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ABSTRACT Global histone hyperacetylation is suggested to play a critical role for
replacement of histones by transition proteins and protamines to compact the ge-
nome during spermiogenesis. However, the underlying mechanisms for hyper-
acetylation-mediated histone replacement remains poorly understood. Here, we re-
port that EPC1 and TIP60, two critical components of the mammalian nucleosome
acetyltransferase of H4 (NuA4) complexes, are coexpressed in male germ cells. Strik-
ingly, genetic ablation of either Epc1 or Tip60 disrupts hyperacetylation and impairs
histone replacement, in turn causing aberrant spermatid development. Taking these
observations together, we reveal an essential role of the NuA4 complexes for his-
tone hyperacetylation and subsequent compaction of the spermatid genome.
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Gametogenesis is a critical step for transmitting both genetic and epigenetic
information to the next generation and is regulated in an asymmetric manner

between males and females. In mammals, this asymmetry is partly represented by
mechanisms to convey the respective haploid genomes by using either nucleoprota-
mines or nucleosomes. Indeed, most of the sperm genome is intensively compacted by
protamines (PRMs) while in oocytes the genome retains nucleosomes. Global replace-
ment of histones by PRMs occurring only in male germ cells during spermiogenesis (the
postmeiotic phase of spermatogenesis) plays a role in establishing such asymmetry.

During spermiogenesis, male germ cells undergo sequential changes in cell mor-
phology and condensation of the nucleus as represented by the stepwise emergence
of round, elongating, condensing, and condensed spermatids (1). Spermatid develop-
ment in mice is arbitrarily divided into 16 steps based on cell shapes and structures of
the nuclei and acrosome, as schematically summarized in Fig. 1A. Spermatids of steps
1 to 8, which are also designated round spermatids (RSs), possess sphere-shaped cells
and nuclei. The acrosome is recognized as early as step 3 as a vesicle and develops to
form a cap-like structure covering a prospective apical hemisphere of the nucleus by
step 8. Elongating spermatids (ESs) of steps 9 to 11 exhibit elongation of the nucleus
and concomitant extension of the acrosome along the dorsal surface of the nucleus.
Replacement of histones by transition proteins (TNPs) and subsequently by PRMs
occurs in condensing spermatids of steps 12 to 14. In steps 15 and 16 condensed
spermatids (spermatozoa) exhibit a typical hook type head morphology and are ready
to be released into the lumen of seminiferous tubules. In the RSs of steps 1 to 8,
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FIG 1 Colocalization and physical interaction of EPC1 and TIP60 in male germ cells. (A) The expression of Epc1 in adult mouse (about 8
weeks old) testis revealed by in situ hybridization. Digoxigenin-labeled Epc1 antisense (a and b) and sense (c; a negative control) probes
were used. Stages of the seminiferous tubules were determined by staining the adjacent sections with PAS and hematoxylin and are
indicated by roman numerals in panels a, b, and d. Panel b represents an enlarged view for the boxed region in panel a. Epc1 was
transcribed in a stage-specific manner and mainly in germ cells in the seminiferous tubules. Epc1 transcription was first observed in
preleptotene spermatocytes. The signal was especially strong in primary spermatocytes after the mid-pachytene stage and then appeared
to decline in round spermatids. PS, pachytene spermatocyte; ZS, zygotene spermatocyte; DS, diplotene spermatocyte; 2S, secondary

(Continued on next page)
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histones function as the major basic nuclear proteins and play a role to maintain active
transcriptional states (2, 3). Upon the commencement of nuclear elongation, both
somatic and testis-specific histones are replaced first with TNPs and later with PRMs to
achieve a spermatozoon-specific nuclear structure (4, 5). Histone hyperacetylation
temporally precedes histone replacement and emerges in step 8 RSs, just prior to the
beginning of nuclear elongation. Although the hyperacetylation marks are retained in
ESs, these mostly disappear in the condensing spermatids (6).

From an evolutionary point of view, histone hyperacetylation in spermatids is closely
linked to histone replacement by TNPs and PRMs. Histone hyperacetylation has been
observed in species, including roosters, trout, rodents, and humans, all of which exhibit
replacement of histones by PRMs (7–12), while in other vertebrates such as carp and
winter flounder, histones remain underacetylated throughout spermiogenesis and are
not replaced by PRMs (13). Consistent with these views, biochemical studies have
shown that hyperacetylated histones are more amenable to replacement by PRMs than
underacetylated ones (14, 15). Collectively, these previous insights indicate that histone
hyperacetylation could be a critical switch for a transition from nucleosomes to
nucleoprotamines. This model is further supported by the recent discovery of a
testis-specific bromodomain protein, BRDT (bromodomain, testis-specific), which rec-
ognizes acetylated histones and contributes to the deposition of TNPs and PRMs (16).
A plethora of evidence gained from previous studies indicates a role of histone
acetylation for destabilization and remodeling of nucleosomes (17–19). Thus, histone
hyperacetylation mediated by specific histone acetyltransferases (HATs) during sper-
miogenesis could also facilitate histone replacement per se or augment the accessibility
of factors involved in this process. Although recent studies have identified a testis-
specific HAT, CDYL (chromodomain protein, Y-chromosome-like), expressed in ESs (20,
21), the detailed molecular mechanism that regulates histone hyperacetylation during
spermiogenesis is poorly understood.

Histone hyperacetylation in ESs occurs globally at lysine residues in histone tails (6)
and accompanies transient accumulation of double-strand breaks (22, 23). Interestingly,
previous studies show that the piccolo nucleosome acetyltransferase of H4 (NuA4)
complex formed by Epl1, Esa1, and Yng2 in Saccharomyces cerevisiae plays a role in
preferentially mediating global rather than local histone acetylation (24). Importantly,
their orthologues, namely, EPC1 (an orthologue of Drosophila Enhancer of Polycomb),
TIP60 (KAT5; lysine acetyltransferase 5), and ING3 (inhibitor of growth family, member
3), are conserved in mammals and are components of the mammalian NuA4 complex
(25). Given that Tip60 is also transcribed during spermiogenesis (26), we hypothesized
that the NuA4 complex could have a role in regulating hyperacetylation, followed by
global replacement of histones by PRMs during spermiogenesis.

Consistent with this notion, in this study, we report that EPC1 and TIP60 colocalize
at the nuclear periphery near the acrosomes in both RSs and ESs. Furthermore, deletion
of Epc1 results in arrest of spermiogenesis predominantly at the transition from RS to
ES, coincident with a significant reduction in spermatids exhibiting histone hyperacety-

FIG 1 Legend (Continued)
spermatocyte; S2-3, spermatid steps 2 and 3. Scale bars, 50 �m. Panel d is a schematic summary of Epc1 expression during spermato-
genesis. The relative Epc1 expression level at the respective developmental stage is represented by the intensity of the red. The following
abbreviations were used to indicate developmental stages: A4, A4 spermatogonia; In, intermediate spermatobonia; B, B-type spermato-
gonia; Pl, preleptotene spermatocyte; L, leptotene spermatocyte; Z, zygotene spermatocyte; P, pachytene spermatocyte; Di, diplotene
spermatocyte; M, metaphase; S1 to S16, step 1 to 16 spermatids. (B) Colocalization of EPC1 and TIP60 in round and elongating spermatids
at steps 6, 8, and 10. Immunofluorescence staining was performed using surface-spread slides of wild-type germ cells to visualize the
distribution of EPC1 and TIP60 in samples shown in the top (blue-lined) box. Fluorescein isothiocyanate (FITC)-conjugated PNA was used
to demarcate the acrosome for spermatid staging. There is a specific accumulation of both EPC1 and TIP60 at the apical polar region from
the round spermatids of step 6 to elongating spermatids. IgG fractions (IgG) from normal rabbit (Rb) and goat (Gt) serum were used as
negative controls. For the images shown in the lower (red-lined) box, we also used Epc1-KO spermatids (�/�) to show specificity of the
anti-EPC1 (using a step 6 round spermatid) and examine the impact of EPC1 loss on TIP60 distribution (using a step 7 round spermatid).
Scale bar, 5 �m. (C) Physical interaction of EPC1 and TIP60 in male germ cells. Whole-cell lysates from wild-type adult male germ cells
(input) were immunoprecipitated by control IgG, anti-EPC1 (left), or anti-TIP60 (right) and subjected to immunoblotting with anti-TIP60
or anti-EPC1. (D) Reduced TIP60 levels in Epc1-KO male germ cells. Whole-cell lysates of wild type (�/�) or Epc1-KO (�/�) germ cells were
subjected to immunoblotting.
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lation. Similarly, genetic ablation of Tip60 causes reduced levels of histone acetylation
in ESs. Based on these findings, we suggest a crucial involvement of the NuA4-related
complexes to mediate histone hyperacetylation in RSs and ESs to promote spermio-
genesis in mammals.

RESULTS
The expression of EPC1 and TIP60 during spermiogenesis. To gain insight into

the roles of the mammalian NuA4 complex during spermiogenesis, we first examined
the expression of Epc1 in adult testis by in situ hybridization. Epc1 transcription was first
observed in preleptotene spermatocytes and peaked after the mid-pachytene stage but
declined again in RSs (Fig. 1A). These results revealed that Epc1 as well as Tip60 was
expressed during spermiogenesis (26). We then performed multicolor immunofluores-
cence (IF) analyses to analyze the expression of EPC1 and TIP60 proteins in postmeiotic
spermatids. We observed weak EPC1 signals in the cytoplasm and nucleus in RSs of
steps 1 to 4 (data not shown) and an apical polar cap-like distribution near the
acrosome (demarcated by peanut agglutinin [PNA]) from step 5 onward (Fig. 1B). A
similar distribution of EPC1 near the acrosome was seen in ESs (Fig. 1B, step 10). The
Epc1 knockout (Epc1-KO) RSs did not show any detectable signals (Fig. 1B, bottom left),
verifying the specificity of signals.

In addition, we detected TIP60 in both cytoplasm and nucleus in RSs of steps 1 to
5 (data not shown). Following EPC1 accumulation at the nuclear periphery near the
acrosome in step 5 RSs, TIP60 intensively colocalized with EPC1 from step 6 RSs onward
(Fig. 1B). This observation implied that the perinuclear distribution of TIP60 follows that
of EPC1, which is consistent with previous reports revealing the association of TIP60
with an acrosomal structure protein, Dickkopf-like 1 (DKKL1) (27). We carried out
immunoprecipitation (IP) and immunoblotting (IB) analyses and found that EPC1 and
TIP60 physically interacted with each other in the testis (Fig. 1C). We further examined
whether EPC1 influenced the expression and/or localization of TIP60 by using Epc1-KO
RSs and indeed observed a considerable reduction in TIP60 levels although the protein
retained its localization near the acrosome (Fig. 1B, bottom right, and D). Taken
together, these observations indicate that EPC1 and TIP60 colocalized and interacted
with each other at the nuclear periphery near the acrosome in late RSs and ESs. This
apical localization is consistent with the previously reported polarity of chromatin
condensation and replacement (4, 6). Since histone hyperacetylation starts at around
step 8, these observations support a role for EPC1/TIP60 complexes in this process.

Defects in generation of elongating spermatids in Epc1-KO mice. To examine
the role of EPC1 in spermatogenesis, we generated Epc1-KO mice (Fig. 2A and B).
Homozygous Epc1-KO mutants were viable but exhibited growth retardation, homeotic
transformations of the axis, and sterility in both males and females although the
heterozygotes were apparently normal (data not shown). We also noted that the testis
weight of adult Epc1-KO mice in reference to their body weight was disproportionally
lower than that of the Epc1�/� mice (Fig. 2C).

We next carried out histological analyses of mutant testes during adult spermato-
genesis. Consistent with sterility, histological analysis of adult testis sections after
periodic acid-Schiff (PAS)–hematoxylin staining revealed a lack of spermatozoa in
Epc1-KO testis though RSs were generated (Fig. 2D). This was further tested by using
thin sections with toluidine blue staining (Fig. 2E). Seminiferous tubules in the Epc1-KO
testis were slightly thinner than those of the heterozygotes (Fig. 2E, panels a and d), and
the pachytene spermatocytes exhibited premature detachment from Sertoli cells and
the adjacent germ cells and a failure to form a properly layered architecture (Fig. 2E,
panels b and e). Despite such morphological alterations in premeiotic stages, we
observed that Epc1-KO germ cells developed into the RS stage over meiotic divisions
(Fig. 2E, panels c and f; also unpublished observations). Consistently, we observed that
synapsis and sex chromosome inactivation occurred normally in Epc1-KO pachytene
spermatocytes, as revealed by IF analysis on germ cell spreads (Fig. 2F). We did not,
however, find elongating, condensing, or condensed spermatids or mature spermato-
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zoa in Epc1-KO seminiferous tubules, suggesting the presence of developmental de-
fects of Epc1-KO male germ cells prior to or around RS-to-ES transition (Fig. 2E, panel
f). Consistent with this, we found that a considerable number of Epc1-KO RSs possessed
subnuclear vacuoles that were never seen in Epc1�/� or wild-type RSs (Fig. 2E, panel f).
Vacuolation of Epc1-KO RSs was further confirmed by electron microscopic analysis (Fig.
2G). Emergence of vacuoles seems to affect the position or morphology of the
nucleolus. These observations suggest a role for EPC1 in the maintenance of RSs and/or
their differentiation of ESs.

To test this hypothesis, we checked whether Epc1-KO RSs and/or ESs were elimi-
nated by apoptotic outbursts using terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) analysis (Fig. 2H). We did not, however, find an
obvious increase of apoptotic bursts in Epc1-KO RSs. In contrast, condensing and
condensed spermatids in Epc1�/� tubules were clearly labeled, likely due to physio-
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FIG 2 Impaired postmeiotic germ cell maturation of Epc1-KO spermatids. (A) Schematic representation
of the strategy to generate an Epc1-KO allele and its genomic configuration. Black boldface bars delineate
the 5= and 3= homology arms for Epc1 targeting. The targeting vector was designed to replace the
genomic region encompassing exons 3 to 6 with a PGK-NEO cassette. Ba, BamHI restriction sites for
Southern blot analysis; HSV, herpes simplex virus; TK, thymidine kinase. (B) Confirmation of the knockout
mouse genotype by Southern blot analysis. (C) Testes in adult Epc1-KO mice are considerably smaller
than those in the heterozygotes. Testes from littermates at 16 weeks after birth are shown (top). Relative
testis weights (bottom) as a percentage of body weight of adult Epc1-KO mice (n � 8) or their
heterozygous littermates (n � 5) are graphically depicted (P � 5.16E�06). (D) PAS and hematoxylin
staining of Epc1�/� (�/�) and Epc1-KO (�/�) testis revealed the presence of the round spermatids and
lack of elongating, condensing, or condensed spermatids. Seminiferous tubule lumens are indicated by
asterisks. PAS-positive regions are indicated by dotted lines. Scale bar, 50 �m. (E) Toluidine blue staining
of testis sections of Epc1-KO mice revealed maturation arrest mainly at the round spermatid stage and
lack of elongating spermatids. Panels c and f represent enlarged views of the boxed regions in panels b
and e, respectively. Scale bars, 50 �m (a, b, d, and e) and 10 �m (c and f). (F) Synapsis and sex
chromosome inactivation in Epc1-KO pachytene spermatocytes. IF staining was performed using surface-
spread slides of Epc1-KO (�/�) and Epc1�/� (�/�) germ cells to visualize the distribution of SCP1 (blue),
SCP3 (red), and �H2A.X (green). (G) Electron microscopy revealed vacuoles where chromatin is excluded in
Epc1-KO round spermatids. Scale bar, 2 �m. (H) Lack of TUNEL-labeled RSs in Epc1-KO (�/�) seminiferous
tubules. Note that a considerable number of condensing and condensed spermatids are labeled in Epc1�/�

(�/�) tubules. Scale bar, 50 �m. (I) Epc1-KO (�/�) epididymis lumens were empty or contained round
spermatids while mature spermatozoa were abundantly observed in the Epc1�/� (�/�) epididymis. Enlarged
views of boxed regions in the images at left are shown on the right. Scale bars, 200 �m (left) and 50 �m
(right). (J) The expression of GATA4 and c-Kit in Epc1�/� (�/�) and Epc1-KO (�/�) seminiferous tubules, as
indicated. Enlarged views of boxed regions in panels c and d are shown in panels e and f, respectively. Note
that GATA4-positive Sertoli cells (indicated by arrowheads in panels e and f) are aligned at the basal layer of
respective seminiferous tubules, and their distributions are similar between Epc1�/� and Epc1-KO mice. The
distribution of Leydig cells demarcated by coexpression of GATA4 (green) and c-Kit (red) is not considerably
changed in Epc1-KO mice compared with that in Epc1�/� mice. Scale bars, 50 �m. (K) The expression of
CYP11A1 or HSD3B2 in Epc1�/� (�/�) and Epc1-KO (�/�) seminiferous tubules. Note that the expression of
CYP11A1 or HSD3B2 in Leydig cells is not considerably changed in Epc1-KO seminiferous tubules compared
with that in Epc1�/� seminiferous tubules. Scale bars, 50 �m.

Dong et al. Molecular and Cellular Biology

October 2017 Volume 37 Issue 19 e00082-17 mcb.asm.org 6

http://mcb.asm.org


logical emergence of DNA nicks. Intriguingly, we observed RSs trafficking in the
epididymis of Epc1-KO mice while spermatozoa were absent (Fig. 2I). These observa-
tions suggest that Epc1-KO RSs failed to differentiate into ESs and were prematurely
released into the lumen at the RS stage.

We finally evaluated the impacts of knocking out Epc1 on the development of
testicular somatic cells that support spermatogenesis. We used GATA4 and c-Kit as
markers to detect Sertoli and Leydig cells in adult testis and did not find obvious
changes in their distributions in Epc1-KO seminiferous tubules compared with distri-
butions in Epc1�/� testis (Fig. 2J). We further examined the expression of CYP11A1
(cytochrome P450, family 11, subfamily a, polypeptide 1) and HSD3B2 (hydroxy-delta-
5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 2), which are known to
mediate steroidogenesis in Leydig cells. We did not detect considerable differences in
their expression levels in Leydig cells of Epc1-KO and Epc1�/� testes (Fig. 2K). These
observations suggest that EPC1 intrinsically contributes to maintain the developmental
potential of RSs or to promote RS differentiation to generate ES.

Activation of ES-related genes in Epc1-KO RSs. We then investigated how func-
tional properties were altered in Epc1-KO RSs by using a round-spermatid injection
(ROSI) technique. We collected 84 Epc1-KO RSs and injected them into oocytes. More
than 90% of oocytes survived injection and formed pronuclei, and more than 70% of
zygotes developed into 2 cells after 24 h in culture, irrespective of their genotypes
(Table 1). After transfer of these 2-cell embryos into the oviducts of recipient females,
normal pups were obtained at term in both genotype groups (Fig. 3A), indicating that
a considerable fraction of Epc1-KO RSs can support full-term fetal development. How-
ever, we also found subtle but considerable differences in the implantation and birth
rates between the Epc1-KO and wild-type RSs (Table 1) (P � 0.05). Together these data
indicate that EPC1 is dispensable for spermatid development to the RS stage but is
required to maintain spermatid functions.

We next investigated gene expression profiles of Epc1-KO RSs. High-throughput RNA
sequencing (RNA-seq) analysis of isolated Epc1-KO and wild-type RSs revealed consid-
erable similarity between them (correlation coefficient, 0.962) but also upregulation of
about 160 genes, including sperm- or spermatid-related genes such as Prm1, Prm2,
Tnp1, and Tnp2 (Fig. 3B and C). We went on to estimate the average expression levels
of genes that are expressed in RSs and ESs in a stage-specific manner. Based on
RNA-seq data for male germ cells at different stages during the first wave of spermato-
genesis (28), we first defined 28 and 2,390 genes that are more abundantly expressed
at RS and ES stages than at premeiotic or other meiotic stages, respectively, and
compared these gene expression levels in Epc1-KO RSs against those of the wild type.
We indeed observed considerable upregulation of RS- and ES-specific genes in Epc1-KO
RSs (Fig. 3D). EPC1 is thus dispensable for transcriptional activation of genes expressed
at the ES stage. We thus suggest that defects in ES generation in Epc1-KO mice could
involve mechanisms other than activation of ES-specific genes in RSs.

EPC1-dependent histone acetylation is linked to the transition from RS to ES.
Progression of spermiogenesis from RS to ES has been shown to accompany histone
hyperacetylation and subsequent accumulation of TNPs (6). To precisely identify the
affected RS maturation step in Epc1-KO spermatids, we investigated the degree of
histone acetylation by IF analysis using anti-acetylated histone antibodies, which
demarcate step 8 RSs and ESs, together with anti-SCP3 for precise staging of the

TABLE 1 Development of ROSI-generated embryos and fetuses from Epc1�/� or Epc1�/�

male mice

Mouse
genotype

No. of oocytes
cultured

No. (%) of 2-cell
embryos

No. of embryos
transferred

No. (%) of embryos
implanteda

No. (%)
of pupsa

Epc1�/� 84 62 (74) 62 37 (60) A 20 (32) A
Epc1�/� 84 68 (81) 68 20 (29) B 9 (13) B
aValues with different letters within the same column are significantly different (P � 0.05, Fisher’s exact test).
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seminiferous tubules. We particularly focused on stage 9 seminiferous tubules, in which
layered alignment of leptotene, pachytene spermatocytes, and ESs was seen in the
heterozygotes (Fig. 4A, top row). Here, we observed strong fluorescent signals in ESs
using an antibody that recognizes acetylated histone H4K5, -K8, -K12, and -K16. In
presumptive stage 9 seminiferous tubules in the Epc1-KO spermatids, we found lepto-
tene and pachytene spermatocytes associated with RSs instead of ESs, and we did not
detect hyperacetylated histone H4 in postmeiotic cells (Fig. 4A). As hyperacetylation
occurs concurrently at H2A, H2B, and H3 during spermiogenesis, we further examined

FIG 3 Latent developmental activity of Epc1-KO spermatids. (A) Round spermatid injection (ROSI) analysis
of Epc1�/� or Epc1-KO round spermatids. ROSI-mediated perinatal fetuses and placentas recovered by
caesarean section at 19.5 days postcoitus are shown. The mean body weight of pups derived from RSs
of Epc1-KO mice (1.88 � 0.04 g) was considerably more than that of Epc1�/� mice (1.74 � 0.04 g) (P �
0.01). This is speculated to be a secondary result of the difference in the litter size (2.3 from Epc1-KO RSs
versus 5.0 from Epc1�/�, on average). (B) A scatter plot diagram comparing gene expression profiles
between Epc1-KO and wild-type RSs. Genes expressed 2-fold more or less (P value of �0.01) in Epc1-KO RSs
are indicated in orange and red or in blue, respectively. Genes annotated as sperm- or spermatid-related
genes by gene ontology are with red circles and gene names. RPKM, reads per kilobase exon per million
reads; gray dots, genes not statistically changed. (C) A bar chart representation to show differences of
respective gene expression levels between Epc1-KO and wild-type (WT) RSs. (D) A box plot view to show
differences of average gene expression levels between Epc1-KO and wild-type RSs of total (21,614 genes),
RS-specific (17 genes), and ES-specific (1,822 genes) genes.
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FIG 4 Impaired histone hyperacetylation and TNP2 incorporation of Epc1-KO spermatids. (A) Defects in histone hyperacetylation in Epc1-KO
spermatids. Paraffin sections were indirectly immunostained with anti-acetylated histone H4 (a and b), H2A (c and d), H2B (e and f), or H3 (g and
h) antibody in Epc1-KO (�/�) spermatids and littermate heterozygotes (�/�). SCP3 antibody was used for detection of leptotene (arrows) and
pachytene (arrowheads) spermatocytes and staging of seminiferous tubules (a, a=, b, and b=). In the presumed stage 9 seminiferous tubules of
Epc1-KO mice; leptotene and pachytene spermatocytes were normally layered from basal membrane to seminiferous tubule lumen, but ESs
containing hyperacetylated histone were hardly detectable. In addition, a layer of round spermatids was expanded. Scale bars, 50 �m. (B) Reduced
histone acetylation levels in Epc1-KO germ cells. Acetylation levels of histone H4 (AcH4) and H2A (AcH2A) in adult germ cells were compared
between Epc1-KO (�/�) and wild-type littermates (�/�) by IB analysis. (C) Excess accumulation of RSs demarcated by ubiquitinated histone H2A.
Expression of ubiquitinated histone H2A (uH2A) in Epc1-KO seminiferous tubules was examined by IF analysis. Arrowheads indicate RSs. Scale bar,
10 �m. (D) Increased histone ubiquitination levels in Epc1-KO germ cells. Ubiquitination levels of histone H2A (uH2A) and H2B (uH2B) were
examined by IB analysis in adult germ cells. (E) Partial restoration of elongating spermatids in Epc1-KO seminiferous tubules. Paraffin sections were
immunostained for acetylated histone H2B and transition protein 2 (TNP2) in Epc1-KO mice (�/�) and littermate heterozygotes (�/�). A cluster

(Continued on next page)
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their acetylation status and observed a considerable reduction in the Epc1-KO sperma-
tids compared to the level of the heterozygotes (Fig. 4A). These results were validated
by IB analysis using isolated male germ cells. We indeed observed a clear reduction in
histone acetylation (Fig. 4B). Intriguingly, we also found clear increases in H2A and H2B
ubiquitination in Epc1-KO cells (Fig. 4C and D), a protein modification that is reported
to precede histone hyperacetylation (29, 30). Thus, we propose that EPC1 is mainly
required for RS maturation, a stage in which histone is hyperacetylated.

We then examined TNP incorporation in Epc1-KO seminiferous tubules. In heterozy-
gous ESs, TNP2 and hyperacetylated histones were simultaneously detected (Fig. 4E).
Consistent with defects in RS maturation into ES, spermatids expressing TNP2 were lost
in most Epc1-KO seminiferous tubules (Fig. 4E). However, to our surprise, IF analysis
revealed clusters of spermatids incorporating small amounts of TNP2 in some sections
(Fig. 4E). Moreover, these TNP2-incorporating spermatids exhibited elongating mor-
phology and more fluorescence intensity for histone acetylation than the surrounding
RSs. This observation suggests that a small number of Epc1-KO spermatids can escape
the maturation arrest and further develop beyond step 8. We further confirmed the
presence of spermatids exhibiting an elongating morphology in Epc1-KO spermatids by
using spread spermatids (Fig. 4F). In these Epc1-KO ESs, we observed a considerable
level of histone acetylation; however, it was significantly lower than that in wild-type
ESs. We used PNA staining to investigate acrosome morphology and found that
Epc1-KO ESs possessed acrosome-like structures (Fig. 4F). These observations suggest
that, once sufficiently histone acetylated, Epc1-KO spermatids can develop to ESs.

To further examine the role of histone acetylation for spermiogenesis in Epc1-KO
spermatids, we artificially raised histone acetylation levels with the histone deacetylase
inhibitor trichostatin A (TSA). After 3 days of culture of Epc1-KO testicular cells with or
without TSA, we observed a considerable increase in histone acetylation and TNP2
expression (1.4-fold) by IB analysis (Fig. 4G). We further performed IF analysis to assess
the frequency of TNP2-positive germ cells and found that this frequency was increased
from 3.9% (40 out of 1,026 spermatogenic cells) to 4.9% (65 out of 1,319 spermatogenic
cells) by TSA treatment. Although this increase is not statistically significant (P � 0.158,
by Fischer’s combination test), this suggests that maturation defects in Epc1-KO RSs
could be partially restored by forced induction of histone acetylation, which is also
suggested by IB results (Fig. 4G). The compensation of the EPC1 loss by TSA suggests
that the involvement of EPC1 in promoting RS maturation to generate ESs is via
regulation of histone acetylation.

Tip60 deletion affects histone acetylation and the RS-to-ES transition. To
further examine the contribution of histone acetylation for ES generation, we next
investigated the impact of TIP60, which is another component of the NuA4 complexes
and potentially acts as an HAT during spermiogenesis. We generated an ERT2-Cre-
based conditional knockout allele in which Tip60 could be depleted upon addition of
tamoxifen (Fig. 5A). We injected tamoxifen into the peritoneal cavity of ERT2-Cre;
Tip60flox/flox pups to induce Tip60 knockout (Tip60-KO) at postnatal day 15 (PND15) and
tested germ cell phenotypes at PND35. We found that the testes of the Tip60-KO mice
were smaller than those of wild-type mice (data not shown). Histological analysis
revealed variegated testicular defects. In the most degenerative tubules, we observed

FIG 4 Legend (Continued)
of Epc1-KO spermatids exhibited a partial restoration of histone H2B acetylation (AcH2B) and a simultaneous incorporation of TNP2 along with
an elongating morphology. Enlarged views for the boxed regions in panels a to h are shown in panels a= to h=, respectively. Scale bars, 50 �m
(a) and 5 �m (a=). (F) Partial restoration of histone acetylation levels in Epc1-KO spermatids with an elongating morphology. A spread preparation
of spermatids (left) was used to examine morphology, PNA distribution, and histone H4 acetylation levels (AcH4). Representative elongating
Epc1-KO spermatids that escaped from maturation arrest are shown. Scale bar, 10 �m. Relative quantification of histone H4 acetylation levels in
elongating Epc1-KO (n � 32) and wild-type (n � 20) ESs was performed by using ImageJ, and the results are summarized by box plots (right).
The boxes represent the interquartile deviation. (G) The impact of trichostatin A (TSA) treatment on histone H4 acetylation and TNP2 incorporation
in Epc1-KO spermatids. Epc1-KO germ cells were cultured for 3 days with (�) or without (�) TSA and subjected to IB analyses for acetylated histone
H4, TNP2, and �-actin. TNP2/�-actin ratios based on respective band intensities are shown at the bottom, in which the ratio in untreated Epc1-KO
germ cells was set as 1.
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FIG 5 Tip60 deletion affects histone acetylation and ES generation. (A) Generation of the Tip60-KO allele. (a) Schematic representation of the
strategy to generate a conditional knockout allele of the Tip60 gene. FRT, Flp recognition target. (b) Cre-mediated deletion of exons 10 and 11
to generate the Tip60-KO (Tip60Δ/Δ) allele revealed by PCR analysis. (c) Reduction of TIP60 protein in Tip60-KO cells. We have established ERT2-Cre;
Tip60flox/flox ES cells from blastocysts and induced Tip60 deletion upon 4-hydroxytamoxifen (4-OHT) treatment. (d) EPC1 expression in Tip60-KO
germ cells. Whole-cell lysates of germ cells from tamoxifen-injected ERT2-Cre; Tip60flox/flox mice were examined by IB analysis. (B) Morphological

(Continued on next page)

EPC1/TIP60 in Spermiogenesis Molecular and Cellular Biology

October 2017 Volume 37 Issue 19 e00082-17 mcb.asm.org 11

http://mcb.asm.org


a loss of spermatocytes and RSs and more differentiated cells, while germ cells in the
first layer, consisting of spermatogonium and spermatocytes from preleptotene to
zygotene stages, were largely intact (data not shown). In moderately affected tubules,
germ cell development appeared to be arrested at the RS stage (Fig. 5B). To evaluate
the impact of Tip60 deficiency on spermiogenesis, we compared the frequency of
seminiferous tubules containing ESs or more mature spermatids between the wild-type
and Tip60-KO mice after exclusion of seminiferous tubules exhibiting premeiotic de-
fects in the latter. On average, 43% of wild-type seminiferous tubules contained ESs or
more mature spermatids, while only 22% of Tip60-KO seminiferous tubules did (Fig. 5C).
This suggests that TIP60 contributes to RS maturation to generate ESs.

We further examined whether changes in spermiogenesis in the Tip60-KO sperma-
tids are accompanied by alterations in histone acetylation status. IF analysis for acety-
lated histone H4 using apparent stage 9/10 seminiferous tubules revealed considerable
reduction of histone acetylation in Tip60-KO spermatids although they retained an
elongating morphology (Fig. 5D). Further IF analysis by using surface-spread spermatids
confirmed this reduction in elongating spermatids (Fig. 5E). IB analysis indeed revealed
a considerable reduction of histone acetylation and TNP2 incorporation in Tip60-KO
germ cells (Fig. 5F). Taken together, these results indicate that TIP60 concurrently
regulates RS maturation into ESs and histone hyperacetylation, similar to EPC1.

DISCUSSION

Several lines of genetic evidence presented in this study suggest critical contribu-
tions of EPC1 and TIP60 to mediate histone hyperacetylation enabling histone replace-
ment with TNPs and PRMs and maturation of RSs into ESs. Colocalization of EPC1 and
TIP60 at the apical side of the nuclear periphery near the acrosome, their physical
interaction, and EPC1-dependent loading of TIP60 suggest that these molecules act as
constituents of either NuA4- or piccolo NuA4-related multimeric HAT complexes during
spermiogenesis. Intriguingly, previous studies reported that linker histone H1T2, which
is required for spermatid elongation and DNA condensation, and TNP chaperone
HSPA2 also localized at the apical pole (31, 32). Our findings together with those of
previous investigators suggest that an apical polarizing activity has a role in organizing
the antero-caudal axis of the spermatid nucleus for its maturation. In this case, the
nonnucleosomal histones acetylated by NuA4-related complexes containing EPC1 and
TIP60 may be transferred and incorporated into chromatin by additional molecules like
the histone chaperones (Fig. 6). This could in turn contribute to generate a gradient of
nuclear acetylation, with the histones near the apical pole being rapidly hyperacety-
lated while the ones at the caudal regions would be slowly and moderately acetylated.
Such apical polarity might in part explain previous observations indicating that the
hyperacetylated histones disappear following an antero-caudal movement in ESs (4, 6),
with consequently preferential incorporation of TNPs into chromatin in the anterior
region (33).

This model, however, needs further explanation of how prospective PRM-compacted
and nucleosomal genomic domains which were previously described in humans and

FIG 5 Legend (Continued)
changes in moderately affected seminiferous tubules of Tip60-KO testes. (a) Seminiferous tubule stages of a control (Tip60flox/flox cells) are indicated
numerically. (b) A section of Tip60-KO (ERT2; Tip60flox/flox) testes with developmental arrest of germ cells are shown. Note that lack of elongating
spermatids in the presumed stage 9/10 seminiferous tubules of the Tip60-KO cells. Scale bar, 100 �m. (C) Partial impairment of ES generation in
ERT2; Tip60flox/flox mice treated by 4-hydroxytamoxifen. Frequency of seminiferous tubule sections containing ESs or more mature spermatids was
calculated from five knockout (ERT2; Tip60flox/flox) and three control (Tip60flox/flox) samples. (D) Reduced acetylation level of histone H4 in Tip60-KO
ESs. Stage 9/10 seminiferous tubules from a control and Tip60-KO mouse were immunostained with anti-SCP3 and anti-acetylated histone H4
(AcH4) antibodies. Acetylation levels in elongating spermatids from Tip60-KO mice were lower than those from controls in spite of their similar
morphologies. Enlarged views for boxed regions in panels a to d are shown in panels a= to d=, respectively. Scale bars, 50 �m (a) and 10 �m (a=).
(E) Reduced acetylation level of histone H4 in Tip60-KO ESs. (Left) A spread preparation of spermatids was used to examine their morphology and
histone H4 acetylation (AcH4) levels (left). Scale bar, 10 �m. Relative quantification for histone H4 acetylation levels in elongating Tip60-KO (n �
22) and control (n � 8) spermatids was performed by using ImageJ (right). (F) Reduction of histone H4 acetylation and TNP2 and PRM2
incorporation in Tip60-KO germ cells. Germ cells from tamoxifen-injected male mice were collected, and their lysates were subjected to IB analysis
to examine histone acetylation, TNP2, and PRM2 levels. Tip60f/f, Tip60flox/flox.
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rodents are distinguished (34, 35). Histone chaperones, remodeling factors, and/or
other biochemical activities could be involved in distinguishing these domains and
contribute to disseminate histones acetylated by EPC1/TIP60 complexes exclusively to
prospective PRM-compacted domains. Intriguingly, RNF8-dependent H2A/B ubiquiti-
nation has been reported to be a prerequisite for global histone hyperacetylation and
subsequent histone replacement (30). Considerable accumulation of ubiquitinated
H2A/B was seen in Epc1-KO RSs (Fig. 4C and D), suggesting that RNF8-dependent H2A/B
ubiquitination is a precursor state for selective deposition of acetylated histones by
EPC1/TIP60 complexes. However, other models, such as those involving dynamic
association of nucleosomes with EPC1/TIP60 at the nuclear periphery, are still not
formally excluded. Further studies to test these models are needed.

MATERIALS AND METHODS
Antibodies. Antibodies against acetylated histone H2A, H2B, and H3 were purchased from Millipore

and used for immunoblotting (IB), immunofluorescence (IF), and immunoprecipitation (IP) analyses as
follows: 07-376 at 1:2,000 for IB and 1:1,000 for IF; 07-373 at 1:2,000 for IB and 1:1,000 for IF; 06-599 at
1:2,000 for IB and 1:1,000 for IF. Antibodies for ubiquitinated histone H2A and H2B (8240, 1:2,000 for IB
and 1:1,000 for IF; 5546, 1:2,000 for IB) were from Cell Signaling Technology. Anti-H4 antibody was from
Affinity BioReagents (PA1-84526; 1:2,000 for IB and 1:1,000 for IF). Antibodies for TIP60 (sc-25378; 1:500
for IF), EPC1 (sc-48152; 1:1,000 IB and 1:500 for IF), GATA4 (sc-1237; 1:200 for IF), and TNP2 (sc-21006;
1:2,000 for IB and 1:500 for IF) were purchased from Santa Cruz Biotechnology. Another antibody against
TIP60 (DR1041; 1:1,000 for IB and 1:200 for IP) was from Millipore. Antibody for c-Kit (ab112177; 1:100 for
IF) was from Abcam. Antibody for CYP11A1 (orb156513; 1:400 for IF) was from Biorbyt. Antibody for
HSD3B2 (ABIN2855488; 1:400 for IF) was from Antibodies, Inc. Rabbit anti-EPC1 antiserum was raised
against mouse EPC1 peptides (amino acids [aa] 473 to 488 and aa 736 to 750) as previously described
(36) and used for IP at 1:200.

Generation of Epc1 and Tip60 mutant alleles. To generate the targeting construct of Epc1, a 1.5-kb
high-fidelity amplified fragment and a 4-kb EcoRI-KpnI fragment from a bacterial artificial chromosome
(BAC) clone were subcloned into a pPGK-NEO vector as two homologous arms. The homologous
recombination in both arms is expected to replace a genomic region encompassing a part of exon 3 and
exons 4 and 5 with a neomycin resistance gene cassette (Fig. 2A, PGK-NEO). The targeted embryonic
stem (ES) cell clones were identified by Southern blotting using a 5= external probe (Fig. 2A and B).

Generation of the Tip60 conditional knockout allele will be described in another paper (K. Yamagata,
H. Koseki, and I. Kitabayashi, unpublished data). Briefly, we constructed a targeting vector to induce the
deletion of exons 10 and 11 by Cre-mediated recombination (Fig. 5A). Mice carrying the Epc1- and
Tip60-targeting constructs were maintained on a mixed genetic background of C57BL/6J and 129/J. All
animal experiments were carried out according to the in-house guidelines for the care and use of
laboratory animals of the RIKEN, Yokohama Institute, Japan.

In situ hybridization analysis. In situ hybridization was performed using a digoxigenin (DIG)-labeled
full-length Epc1 cRNA probe. Staining procedures were carried out as previously reported (37). Briefly,
adult male ICR mice were fixed by transcardiac perfusion with 4% paraformaldehyde in 0.1 M sodium

FIG 6 A schematic summary of EPC1- and TIP60-dependent histone hyperacetylation during spermatid differentiation. Nuclei and apical regions closely
associated with acrosome in round spermatids, elongating spermatids, and condensed spermatids are depicted. EPC1 and TIP60 accumulate at apical regions
throughout this differentiation process. In round spermatids of steps 5 to 8, histones are major nuclear proteins but not hyperacetylated. The present study
suggests that EPC1/TIP60 complexes likely mediate hyperacetylation of histones in elongating spermatids. Since EPC1 and TIP60 predominantly accumulate at
apical regions near the acrosome, we speculate that EPC1/TIP60 complexes mediate acetylation of nonnucleosomal histones (indicated by a dotted blue arrow),
which may in turn be incorporated into the chromatin (indicated by a red dotted arrow). Hyperacetylation of histones is shown to facilitate their subsequent
replacement with TNPs and/or PRMs during elongating-to-condensing spermatid transition and/or in the elongating-spermatid stage.
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phosphate buffer (pH 7.6) under general anesthesia. Testes were removed and immersed in the same
fixative for 4 h at 4°C. Cryostat sections (10 �m in thickness) were prepared and digested with 0.1%
pepsin (Dako) in 0.2 M HCl for 5 min at 37°C. Subsequently, sections were hybridized with a cRNA probe
(1.5 mg/ml) in hybridization solution containing 10 mM Tris-HCl (pH 7.6), 0.6 M NaCl, 50% formamide,
10% dextran sulfate, 0.025% SDS, Denhardt’s solution, 1 mM EDTA, and 0.2 mg/ml yeast tRNA at 50°C for
16 h. Then sections were washed in the 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
containing 50% formamide for 30 min and treated with RNase A (Sigma) (10 mg/ml in a solution of 0.5
M NaCl, 1 mM EDTA, and 10 mM Tris-HCl, pH 7.4) at 37°C for 30 min. The sections were next washed with
2� SSC, and after a final washing in 0.2� SSC at 50°C for 20 min, the hybridized probe was detected with
a DIG nucleic acid detection kit (Roche) by using alkaline phosphatase-labeled anti-DIG antibody.
Adjacent sections were stained with periodic acid-Schiff (PAS) stain and counterstained with hematoxylin
to determine the stages of the seminiferous epithelium.

Terminal deoxynucleotidyl transferase dUTP-biotin nick end labeling (TUNEL) analysis. Testis
sections (fixed with 4% paraformaldehyde [PFA]) were immunostained by using an In situ cell death
detection kit (12156792910; Roche) according to the manufacturer’s instructions, and nuclei were stained
with 4=,6=-diamidino-2-phenylindole (DAPI; blue).

High-resolution histology and transmission electron microscopy analysis. High-resolution his-
tology and transmission electron microscopy analysis were performed as previously described (38).
Briefly, testes were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, postfixed with 1% OsO4,
dehydrated, and embedded in Epon 812. One-micrometer sections were cut and stained with 1%
toluidine blue for light microscopy analysis. Ultrathin sections were stained with uranyl acetate and lead
citrate for transmission electron microscopy analysis.

Immunofluorescence (IF) analysis. For immunostaining of testis sections, 5-�m paraffin-embedded
sections were deparaffinized and rehydrated. Antigen retrieval was performed by boiling slides in 10 mM
Tris-HCl (pH 9.0), 1 mM EDTA, and 0.05% Tween 20 for 20 min. Nonspecific binding sites were blocked
with 5% normal goat (or donkey) serum in phosphate-buffered serum (PBS) with 0.05% Tween 20 (PBS-T)
for 1 h at room temperature. Then sections were incubated with the primary antibodies in 1% bovine
serum albumin (BSA)–PBS-T overnight at 4°C in a humidified chamber. After a washing step, Alexa
Fluor-conjugated secondary antibodies (Invitrogen) were added for 1 h at room temperature. Finally,
slides were mounted in VectaShield with DAPI (Vector Laboratories). The images were captured using a
Leica TCS SP2 laser confocal microscope.

For spread preparations on slides, stage-specific segments of wild-type seminiferous tubules were
collected in PBS as described previously (39). For collection of Epc1�/� (Epc1-KO) germ cells, the
decapsulated testes were minced briefly, and then germ cells were released by pipetting and washed
twice with PBS. Cell pellets were resuspended in 4% paraformaldehyde–PBS-T and then spread onto
aminopropyltriethoxy silane (APES)-coated slides in a humidified chamber for 20 min at room temper-
ature. For immunostaining, germ cells were permeabilized with 0.3% Triton X-100 –PBS for 20 min, and
downstream treatments were the same as described above.

Immunoprecipitation (IP). Testicular cells were collected as described above and resuspended in
1% NP-40 buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM dithiothreitol (DTT), and
protease inhibitor cocktail (Roche). A brief sonication was carried out with a hand-held sonicator at 50%
output for 10 s three times to disrupt cells, and then chromatin was digested with an enzymatic shearing
cocktail (Active Motif) for 90 min on ice. After centrifugation at 12,000 � g for 10 min, the supernatant
was precleared by incubation with protein G Dynabeads for 30 min at 4°C. Subsequently, antibodies
against TIP60 or EPC1 and IgG as a negative control were added and incubated at 4°C overnight. Immune
complexes were captured with protein G Dynabeads and washed with PBS-T four times. Immunopre-
cipitated materials were eluted by boiling in SDS sample buffer and subjected to IB analysis.

ROSI. Round spermatid injection (ROSI) was performed using a piezodriven micromanipulator (Prime
Tech, Ltd., Ibaraki, Japan) as described previously (40–42). Briefly, male germ cell suspensions containing
RSs were mixed with 10% polyvinylpyrrolidone in HEPES–Chatot-Ziomek-Bavister (CZB) medium in a
microinjection chamber. Before injection of RS nuclei, oocytes were activated by treatment with
Ca2�-free CZB medium containing 2.5 mM SrCl2 for 20 min at 37°C (43). Oocytes reaching telophase II at
40 to 90 min after onset of the activation treatment were each injected with an RS nucleus. They were
kept in HEPES-CZB medium at room temperature (24°C) for �10 min before culture in CZB medium at
37°C under 5% CO2 in air. Embryos that reached the 2-cell stage by 24 h of culture in CZB medium were
transferred into the oviducts of pseudopregnant ICR strain females (8 to 12 weeks old) on the day after
mating (day 0.5). On day 19.5, the number of live, term fetuses per uterus was examined by Caesarean
section.

Sorting of round spermatids. Testes from adult C57BL/6J and Epc1-KO mice were decapsulated in
erythrocyte lysing buffer (Sigma) and briefly washed twice in PBS. Tubule masses were minced into small
pieces using fine scissors, and testicular cells were released by pipetting and then filtered through nylon
mesh (pore sizes of 100, 50, and 30 �m, sequentially). Next, germ cells were treated with cell dissociation
buffer (Gibco) for 1 min and washed twice with Dulbecco’s modified Eagle’s medium (DMEM; Sigma)
containing 1% BSA. Finally, testicular cells were resuspended at a concentration of 2 � 107 cells/ml and
Vybrant DyeCycle ruby stain (Invitrogen) was added for 30 min to define DNA content; then germ cells
were sorted using a FACSAria (Becton, Dickinson, and Company) instrument.

RNA sequencing and data analysis. RNA was extracted from sorted RSs using an RNeasy kit
(Qiagen), and then libraries were generated using a NEBNext RNA library prep kit for Illumina and
sequenced on a HiSeq 1500 according to the manufacturer’s instructions. Sequences were aligned to the
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mouse genome (mm9) using the tophat2 (version 2.0.9) and cufflinks (version 2.1.0) programs. Expression
changes (degree and statistical significance) were calculated by cuffdiff (version 2.1.0).

Signature genes that represent developmental stages of spermatids were determined by using
RNA-seq data retrieved from a public database (NCBI GEO accession number GSE39970) (28). Gene
expression profiles of testicular germ cells at postnatal days (PNDs) 7, 14, 17, 21, and 28 were compared
with each other to select genes specific for spermatogonia, early spermatocytes, late spermatocytes, RSs,
and ESs, respectively. At each PND genes were selected that were expressed at significantly higher levels
(q value of �0.05; logarithm of fold change of 	1.0) than at the other stages (see Table S1 in the
supplemental material). Since the difference between results for PND14 and those for PND17 was very
small, we identified spermatocyte-specific genes using only PND14 and not PND17. We identified 1,989
genes predominantly expressed in spermatogonia, 68 genes in spermatocytes, 28 genes in RSs, and 2,390
genes in ESs.

Culture of Epc1-KO testicular cells. Testicular cells from Epc1-KO mice were collected and washed
twice with DMEM containing 10% fetal calf serum (FCS; Gibco), 50 IU/liter follicle stimulation hormone
(Sigma), and 1 �M testosterone enanthate (Sigma). Then, the mixture of germ cells was cultured with
or without 100 �g/liter trichostatin A (Sigma) for 3 days at 33°C in a water-saturated atmosphere
with 5% CO2.

Tamoxifen injection. Tamoxifen (Sigma) was dissolved in corn oil at 10 mg/ml. PND15 mice were
intraperitoneally administered with tamoxifen at a concentration of 10 mg/kg body weight.

Statistical analysis. Student’s t tests were used for all statistical analyses. A P value of �0.05 was
considered to be statistically significant. In box plots, the box corresponds to the central 50% of data.
Mean and standard deviations were plotted.

Accession number(s) All raw data used in this study are available in the NCBI Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE89640.

SUPPLEMENTAL MATERIAL
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