow). H2A.Z was also detected
in round spermatids (Fig. 1B, yellow arrow) and persisted into
stage 11-12 elongating spermatids (Fig. 1A, green arrow) at a
time when global transcription is shut down (30). H2A.Z could
not be detected in spermatozoa (Fig. 1B, purple arrow), al-
though trace amounts were previously detected in human
sperm by a biochemical approach (18).

The H2A.Z immunolocalization patterns of mouse spermato-
genic sections were then compared to sections immunostained
with H2A affinity-purified antibodies. Both antibodies were
raised against the C terminus, where the major differences
between H2A and H2A.Z exist (50). H2A was detected
throughout spermatogenesis but was most enriched in lepto-
tene/zygotene meiotic cells (Fig. 1C, white arrow). The inten-
sity of H2A fluorescence then declines just as H2A.Z appears
in pachytene spermatocytes.

To confirm that H2A.Z first becomes apparent at pachytene,
surface spread preparations of testis were labeled with H2A.Z
antibodies, as well as an antibody that recognizes the synap-
tonemal complex protein SCP3 (Fig. 1D). Pachytene is recog-
nized as the stage at which a fully complete synaptonemal
complex is assembled (Fig. 1D) and is the time when inactiva-
tion of the X and Y chromosome occurs, forming the sex
vesicle (Fig. 3) (26, 27, 29). Although there was little H2A.Z in
leptotene/zygotene cells, a significant increase in H2A.Z oc-
curred at pachytene being spread throughout the nucleus.
H2A.Z is present but not concentrated at pericentric hetero-
chromatin (identified by intense DAPI staining at distinct foci)
(Fig. 1D), as observed in several mammalian cell lines (51;
Greaves and Tremethick, unpublished).

To quantitatively determine the changes in H2A.Z pro-
tein levels throughout spermatogenesis, the amount of flu-
orescence in germ cells at different stages of spermatogen-
esis (identified by anti-SCP3 staining [data not shown]) was
quantitated (see Materials and Methods). To take into ac-
count changes of fluorescence intensity due to chromatin

compaction, the mean ratio of H2A.Z fluorescence to DAPI
staining was determined and plotted (Fig. 2A). Strikingly,
while the level of H2A.Z began to increase at pachytene, the
maximum level of H2A.Z protein occurred in round sper-
matids. Round spermatids are the haploid products of the
meiosis process. The potential significance of this finding is
discussed below (see Fig. 8).

To correlate this increase in H2A.Z at pachytene with its
transcript levels, RNA was extracted from germ cells at various
stages of spermatogenesis (9-, 17-, and 30-day-old mice) (Fig.
2B). Consistent with the immunostaining data, the H2A.Z
transcripts are 2.3-fold higher in pachytene spermatocytes (day
17) compared to spermatogonia cells (day 9). H2A.Z transcript
levels were also determined with 30-day-old mice, which com-
prised a mixture germ cells up to the extended spermatid stage;
the level of H2A.Z transcript was 2.4-fold higher than in sper-
matogonia cells. Previously, it was reported that the transcript
level of adenine phosphoribosyltransferase was �5-fold higher
in pachytene cells compared to spermatogonia cells. Con-
versely, the Y-linked zinc finger protein (ZFY) transcript level
was �5-fold higher in spermatogonia cells (56). As a control,

FIG. 2. H2A.Z protein expression peaks at the round spermatid
stage. (A) The amount of indirect fluorescence generated by affinity-
purified H2A.Z antibodies was determined and quantitated for germ
cells at different stages of spermatogenesis, as described in Materials
and Methods. To take into account changes in fluorescence intensity
due to chromatin compaction, the mean ratio of H2A.Z fluorescence
to DAPI staining was determined. (B) Transcript levels of H2A.Z,
adenine phosphoribosyltransferase (APRT), and Y-linked zinc finger
protein (ZFY) from 9-, 17-, and 30-day-old mice were determined by
quantitative real-time PCR using glyceraldehyde phosphate dehydro-
genase as an internal control.

VOL. 26, 2006 H2A.Z AND SPERMATOGENESIS 5397



utilizing the same RNA samples as used for our H2A.Z tran-
script analysis, we confirmed the findings by these authors (56),
thus supporting our conclusion (Fig. 2B).

We conclude that (i) H2A.Z expression is regulated in a
differentiation-specific manner with a significant increase in
expression at pachytene with the peak of protein expression

occurring in the round spermatid stage and (ii) H2A.Z levels
are not correlated with the transcription process since its pro-
tein expression is low during the earliest stages of spermato-
genesis when transcription rates are high (63, 65).

Dynamic nuclear relocalization of heterochromatic marks
at pachytene. To study the interplay between H2A.Z and post-

FIG. 3. Dynamic nuclear relocalization of di- and trimethylated H3 K9 when H2A.Z appears at pachytene/diplotene. Surface spread leptotene/
zygotene and pachytene cells were stained with DAPI and immunostained with H2A.Z and H3 methylated K9 antibodies (A) or macroH2A
antibodies (B) as shown. For the merged panel, the second and third panels are artificially colored red and green, respectively. White arrows
indicate the location of the sex vesicle (SV). Shown are the paths used to determine fluorescence intensity in pachytene/diplotene nuclei. Bar, 10
�m. The scales are in arbitrary units.
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translational modifications associated with heterochromatin for-
mation around pachytene, immunofluorescence experiments
were performed using surface spreads with antibodies against
histone modifications associated with constitutive (H3-K9 tri-
methylation and K27 monomethylation) and facultative (H3-K9
dimethylation and H3-K27 trimethylation) heterochromatin
(Fig. 3A and 5, respectively). The appearance and localization
of macroH2A (Fig. 3B) and different HP1 family members
(Fig. 4) were also investigated. Given that it was not possible to
carry out triple-immunostaining experiments (using SCP3 as
the third antibody), we could not unambiguously distinguish
between pachytene and diplotene spermatocytes.

Interestingly, leptotene/zygotene cells (Fig. 3A) contained
H3-K9 di- and trimethylation not only at DAPI foci (constitu-
tive heterochromatin) but also distributed throughout the
whole nucleus. Strikingly, trimethylated H3-K9 and dimethyl-
ated K9 dynamically relocates and concentrates at pericentric
heterochromatin at pachytene/diplotene when H2A.Z is present.

The appearance of the facultative XY sex vesicle (white arrow)
at pachytene/diplotene can also be clearly observed. Although
H3-K9 trimethylation is not excluded, the sex vesicle also be-
came enriched with dimethylated H3-K9 (Fig. 3A) and
macroH2A but not with H2A.Z (Fig. 3B). To show this more
clearly, we quantitated and plotted the intensity of the fluores-
cence signals generated by these different antibodies following
the shown paths across the sex vesicle and the remainder of the
pachytene/diplotene nucleus.

Consistent with this concentration of methylated H3 at het-
erochromatic domains, HP1� also relocates to pericentric het-
erochromatin and the sex vesicle at pachytene/diplotene (Fig.
4) as reported previously (61). Interestingly, HP1� could not
be detected in leptotene/zygotene cells, but strong immunoflu-
orescent foci appeared at pachytene/diplotene in constitutive
heterochromatic domains but not at the sex vesicle. As ex-
pected HP1	, became highly enriched at the sex vesicle (Fig. 4)
(40) at a time when H2AX becomes phosphorylated (16, 60).

FIG. 4. HP1� and -� accumulate in constitutive heterochromatic domains at pachytene/diplotene. Surface spread leptotene/zygotene and
pachytene cells were stained with DAPI and immunostained with H2A.Z, as well as HP1�, HP1�, or HP1	 antibodies, as shown. For the merged
panel, the second and third panels are artificially colored red and green, respectively. White arrows show the location of the sex vesicle (SV). Shown
are the paths used to determine fluorescence intensity in pachytene/diplotene nuclei. Bar, 10 �m.
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The most significant change in H3 lysine 27 methylation is a
marked increase in the level of H3 K27 trimethylation from
leptotene/zygotene to pachytene/diplotene (Fig. 5). Although
nuclear staining patterns are not uniform, there appears to be
no specific enrichment of H3 methylated at K27 (mono-, di-, or
trimethylated) at pericentric heterochromatin. Only dimethyl-
ated H3 K27 is excluded from the sex vesicle.

We conclude that in addition to the appearance of H2A.Z,
other major dynamic changes in the composition and architec-
ture of chromatin occur at pachytene/diplotene. We found that
(i) di- and trimethylated H3 K9 and HP1� relocate to concen-
trate at domains of heterochromatin; (ii) macroH2A, HP1�,
and trimethylated H3 K27 accumulate in the nucleus with
H2A.Z; and (iii) constitutive and facultative heterochromatin
can share the same marks.

H2A.Z accumulates on the sex chromosomes postmeioti-
cally. Major changes in nuclear organization and chromatin
conformation continue upon the completion of meiosis. In late
round spermatids, the haploid products of meiosis, mouse
chromosomes occupy distinct territories so that pericentric
heterochromatin from all chromosomes aligns and accumu-
lates in the center of the round spermatid, forming a large

single chromocenter (41, 66). Centromeres are located within
this central structure, whereas telomeres are found at the nu-
clear periphery. As reported in Fig. 2A, H2A.Z protein expres-
sion is maximal at this stage. Further differentiation results in
the elongation of round spermatids and the compaction of the
genome by replacement of histones with transitional proteins
and then protamines, leading ultimately to the formation of
mature spermatozoa (45).

Figure 6A shows the nuclear localization of H2A.Z and
specific methylated lysine forms of H3 in round and elongated
spermatids. As expected, round spermatids contain a single
large heterochromatic chromocenter enriched with H3 tri-
methylated K9. The intensity of the fluorescence signal gener-
ated by this, and all other antibodies, was quantitated and
plotted following the shown path across the round spermatid
nucleus. The fluorescence intensity of tri-K9 H3 methylation
follows the concentration of DNA (as indicated by DAPI stain-
ing), clearly peaking at the chromocenter.

Interestingly, immediately adjacent to the chromocenter is a
large distinct region that also stains brightly with DAPI (white
arrows), indicating that it is also an area of compacted chro-
matin. Significantly, this nuclear domain is selectively enriched

FIG. 5. Enrichment of histone H3 tri-methyl K27 at pachytene/diplotene. Surface spread leptotene/zygotene and pachytene cells were stained
with DAPI and immunostained with H2A.Z and histone H3 methylated K27 antibodies as shown. For the merged panel, the second and third
panels are artificially colored red and green, respectively. White arrows show the location of the sex vesicle (SV). Shown are the paths used to
determine fluorescence intensity in pachytene/diplotene nuclei. Bar, 10 �m.
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with H2A.Z and dimethylated H3 K9 (Fig. 6A) and depleted in
the active form of RNA polymerase II (Fig. 6B), macroH2A
(Fig. 6C), and H2A (Fig. 6D).

To further characterize this H2A.Z/dimethyl K9 H3 contain-
ing domain located next to the chromocenter, we determined
whether it was associated with H3 methylated at K27 (mono-,
di-, or trimethylated), HP1 (�, �, or 	), and/or acetylated H4
(K5, K8, K12, or K16) (Fig. 7). This H2A.Z domain lacks H3
mono- and di-K27 methylation but is enriched with trimethyl-
ated H3 K27, a mark of facultative heterochromatin. Like H2A

and macroH2A, HP1� and -� are concentrated at the chro-
mocenter, while HP1	 is distributed throughout the whole
nucleus at a low level. Interestingly, this domain is also pref-
erentially enriched with H4 acetylated at lysine residues 8 and
12 but not at residue 5 or 16. Most importantly, extensive
analysis of round spermatids (n 
 120) revealed that this
H2A.Z nuclear domain exists in all round spermatids with the
same set of histone modifications (data not shown).

Although a minority of genes on the X and Y chromosomes
become transcriptionally activated, the bulk of genes remain

FIG. 7. Histone modification status of the distinct H2A.Z chromosomal domain. Round spermatids were immunostained with a battery of
different antibodies as shown. The intensity of fluorescence for each antibody following a linear path across the nucleus are shown and plotted.
C, chromocenter; Z, the enriched H2A.Z domain next to the chromocenter. Bar, 10 �m.
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transcriptionally repressed following MSCI (29, 52), even
though phosphorylated H2A.X (16, 60) and macroH2A (26)
disappear. To investigate the possibility that the H2A.Z-con-
taining domain depleted in RNA polymerase II (Fig. 6B) con-
tains a sex chromosome, FISH analyses were performed using
specific chromosome X and Y paints. Figure 8 (and data not
shown) clearly demonstrates that this nuclear territory en-
riched with H2A.Z comprises either the X or the Y chromo-
some in haploid round spermatids. Most interestingly, a study
has revealed that while the association of macroH2A1.2 with
pericentric heterochromatin is lost on the X chromosome, it
persists on the Y chromosome in round spermatids (61). Con-
sistent with this, about half of the round spermatids analyzed
(n 
 120) contained a small foci of macroH2A next to the
H2A.Z domain (Fig. 6C).

In elongated spermatids, when global transcription ceases,
H2A.Z is found throughout the nucleus (Fig. 5A). At later
stages, H2A.Z disappears (Fig. 2) as histones in general are
displaced from the mouse genome with transition proteins.

Taken together, we conclude that (i) at the completion of
meiosis, when the expression of H2A.Z peaks (Fig. 2), the X
and Y chromosomes are assembled into a repressed facultative
heterochromatic state enriched with H2A.Z, thus replacing
macroH2A; (ii) this facultative heterochromatin comprises
modifications that define both inactive and active chromatin;
(iii) the X and Y chromosomes share the same histone mod-
ification status; and (iv) the sex chromosome (X or Y) occupy
a distinct nuclear territory next to the chromocenter in round
spermatids.

DISCUSSION

In this study we have used mouse spermatogenesis as a
model system to investigate the alterations in nuclear and
heterochromatin composition during differentiation. The ad-
vantage of this system is that it is possible to monitor the
differentiation process from the beginning (spermatogonia) to
the end (spermatozoa), enabling the major temporal changes
in nuclear and chromatin organization to be analyzed. Using

this model system, we have analyzed the role of H2A.Z and its
interplay with other components of heterochromatin. We show
that large-scale nuclear alterations and continuous changes to
heterochromatin accompany the differentiation process. Key
components of facultative and constitutive heterochromatin
relocate and appear at important stages during mouse sper-
matogenesis. Significantly, we demonstrate that after MSCI
the sex chromosomes are assembled into facultative hetero-
chromatin enriched with H2A.Z, at the time when the expres-
sion of H2A.Z protein is at its highest.

Changes in H2A.Z expression mark different stages of sper-
matogenesis. H2A.Z is expressed at a low level during the early
stages of spermatogenesis, and this low expression continues
until the first meiotic prophase, at pachytene, when MSCI
occurs (see below). Strikingly, the level of H2A.Z protein then
dramatically increases, peaking at the round spermatid stage.
H2A.Z can be detected in elongated spermatids, when tran-
scription ceases, and disappears after this stage. Interestingly,
H2A.Z also appears at meiotic prophase in micronuclei of
Tetrahymena (which serve as the germ line) (58). During this
period of low H2A.Z expression prior to pachytene, gene ex-
pression is high on autosomes and sex chromosomes (29, 52,
65). This indicates that H2A.Z levels do not correlate with the
transcription process.

These observations are consistent with our previous finding
that H2A.Z expression is markedly upregulated upon the dif-
ferentiation of the mouse inner cell mass to specialized cell
types being targeted to pericentric heterochromatin (50). We
therefore propose that a low level of H2A.Z may be a general
feature of the undifferentiated and/or rapidly dividing state
and, upon differentiation, the increase in H2A.Z is responsible
for changes to the quantity and/or quality of heterochromatin.
Further support for this proposal comes from our finding that
the X and Y chromosomes are assembled into heterochro-
matic structures enriched with H2A.Z in round spermatids (see
below).

The appearance of H2A.Z at pachytene correlates with
other major dynamic changes to the composition and organi-
zation of chromatin. In leptotene/zygotene cells, di- and tri-
methylated H3 K9 and HP1� have a ubiquitous distribution
throughout the nucleus. This distribution of heterochromatin
marks changes dramatically at pachytene/diplotene in the pres-
ence of H2A.Z. Dimethylated H3 K9 and HP1� relocates and
concentrates at the pericentric heterochromatin and the sex
vesicle, while the general nuclear staining of trimethylated
H3 K9 disappears, becoming more intense at chromocenters.
Significantly, other components of heterochromatin (macroH2A,
HP1�, and trimethylated H3 K27) appear at pachytene/diplotene.

In line with our hypothesis presented above, we suggest that
H2A.Z can substitute for H3 K9 methylation and H1� in
euchromatin, enabling these marks to relocate and concentrate
at the XY body and pericentric heterochromatin. Similarly,
H2A.Z associates with the sex chromosomes to compensate for
the loss of macroH2A and phosphorylated H2A.X in round
spermatids. Supporting such a proposal, H2A.Z is enriched at
the pericentric heterochromatin (50) when trimethylated H3
K9 is depleted (38) in extraembryonic cells. Significantly, in-
activation of a lysosomal and nuclear protease, cathepsin L,
leads to a dramatic loss of H3 K9 trimethylation at the peri-
centric heterochromatin and the Y chromosome in mouse fi-

FIG. 8. The unique chromosomal domain enriched with H2A.Z are
the sex chromosomes. FISH analyses were performed on round sper-
matids using specific chromosome X and Y paints. White arrows in-
dicate the location of the H2A.Z enriched domain. Shown are the
paths used to determine fluorescence intensity. C, chromocenter; Z,
the enriched H2A.Z domain next to the chromocenter. Bar, 10 �m.
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broblasts, leading to a global repositioning of H2A.Z to these
heterochromatic domains to replace trimethylated H3 K9 (4)
to maintain proper chromosome function. Clearly, complex
universal mechanisms operate to maintain and regulate het-
erochromatin structure and function.

A major finding of the present study is that, in addition to
macroH2A and phosphorylated H2A.X, H2A.Z not only asso-
ciates with the X chromosome but also with the Y chromo-
some. Whereas macroH2A participates in the silencing of the
sex chromosomes at MSCI, we suggest that H2A.Z maintains
this silenced state postmeiotically in round spermatids by di-
rectly facilitating the compaction of the chromatin fiber (14,
15). This is consistent with our observation that RNA polymer-
ase II is depleted on sex chromosomes (which stain brightly
with DAPI and therefore are still compacted) in round sper-
matids. Although a minority of genes on the X and Y are
reactivated after meiosis (25, 39), net transcription from both
sex chromosomes decreases dramatically at MSCI, and this low
expression is maintained postmeiotically (29). Evolutionary pres-
sures have evidently ensured that genes expressed after MSCI
are prohibited from residing on the X chromosome (52). Our
findings also demonstrate that, like macroH2A, H2A.Z can
participate in the assembly of both constitutive (50) and fac-
ultative heterochromatin. However, compared to macroH2A,
perhaps H2A.Z assembles compacted heterochromatic struc-
tures that are less refractory to transcription (14).

It is also possible that H2A.Z has other roles. Since “het-
erochromatin likes heterochromatin,” the enrichment of the
sex chromosomes with H2A.Z may help localize these chro-
mosomes next to the chromocenter. The position of chromo-
somes in sperm is highly ordered (20), and it has been argued
that this positioning may exert a level of control on the order
in which chromosomal domains are decompacted and ex-
pressed after fertilization (36).

We observe that the X and Y chromosomes share the same
profile of histone modifications in round spermatids compris-
ing the facultative marks trimethylated H3 K27 and dimethyl-
ated H3 K9 and, interestingly, the active acetylated H4 mark
(lysine residues 8 and 12). H4 is also acetylated in the XY body
at meiosis (2). A recent study interpreted this acetylation of H4
in round spermatids as being required for the transcriptional
activation of the X chromosome (28). However, since most
genes on the mouse X chromosome are inactive following
MSCI, this global acetylation may have other functions. It may
facilitate the replacement of macroH2A and H2A with H2A.Z
after MSCI and the subsequent global replacement of histones
with transition proteins in elongated spermatids. It is worth
noting that Drosophila constitutive heterochromatin is en-
riched with H4 acetylated at lysine 12 (59).

Finally, since trace amounts of histone H2A.Z have been
detected in mammalian sperm using a biochemical approach
(18), a speculative proposal is that H2A.Z remains on the X
chromosome to provide an epigenetic mark for subsequent
paternal X inactivation during mouse embryogenesis. In con-
clusion, the present study provides new insights into the dy-
namic chromatin changes associated with spermatogenesis and
a new role for H2A.Z in the structure and function of sex
chromosomes.
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