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ABSTRACT

The transition from meiotic spermatocytes to post-
meiotic haploid germ cells constitutes an essen-
tial step in spermatogenesis. The epigenomic reg-
ulatory mechanisms underlying this transition re-
main unclear. Here, we find a prominent transcrip-
tomic switch from the late spermatocytes to the early
round spermatids during the meiotic-to-postmeiotic
transition, which is associated with robust histone
acetylation changes across the genome. Among hi-
stone deacetylases (HDACs) and acetyltransferases,
we find that HDAC3 is selectively expressed in the
late meiotic and early haploid stages. Three inde-
pendent mouse lines with the testis-specific knock-
out of HDAC3 show infertility and defects in meiotic
exit with an arrest at the late stage of meiosis or
early stage of round spermatids. Stage-specific RNA-
seq and histone acetylation ChIP-seq analyses re-
veal that HDAC3 represses meiotic/spermatogonial

genes and activates postmeiotic haploid gene pro-
grams during meiotic exit, with associated his-
tone acetylation alterations. Unexpectedly, abolish-
ing HDAC3 catalytic activity by missense mutations
in the nuclear receptor corepressor (NCOR or SMRT)
does not cause infertility, despite causing histone
hyperacetylation as HDAC3 knockout, demonstrating
that HDAC3 enzyme activity is not required for sper-
matogenesis. Motif analysis of the HDAC3 cistrome
in the testes identified SOX30, which has a sim-
ilar spatiotemporal expression pattern as HDAC3
during spermatogenesis. Depletion of SOX30 in the
testes abolishes the genomic recruitment of the
HDAC3 to the binding sites. Collectively, these re-
sults establish the SOX30/HDAC3 signaling as a
key regulator of the transcriptional program in a
deacetylase-independent manner during the meiotic-
to-postmeiotic transition in spermatogenesis.
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INTRODUCTION

Mammalian spermatogenesis is precisely regulated at mul-
tiple stages, including spermatogonial self-renewal and dif-
ferentiation, meiosis, and a postmeiotic round spermatid
development process known as spermiogenesis. This whole
developmental process starts with the proliferation of un-
differentiated spermatogonia (Type A spermatogonia), fol-
lowed by mitotic divisions into Type B spermatogonia, and
generation of pre-leptotene spermatocytes prior to meio-
sis. Meiosis starts with prophase I that, in turn, is divided
into substages of leptotene, zygotene, pachytene, diplotene,
and diakinesis. At the early stages of meiotic prophase I,
genes encoding components of the synaptonemal complex
are highly expressed in preparation for meiotic chromosome
events, including chromosomal synapsis and recombination
(1–3).

There are several major transitions during mammalian
spermatogenesis. In the mitosis-to-meiosis transition or
meiotic entry decision, it is known that retinoic acid (RA)
signaling plays an important role in remodeling of diploid
mitotic cells into primary spermatocytes through induc-
ing expression of the key meiotic regulator STRA8 (stimu-
lated by retinoic acid 8) (4–6). Specifically, STRA8 coordi-
nates with the transcription factor MEIOSIN to drive mei-
otic gene activation for establishing meiosis-specific chro-
mosome events (7), whereas the Doublesex and mab-3 re-
lated transcription factor DMRT1 negatively regulates the
entry into meiosis through repressing RA responsiveness
and Stra8 transcription (8,9). Recent studies demonstrated
that a genome-wide reorganization of super-enhancers oc-
curs at the mitosis-to-meiosis transition (10,11).

The meiotic-to-postmeiotic transition, or meiotic exit,
is another important step during spermatogenesis, but the
underlying epigenomic regulatory mechanism is not clear
(12). After prophase, spermatocytes progress through two
reductive meiotic divisions into haploid round spermatids
(RS), which further experience profound chromatin con-
densation and nucleus reorganization (13), and eventu-
ally generate mature spermatozoa. During the transition
from meiosis to postmeiotic round spermatids, germ cells
undergo extensive epigenomic reprogramming to establish
male germline stage-specific cell identity (12,14,15). Such
epigenomic changes are associated with gene expression
changes, resulting in the RS-specific transcriptome that is
distinct from the mitotic or meiotic phase of germ cells
(16,17). It is unclear how the chromatin-associated coreg-
ulator complexes drive transcriptional regulation during
this transition. Histone acetylation is a general marker
for epigenomic remodeling. Through unbiased profiling,
we found histone acetylation changes during the meiotic
spermatocytes-to-postmeiotic RS transition.

Histone acetylation is controlled by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) (18).
Through gene expression analysis, we found that HDAC3
is selectively expressed in later stages of spermatocytes and
early RS. HDAC3 is a Class I HDAC and functions in nu-
clear repressor complexes that contain either NCOR (nu-
clear receptor corepressor) or its homolog SMRT (silenc-
ing mediator of retinoic and thyroid receptors) (19,20). The
deacetylase activity for HDAC3 requires association with

the deacetylase activation domain (DAD) of NCOR and
SMRT (21). The binding of DAD with HDAC3 causes a
conformational change of HDAC3 protein, which allows
the substrate to access the catalytic site (22). Knock-in mice
bearing missense mutations in the DAD of both NCOR and
SMRT (Y478A in NCOR, Y470A in SMRT) are referred as
NS-DAD mutant (NS-DADm) and have no detectable or
drastically abolished HDAC3 enzymatic activity in multi-
ple tissues (23–26). In this study, we use conditional Hdac3
knockout mice with Vasa-cre, Neurog3-cre or Stra8-cre as
well as the whole-body NS-DADm knock-in mice to inves-
tigate HDAC3 function in male germline development. We
discovered an unexpected regulatory mechanism involving
HDAC3 in meiosis exit.

MATERIALS AND METHODS

Animals

C57BL/6 Hdac3fl/fl mice were generously provided by
Mitchell A Lazar at the University of Pennsylvania (27).
This floxed Hdac3 allele (Hdac3fl) was generated using
homologous recombination in embryonic stem cells. In
the targeted allele, exons 4–7 were flanked by loxP sites.
Stra8-cre mice (Stock number: 008208), Neurog3-cre mice
(Stock number: 006333), and Vasa-cre mice (Stock number:
J006954) were from the Jackson Laboratory. Sox30 knock-
out mice were generated through CRISPR/Cas9 with two
sgRNAs targeting the exon 2, which contains the DNA
binding HMG-box domain. All animals were maintained
and used according to the guidelines of the Institutional An-
imal Care and Use Committee of Nanjing Medical Univer-
sity. NS-DADm mice were previously described (23). NS-
DADm mice harbored mutations in the DAD of both al-
leles of Ncor1 (Y478A in NCOR) and Ncor2 (Y470A in
SMRT), and were generated by crossing the Ncor1 DAD
mutant mice (N-DADm) with the Ncor2 DAD mutant mice
(S-DADm) (23). N-DADm (the Ncor1 Y478A knockin al-
lele) was generated through gene targeting in ES cells (28).
The targeting vector contains the Y478A mutation within
the DAD of NCOR and a loxP flanked neomycin selec-
tion cassette was inserted downstream from exon 13 for Cre-
mediated removal. A similar strategy was used for the gen-
eration of S-DADm (the Ncor2 Y470A mutation) (23). NS-
DADm mice were maintained according to the guidelines of
the Institutional Animal Care and Use Committee of Bay-
lor College of Medicine.

Histological analysis

Testes and epididymides were freshly fixed in Bouin’s so-
lution (Sigma, SLBJ3855V) for overnight, dehydrated in
graded ethanol (70%, 80%, 90%,100%) and embedded in
paraffin. 5 �m cross-sections were prepared and stained
with hematoxylin and eosin.

Immunofluorescence and chromosome spread

Immunofluorescence assay was previously described (29).
Tissues were fixed in 4% paraformaldehyde (PFA) overnight
at 4◦C. Tissues were dehydrated with ethanol (70%, 80%,
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90%, 100%), cleared in xylene, embedded in paraffin, and
cut into 5 �m sections. Sections were washed in xylene
twice and rehydrated in ethanol (100%, 95%, 70%, 50%,
0%). Slides were boiled in 10 mM sodium citrate for 15 min
and washed in PBS twice. Slides were blocked with blocking
buffer (10% FBS, 1% Trixon X-100 in PBS) for 1 h at room
temperature and incubated with primary antibodies at 4◦C
overnight. The primary antibodies were as follows: anti-
HDAC3 (1:200, Abcam, ab7030), anti-SYCP3 (1:200, Ab-
cam, ab97672), anti-PLZF (1:200, R&D, AF2944), SOX30
(1:200, ABclonal, A11759). For immunofluorescence analy-
sis for acrosome, cryosections were incubated for 1 h at 37◦C
with FITC-conjugated peanut agglutinin (RL-1072, Vec-
tor Labs). Nuclear DNA was stained with DAPI (F6057;
Sigma). Chromosome spreads were prepared as previously
described (30) and were further incubated with anti-SYCP1
(1:200, Abcam, ab15090) and anti-SYCP3 (1:200, Abcam,
ab97672). All the staining of testis sections and spread con-
focal images were visualized on a confocal microscope (Carl
Zeiss, LSM700).

Spermatogenic cell isolation

Pachytene spermatocytes and round spermatids were iso-
lated from adult mouse testes (Cells from six control mice or
10 KO mice were pooled for one biological replicate. RNA-
seq libraries were prepared in biological triplicates). The
average purity of pachytene spermatocytes isolated from
adult Hdac3fl/+ and Stra8-cre/Hdac3fl/– mice was 86% and
82%, respectively. The average purity of round spermatids
from each genotype was 92% and 84%, respectively. For the
assays for HDAC3 protein level in isolated spermatogenic
populations, spermatogonia were isolated from young mice
at postnatal days 6–8 when testes consist of spermatogonia
and Sertoli cells. Different populations of germ cells were
sorted by the STA-PUT method as described (31). Briefly,
tissues were digested with collagenase IV (1 mg/ml) at 37◦C
for 10–20 min, centrifuged, and washed with DMEM. Cell
suspension was subsequently digested with 0.25% Trypsin
containing DNase I (1 mg/ml) 37◦C for 5 min to pre-
pare single-cell suspensions. Single-cell suspensions were
further loaded into a cell separation apparatus (ProScience
Inc. Canada) and followed by 2–4% bovine serum albu-
min (BSA) gradient (2% BSA and 4%BSA in DMEM were
loaded into the separation apparatus chamber). We har-
vested the cell fractions after 1.5–3 h sedimentation and
identified their distinct cell types based on their morpholog-
ical characteristics, cell diameters and DAPI staining pat-
tern under a light microscope.

Immunoprecipitation, immunoblot and HDAC assay

Tissues were rinsed with PBS and lysed in cold RIPA
buffer supplemented with protease inhibitor cocktail tablets
(Roche, 4693124001). Homogenized lysates were rotated at
4◦C for 1 h, and centrifuged at 12 800 rpm for 40 min at 4◦C.
Protein concentration of collected supernatant was deter-
mined by bicinchoninic acid (BCA) assay. 20 �g proteins
for each lane were separated by sodium dodecylsulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). For im-
munoprecipitation, tissue mass (80 mg) were dounced 30

strokes or 1 × 107 293T cells were lysed in 500 �l lysis
buffer (20 mM Tris–Cl pH = 7.4, 150 mM Nacl, 0.5% Tri-
ton X-100, 0.5% sodium dexycholate, 1 mM DTT, 1× pro-
tease inhibitor) and left on ice for 10 mins. Lysates were
further diluted with 500 �l of dilution buffer (20 mM Tris
pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM DTT,
protease inhibitor). Lysates was centrifuged and the super-
natant was collected. The supernatant was pre-cleared with
washed protein A beads (Milipore, 16–156) for 2 h, then in-
cubated with 10 �g indicated antibodies (anti-HDAC3, Ab-
cam, ab7030), anti-SOX30 (ABclonal, A11759) overnight
at 4◦C with rotation. 25 �l washed protein A beads were
loaded into the mixture and incubated for 3 h at 4◦C with
rotation. Bead complexes were pelleted and washed three
times with wash buffer [20 mM Tris (pH 7.4), 150 mM
NaCl, 0.5% Triton X-100, 1 mM EDTA]). The protein com-
plex was eluted off the beads into 50 �l 2× loading buffer
(4% SDS, 20% glycerol, 120 mM Tris–HCl pH 6.8, 10% �-
mercaptoethanol, 0.02% bromophenol blue). HDAC assay
was conducted using fluorescence kit (Active Motif) follow-
ing manufacturer’s instruction.

Vector construction and cell transfections

Truncated Sox30 expression constructs with N-terminus
(aa1–364), C-terminus (aa436–782), HMG domain ab-
sence (aa1–346, 436–782) and C-terminus absence (aa1–
435) were generated by PCR amplification using mouse
testis cDNA. These fragments were inserted into PRK5
with FLAG or HA tag to synthesize recombinant pro-
tein. Each required tagged protein expression construct was
transfected in HEK293T cells with Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s protocol. Cells
were collected 48 hrs after transfection, followed by co-
immunoprecipitation with anti-FLAG and anti-HA anti-
bodies.

Dual luciferase assays

The Nkapl fragment containing binding sites was
PCR-amplified from mouse testes cDNA and cloned
into PGL4.17-Luciferase vector. HEK 293T cells
were transfected with PGL4.17-Luciferase vector
(500 ng) and Renilla luciferase vector (2.0 ng) plus
expression constructs (500 ng): PRK5/HDAC3,
PRK5/SOX30, PRK5/SOX30/HDAC3 or the control
vector PRK5/FLAG. Cell extracts were harvested 48 hrs
after transfection, and luciferase assays were performed
according to the manufacturer’s protocol (Promega).

Quantitative RT-PCR Assay and RNA-seq

Total RNA was extracted from the samples using TRI-
zol reagent. For isolated spermatogenic cells, total RNA
was isolated from pachytene spermatocytes and round sper-
matids from Hdac3fl/+ and Stra8-cre/Hdac3fl/– mice (Cells
from six control mice or 10 Stra8-cre/Hdac3fl/– mice were
pooled for one biological replicate. RNA-seq libraries were
prepared in biological triplicates). The concentration and
purity of RNA were determined by absorbance at 260/280
nm. 1 �g of total RNA was reverse transcribed using
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a PrimeScript™RT Master Mix (TaKaRa, RR036A). The
cDNA was diluted by 5–6 times and 1 �l cDNA were used
for each reaction using SYBR Green Premix Ex Taq II
(RR820A, TaKaRa, Japan). A standard reaction contained
200 nmol/l of forward and reverse primer, 1 �l cDNA and
the final reaction volume was 20 �l. The reaction was ini-
tiated by preheating at 50◦C for 2 min, followed by 95◦C
for 10 min. Subsequently, 40 amplification cycles were car-
ried out with 15 s denaturation at 95◦C and 30 s anneal-
ing and extension at 60◦C. This assay was performed in a
thermocycler StepOnePlus™ Real-Time PCR system (Ap-
plied Biosystems) and all reactions were performed in trip-
licate. Gene expression was normalized to Arbp. All the
primers were listed in Supplementary Table S1. For RNA-
seq, strand-specific libraries were prepared using the TruSeq
Stranded Total RNA Sample Preparation kit (Illumina) ac-
cording to the manufacturer’s instructions before submit-
ting to the Illumina Hiseq X ten system. RNA-seq library
preparation and sequencing were performed at Omics Core
of Bio-Med Big Data Center, Chinese Academy of Sciences
(Shanghai, China). Clean data were obtained by trimming
the adaptor sequence and removing sequences with low
quality. Clean reads were mapped to the mouse genome
(mm10) with HISAT2 (v.2.1.0; Johns Hopkins University,
Baltimore, MD, USA) with a GTF file download from the
UCSC database (University of California, Santa Cruz). The
aligned reads of genes were counted using HTSeq followed
by DESeq2 normalization to evaluate gene expression as
normalized counts per million. Significant differentially ex-
pressed genes were identified as those with a P-value or false
discovery rate (FDR) value above the threshold (pachytene
spermatocytes and round spermatids: P < 0.01) and fold-
change >1.5 using DESeq2 software.

ChIP-seq and data analysis

Fresh testes were collected from wild-type and Sox30 KO
mice at postnatal day 20, ground into powder in liq-
uid N2 and cross-linked by 1% formaldehyde, followed
by quenching with glycine solution. Chromatin was frag-
mented by sonication in ChIP SDS lysis buffer (50 mM
Tris–Cl, pH 8; 10 mM EDTA, pH 8; 1% SDS) us-
ing the Covaris-S220 sonicator. Cross-linked chromatin
was incubated with indicated antibodies (anti-HDAC3,
Abcam, ab7030; anti-SOX30, ABclonal, A11759; anti-
H3K9ac, Milipore, 07–352; anti-H3K27ac, Abcam ab4729)
in ChIP dilution buffer (50 mM HEPES, pH7.5, 155
mM NaCl, 1.1% Triton X-100, 0.11% Na-deoxycholate)
with protease inhibitors overnight. Cross-linking was re-
versed overnight at 65◦C, and DNA was extracted by us-
ing phenol/chloroform/isoamyl alcohol. Precipitated DNA
was amplified for deep-sequencing or analyzed by quanti-
tative PCR with SYBR Green Premix Ex Taq II (RR820A,
TaKaRa). For ChIP-seq, DNA was amplified according to
the ChIP Sequencing Sample Preparation Guide provided
by Illumina using adaptors and primers. Deep sequencing
was performed by Computational Biology Omics Core of
the CAS-MPG Partner Institute using Illumina Hiseq X-
10 (2 × 150). ChIP-seq reads were aligned to the mouse
genome (mm10) using BOWTIE software (bowtie2 version
2.3.4.3). The aligned reads were further filtered to remove

those with low mapping quality and duplicated arising as
an artifact of sample amplification or sequencing. Peak call-
ing was carried out by using MACS2 (version 2.1.2, with
options’-mfold 5, 50-p 0.0001’), on ChIP file against the
input file. Genome-wide normalized signal coverage tracks
were created by bamCoverage in deepTools (version 3.3.0)
and visualized in the Integrative Genomics Viewer (IGV
version 2.5.0). Peaks were annotated to the genomic region
and the nearest genes within 2 kb of TSS using Bioconduc-
tor package ChIPSeeker (version 1.16.1). Peaks overlapping
by at least 1 nt with unique gene model promoters (±3 kb of
each unique gene model Transcription Starting Site) were
considered as promoter located. De novo motif searches
of ChIP-seq peaks were performed using Homer (version
v4.11.1) with default parameters (32). ChIP-seq and RNA-
seq data have been deposited in the Gene Expression Om-
nibus (GSE153065) database.

Statistical analysis

All data are reported as mean ± SD unless otherwise noted
in the figure legends. Significance was tested by using the
two-tailed unpaired Student’s t-test (*P < 0.05; ** P < 0.01;
*** P < 0.001) using Prism 7.0 (GraphPad Software, La
Jolla, CA, USA).

RESULTS

Histone acetylation correlates with gene expression changes
from meiotic to postmeiotic stages

The meiotic spermatocytes at the pachytene stage and hap-
loid round spermatids are two major cell populations at
meiotic and postmeiotic stages with unique features in
the male germline. Here, we isolated these two popula-
tions from the adult mice at 7–8 weeks old. We found
that the transcriptomes of pachytene spermatocytes and
postmeiotic round spermatids were remarkably distinct
(Figure 1A). Many genes involved in spermatid develop-
ment and differentiation are expressed at higher levels in
postmeiotic round spermatids, whereas genes in DNA re-
pair, RNA splicing, nuclear division, chromosome segre-
gation, and organelle fission are expressed at higher lev-
els in pachytene spermatocytes (Figure 1B). These gene
ontology terms were similarly enriched either in upregu-
lated or downregulated genes in two recent studies with
single-cell RNA transcriptomes of mouse male germ cells
(17,33). A key mechanism by which the germ cells establish
stage-specific transcriptome is through epigenomic modifi-
cations of the chromatin, and histone acetylation is a ma-
jor epigenomic marker during the process (12,17,34,35). We
performed chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) with antibodies specific for acetylated
histone H3 lysine (H3K9ac) and acetylated histone H3 ly-
sine 27 (H3K27ac) using stage-specific pachytene spermato-
cytes (PS) and round spermatids (RS) from the adult mice
at 7–8 week-old. Concomitant with transcriptional alter-
ations, we observed enhanced accumulation of H3K9ac at
genes that were upregulated at RS stage in comparison to
the PS stage (Figure 1C and E), especially at the regions
near the transcriptional start site (TSS). Higher H3K27ac
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Figure 1. Transcriptomic changes during the meiotic spermatocytes-to-postmeiotic RS transition are correlated with the genome-wide histone acetylation
levels. (A) A heatmap depicting gene expression pattern at round spermatid stage versus pachytene spermatocyte stage in wild-type. Fold change >1.5
up (red) or down (green) with P < 0.01. PS, pachytene spermatocytes; RS, round spermatids. (B) Top nine enriched biological processes for the genes
expressed at higher levels or lower levels in RS compared to PS in wild-type. (C) Average H3K9ac profiles at upregulated (red), unchanged (gray), and
downregulated (blue) genes in RS versus PS in adult wild-type. Average H3K9ac signals, represented by counts per million, from –5 to + 5 kb surrounding
the TSS of genes were shown. (D) Average H3K27ac profiles at upregulated (red), unchanged (gray), and downregulated (blue) genes in RS versus PS in
adult wild-type. Average H3K27ac signals, represented by counts per million, from –5 to + 5 kb surrounding the TSS of genes were shown. (E) Genome
browser tracks depicting reads accumulation of H3K9ac and H3K27ac on representative meiotic gene H2afx and postmeiotic haploid gene Sun5. (F)
Western blot analysis of HDAC1, HDAC2, and HDAC3 during spermatogenesis. �-Actin serves as a loading control. The image is a representation of
two independent experiments with similar results. The corresponding optical density readings for biological duplicates are shown. (G) The protein amount
of HDAC3 in different fractions of spermatogenic cells. SG: spermatogonia; ES: elongating spermatids. PS, RS, and ES were from mice at age 7–8 weeks
(n = 8), and spermatogonia (SG) were isolated from mice at postnatal day 6–8 using the STA-PUT method (n = 20). Quantification of HDAC3 protein
with the corresponding optical density readings are shown. The representative image of biological duplicates is shown. (H) Immunofluorescent staining of
HDAC3 (green), SYCP3 (lateral elements of the synaptonemal complex, red), and Hoechst (DNA, blue) on frozen sections from adult wild-type. Areas
within the rectangles were enlarged in the following panel, and different stages of seminiferous tubules were shown. Abbreviations: SE: somatic Sertoli cells;
SG: spermatogonia; RS: round spermatids. Spermatocytes were categorized into the following groups: Le: leptotene; Zy: zygotene; e-Pa: early pachytene;
m-Pa: mid pachytene; l-Pa: late pachytene; D: diplotene; M: Metaphase; 2nd: secondary spermatocytes. Scale bars, 25 �m. (I) Immunofluorescent staining
of HDAC3 (green), SYCP3 (red) and Hoechst (DNA, blue) on frozen sections from adult Neurog3-cre/Hdac3fl/– testes. Scale bars, 25 �m.
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was similarly observed for those upregulated genes (Fig-
ure 1D and E). The binding of H3K9ac and H3K27ac
remained constant or was weaker at genes that were un-
changed or downregulated at RS stage, compared with the
PS stage (Figure 1C–E). These results show that H3K9ac
and H3K27ac levels correlate with the upregulated tran-
scription of genes in pachytene spermatocytes or round
spermatids.

Elongation of round spermatids during late spermatoge-
nesis coincides with a genome-wide histone hyperacetyla-
tion, which triggers transcription-independent histone-to-
protamine replacement (35–40). This suggests a possible
mechanism that suppresses histone acetylation in late meio-
sis and early RS stages. Histone deacetylation is driven by
HDACs. There are 18 mammalian HDACs that belong to
four classes. To address which particular HDAC plays a ma-
jor role in spermatogenesis, we compared the expression lev-
els of HDACs in meiotic spermatocytes based on the pre-
viously reported transcriptomes of isolated spermatogenic
cell types (14), and found that the mRNA transcripts of
Hdac1, Hdac2, Hdac3, Sirt1, Sirt2, Sirt3 and Sirt4 were
more abundant than other Hdac genes (Supplementary Fig-
ure S1A). Sirtuins are Class III NAD+-dependent deacety-
lases. SIRT1 specifically regulates acrosome biogenesis dur-
ing spermiogenesis, suggesting that it functions in the win-
dow later than the early RS stage (41–44). Both Sirt3 KO
or Sirt4 KO mice are fertile (45), and no obvious pheno-
types were observed in Sirt2 depleted testes (46). Among
other groups of HDACs with high expression levels, only
HDAC3 protein exhibited a dynamic pattern of expression
in germ cell development (Figure 1F). HDAC3 protein in-
creased significantly in testis with the highest abundance
amount at postnatal day 16 to 21 (P16–21), and its expres-
sion decreased thereafter throughout spermatogenesis (Fig-
ure 1F), albeit consistently expressed Hdac3 mRNA lev-
els throughout spermatogenesis (14). Western blot analy-
sis using protein extracts of sorted germ cell populations
by STA-PUT Velocity Sedimentation revealed that HDAC3
protein was highly enriched in spermatogonia (SG), PS and
RS, but dramatically reduced in elongating spermatids (Fig-
ure 1G), when histone hyperacetylation occurs. The puri-
ties of distinct germ cell populations were assessed accord-
ing to their distinct morphological features (Supplementary
Figure S1B) and further validated by immunostaining with
stage-specific molecular markers �H2AX and PNA, which
distinguishes the XY body in pachytene spermatocytes and
the acrosome in round spermatids (Supplementary Figure
S1C), respectively. Subcellular fractionation showed that
HDAC3 protein was abundant in the chromatin fraction
but also found in the cytoplasm fraction in testes (Sup-
plementary Figure S1D). Immunofluorescence staining of
HDAC3 and SYCP3 (a component of the synaptonemal
complex) in adult testes revealed a dynamic stage-specific
expression pattern (Figure 1H). HDAC3 was readily de-
tected in the somatic Sertoli cells and spermatogonia, but
was not detectable in leptotene and zygotene spermatocytes
at stage IX–X and XI–XII or in early pachytene spermato-
cytes at stage I (Figure 1H). Detailed analysis indicated that
HDAC3 protein expressed in the nuclei of late pachytene
spermatocytes (stage IX–X), and reached its highest level
in the nuclei of diplotene (stage XII), metaphase cells (stage

XII), and secondary spermatocytes (stage XII–I) (Figure
1H).

Postmeiotic spermatid development encompasses 16
steps (steps 1–16), as defined by morphological changes
in acrosome and nuclear structure. Immunostaining with
HDAC3 and PNA (an acrosome marker) indicated that
HDAC3 was expressed in the nuclei of round spermatids at
step 1 (stage I tubules) (Supplementary Figure S1E). When
round spermatids advanced to spermiogenic steps 2–3, per-
inuclear foci-like structures with HDAC3 signals were ob-
served (step 2–3, stage II–III), although the nuclear expres-
sion of HDAC3 was still present (Supplementary Figure
S1E). During later stages of round spermatid development
at step 7–8, stage VII–VIII, these cytoplasmic HDAC3 foci
were enlarged, concomitant with a decrease in its nuclear
signal (Supplementary Figure S1E). The nuclear signal of
HDAC3 was dramatically decreased at spermiogenic step
9 and became completely absent at the following step 10
when spermatids start to elongate (Supplementary Figure
S1E). The HDAC3 signals in the cytoplasm persisted un-
til spermiogenic step 12 and then decreased in elongated
spermatids after step 12 and in mature spermatozoa (Sup-
plementary Figure S1E). To provide negative controls for
the HDAC3 immunofluorescence staining, we sought to
obtain HDAC3 knockout tissues. Because the global dele-
tion of Hdac3 is embryonic lethal, we bred mice with a
floxed HDAC3 allele (27) with mice harboring germline-
specific Neurog3-cre. The HDAC3 immunofluorescence sig-
nals were absent in spermatocytes during later stages and
round spermatids (Figure 1I and Supplementary Figure
S1F), but remained at similar levels in the somatic Sertoli
cells in adult Neurog3-cre/Hdac3fl/– littermates (Figure 1I).
These results demonstrate that this antibody is specific for
HDAC3.

HDAC3 is required for meiotic exit and transition to round
spermatid

To systemically address the function of HDAC3 in sper-
matogenesis, we bred mice with a floxed HDAC3 allele (27)
with mice harboring Vasa-cre, Neurog3-cre, and Stra8-cre to
generate testis-specific knockouts of Hdac3 (Supplementary
Figure S2A). The Vasa-cre begins to express in germ cells at
embryonic day 15 (47). The Neurog3-cre starts to express in
the testis at postnatal day 7 (48), resulting in almost com-
plete recombination at postnatal day 9 (leptotene/zygotene
spermatocytes) (49). Stra8-cre starts to express in differ-
entiating spermatogonia with the peak expression in lep-
totene spermatocytes (50). The conditional HDAC3 knock-
out mice (Vasa-cre/Hdac3fl/–, Neurog3-cre/Hdac3fl/– and
Stra8-cre/Hdac3fl/–, respectively) are all viable. We use
cre/Hdac3fl/+ male mice and Hdac3fl/fl female mice to
generate experimental cohorts. The littermate Hdac3fl/+

serves as the control. Western blot analysis showed that
HDAC3 protein was reduced markedly in testes of Vasa-
cre, Neurog3-cre and Stra8-cre/Hdac3fl/– mice at postnatal
day 18 (Supplementary Figure S2B). The residual expres-
sion is probably due to somatic Sertoli cells that also express
HDAC3.

Strikingly, all the Vasa-cre, Neurog3-cre and Stra8-
cre/Hdac3fl/– males were infertile (Figure 2A). In adult-
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hood, the testes from Vasa-cre, Neurog3-cre and Stra8-
cre/Hdac3fl/– mice were apparently smaller than the con-
trol (Figure 2B) and weighed at <40% of the control (Fig-
ure 2C). Mature sperm were absent in the cauda epi-
didymis of all three HDAC3 knockouts (Figure 2D). While
control Hdac3fl/– littermates produced an average of 7.8
offsprings per litter, no pups were obtained from adult
Vasa-cre, Neurog3-cre and Stra8-cre/Hdac3fl/– males when
mating with normal fertile females (Figure 2A). These
results demonstrate that HDAC3 is required for male
fertility.

We performed histological analyses to assess the germ-
cell development defects due to HDAC3 deficiency. Sem-
iniferous tubules of control testes were full of spermato-
genic cells representative of different stages, including
mitotic spermatogonia, meiotic spermatocytes, postmei-
otic round spermatids, elongating spermatids, and sper-
matozoa with highly compacted chromatin (Figure 2E).
In contrast, elongating/condensing spermatids and nor-
mal spermatozoa were completely absent in seminiferous
tubules of both the Vasa-cre/Hdac3fl/– mice (Figure 2F)
and Neurog3-cre/Hdac3fl/– mice (Figure 2H). In Vasa-
cre/Hdac3fl/– testes, many tubules were arrested at later
stages of meiotic prophase I (diplotene stage) or early round
spermatid stages (Figure 2G). Some Vasa-cre-mediated KO
spermatocytes progressed to metaphase cells and were ar-
rested at the M phase with apoptosis in stage XII tubules
(Figure 2G, right panel, arrowheads).

In Neurog3-cre/Hdac3fl/– testes, over 70% of tubules
were arrested at the round spermatid stage (Figure 2I, left
panel). We found that these round spermatids in Neurog3-
cre/Hdac3fl/– failed to elongate or condense, resulting in
their formation into multinucleated cell clusters (Figure 2I,
left panel, black lines). Immunostaining with the acrosome
marker PNA (peanut agglutinin) indicated that the round
spermatids in Neurog3-cre/Hdac3fl/– were arrested at early
stages, as confirmed by the absence of the acrosomal struc-
ture in round spermatids beyond step 2–3 (Figure 2J), in
contrast to differentiated round spermatids at step 4–5 and
step 7–8 observed in wild-type testes tubules (Figure 2K).
Additionally, a subset of Neurog3-cre/Hdac3fl/– tubules ex-
hibited defects in the transition from metaphase cells into
secondary spermatocytes in stage XII tubules (Figure 2I,
right panel, arrows).

Similar to that of Neurog3-cre/Hdac3fl/–, over 60% sem-
iniferous tubules in Stra8-cre /Hdac3fl/– testes were ar-
rested at the round spermatid stage (Figure 2L and M).
The remaining tubules were arrested either at later stages
of meiotic prophase I or elongating spermatid stage (Fig-
ure 2M, right panel). Immunostaining indicates that tubules
of Vasa-cre, Neurog3-cre, and Stra8-cre/Hdac3fl/– mice con-
tained similar numbers of PLZF-positive undifferentiated
spermatogonia compared to wild-types (Supplementary
Figure S3A and S3B and data not shown). Consistent
with the above defects, the epididymal tubule from all the
Vasa-cre, Neurog3-cre, and Stra8-cre/Hdac3fl/– mice were
depleted of mature spermatozoa (Supplementary Figure
S3C). Although some germ cells in Stra8-cre HDAC3 KO
mice differentiated into elongating spermatids, all the con-
ditional HDAC3 knockouts using Vasa-cre, Neurog3-cre
and Stra8-cre shared phenotypical similarities, with the ear-

liest defects detected in the late stages of spermatocytes and
eventually mainly arrested at early RS (Figure 2N).

We further examined the first meiotic prophase I by im-
munostaining the spread nuclei with SYCP3 and SYCP1,
the lateral and central elements of the synaptonemal
complex (51–54). The spermatocytes were staged based
on the distribution of SYCP3 and SYCP1 proteins, and
many stages of meiotic prophase I (leptotene, zygotene,
pachytene, and diplotene) prior to the metaphase stage were
observed in Vasa-cre, Neurog3-cre and Stra8-cre/Hdac3fl/–

(Supplementary Figure S3D). Collectively, these experi-
ments demonstrate that HDAC3 functions in the time win-
dow when spermatocytes exit meiosis to become round
spermatids. In the absence of HDAC3, germ cells exhibited
defects during the latter stages of prophase I and the tran-
sition to the round spermatid.

HDAC3 represses early meiotic genes but activates spermatid
genes

To profile stage-specific transcriptomic alterations upon
HDAC3 deletion, we performed RNA-sequencing (RNA-
seq) on purified pachytene spermatocytes (PS) and round
spermatids (RS) from control and Stra8-cre/Hdac3fl/– mice.
The purity of the PS and RS isolations was validated with
�H2AX and PNA immunostaining, respectively (Supple-
mentary Figure S4A and B). In PS, we found 335 and
1535 genes significantly up- and downregulated (P < 0.01,
fold change > 1.5), respectively, in Stra8-cre/Hdac3fl/– com-
pared to control (Figure 3A and B). In RS, 2409 and 2716
genes were significantly up- and downregulated, respec-
tively (Figure 3A and B). Both upregulated and downreg-
ulated genes exhibited considerable overlap, with the down-
regulated genes showing more overlap (Figure 3C). These
results suggest that, despite being generally known as a tran-
scriptional repressor, HDAC3 has both positive and nega-
tive effects on gene expression in testes at the meiotic and
postmeiotic stages.

The upregulated genes in Stra8-cre/Hdac3fl/– showed
a strong enrichment for early male development, includ-
ing reproductive system development, male gonad devel-
opment, and regulation of meiosis (Figure 3D). These in-
clude genes involved in meiotic initiation, meiotic recom-
bination, and spermatogonial self-renewal, such as Rad51,
H2afx, Dmc1, Stra8, Msh2 and Lin28b (Figure 3F). The
upregulation of these target genes was further validated by
RT-quantitative PCR (RT-qPCR) in Stra8-cre/Hdac3fl/– PS
and RS (Supplementary Figure S4C). The expression of
these genes normally declines as meiocytes progress from
leptonema/zygonema to pachytene spermatocytes or sper-
matids (2). The downregulated genes in Stra8-cre/Hdac3fl/–

PS or RS were enriched in spermatid differentiation, in-
cluding flagellated sperm motility and spermatid develop-
ment (Figure 3E). Many genes are essential for haploid
development and acrosomal formation, including Mtdh1,
Nkapl, Sox30, Arih1, Tnp2, Prm1 and Prm2 (Figure 3F).
The downregulation of these genes was further confirmed
by RT-qPCR (Supplementary Figure S4D).

Genes upregulated in Stra8-cre/Hdac3fl/– PS and RS
were highly enriched with spermatocytes- or spermatogo-
nial cell-specific genes, when compared to the previously re-
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ported transcriptomes of isolated stage-specific germ cells,
such as spermatogonial/somatic cells, leptotene/zygotene
spermatocytes, PS and RS (2) (Figure 3G). These genes
were normally suppressed in wild-type mice after the cells
enter the PS or RS stage (Figure 3H). For example, Rad51,
H2afx, Dmc1, Stra8, Msh2 and Lin28b were downregulated
during meiotic progression from leptonema/zygonema to
pachynema and spermatids. By contrast, the majority of
downregulated genes in Stra8-cre/Hdac3fl/– PS and RS
were preferentially expressed at the postmeiotic spermatid
stage (Figure 3I and J). Thus, HDAC3 establishes the
male germline gene transcriptional program at meiosis-to-
postmeiosis transition by suppressing early meiotic genes
and activating haploid spermatid genes.

To elucidate the molecular basis through which HDAC3
suppresses the meiotic transcriptional program and drives
the expression of haploid genes, we next assessed the effect
of HDAC3 depletion on acetylation dynamics during germ
cell development. Ablation of HDAC3 led to increased re-
cruitment of H3K9ac at many genes near their promoter
regions in PS and RS (Figure 4A and C). This enhanced re-
cruitment of H3K9ac was also observed at HDAC3 bind-
ing sites near promoter regions (Supplementary Figure
S5A). Similarly, genome-wide H3K27ac levels were high in
HDAC3-depleted PS and RS (Figure 4B and D and Supple-
mentary Figure S5B). Surprisingly, the increases of H3K9ac
occupancy at HDAC3 binding sites were also pronounced
near genes that were downregulated or unchanged upon
HDAC3 depletion in both PS (Figure 4E) and RS (Supple-
mentary Figure S5C). ChIP-seq analysis further confirmed
that loss of HDAC3 dramatically enhanced the H3K27ac
level at many HDAC3 binding sites even at genes that were
repressed or unchanged upon HDAC3 depletion (Figure 4F
and Supplementary Figure S5D). Consistent with the above
nonbiased acetylation profiles, the H3K9ac and H3K27ac
levels in HDAC3-depleted PS was increased substantially
compared to WT cells not only at upregulated genes in KO
versus WT (Rad51, H2afx, Sycp1, Dmc1 and Sycp3) (Fig-
ure 4G and Supplementary Figure S5E), but also at many
previously determined repression genes (Tnp2, Prm3, Oaz1,
Nkapl and Sox30) (Figure 4G and Supplementary Figure
S5E). The fact that HDAC3 depletion in testis suppressed
the expression of postmeiotic spermatid genes despite hi-
stone hyperacetylation at these sites suggests that histone
acetylation does not necessarily cause gene activation and
that HDAC3 might mediate transcriptional regulation be-
yond its deacetylase activity.

Abolishing HDAC3 enzyme activity does not affect male fer-
tility

We next investigated the role of HDAC3 catalytic activity
in mouse testis and determined whether the spermatogenic
arrest at the meiotic exit in HDAC3 knockouts results from
disruption of its catalytic activity. To address this possibil-
ity, we aim to abolish the enzyme activity of HDAC3 with-
out affecting its protein level. Purified HDAC3 protein does
not show detectable deacetylase enzyme activity. Instead,
the enzyme activity of HDAC3 becomes detectable only af-
ter it forms a complex with the conserved DAD domain of
NCOR and SMRT (21,55). Disruption of this interaction

with missense whole-body knock-in mutations in the DAD
of both NCOR and SMRT (NS-DADm) abolished the cat-
alytic activity in HDAC3 in all the tissue or organs exam-
ined so far, including the liver, muscle, and brain (23,25,56).
We immunoprecipitated HDAC3 protein from testes lysates
extracted from wild-type and NS-DAD mutants and per-
formed the HDAC assay. HDAC3 catalytic activity was
readily detectable in WT testes but was undetectable in
testes from NS-DADm mice (Figure 5A). We then mea-
sured histone acetylation levels at HDAC3-binding sites by
performing H3K9ac ChIP-qPCR in NS-DADm and WT
testes. Consistent with the undetectable deacetylase activity
of HDAC3, the enrichment of H3K9ac at the previously-
determined sites was significantly enhanced in NS-DADm
testes compared to WT (Figure 5B). HDAC3 ChIP-qPCR
analysis at these sites revealed that HDAC3 still bound to
these target sites in NS-DADm testes (Figure 5C). Previ-
ous studies showed that a second DAD-independent do-
main of NCOR/SMRT also binds HDAC3, although it
does not activate the HDAC3 enzyme activity (21,23,57,58).
Our results suggest that the interaction with NCOR/SMRT
through the second domain is largely sufficient for recruit-
ing HDAC3 to the genome in mouse testes.

In contrast to Vasa-cre, Neurog3-cre and Stra8-
cre/Hdac3fl/- males, NS-DADm male mice were fertile.
Both homozygous knock-in (NS-DADm) and heterozy-
gous knock-in male mice were able to father litters and
displayed normal mating behavior (Figure 5G). The av-
erage litter size from NS-DADm homozygous males was
comparable to that of heterozygous mutants and wild-type
males (Figure 5G). NS-DADm testes also displayed a
similar size (Figure 5D) and weight proportional to their
body weight (Figure 5E). The sperm count from mutant
males was still abundant in the epididymal tubule (Figure
5F). In contrast to Vasa-cre, Neurog3-cre and Stra8-
cre/Hdac3fl/– males with spermatogenesis predominantly
being arrested at late stages of meiosis or early round
spermatids, histology of NS-DAD mutant testes appeared
to be normal, with a full spectrum of spermatogenic cells at
various developmental stages (Figure 5H) and the presence
of abundant mature sperm in the epididymis (Figure 5I).
These results demonstrate that the deacetylase enzymatic
activity is largely not required for the in vivo function of
HDAC3 in spermatogenesis.

HDAC3 associates with SOX30 and in testes co-localizes
with SOX30 on genomic sites

Since HDAC3 lacks an intrinsic DNA-binding ability, we
seek to identify transcription factors that recruit HDAC3
to the genome in testes. Previous studies showed that
HDAC3 forms a complex with NCOR/SMRT and is re-
cruited to chromatin by tissue-specific transcription factors
along with NCOR (59–61). We prepared biologically dupli-
cate ChIP-seq libraries of HDAC3 from testes at P20 when
HDAC3 is abundantly expressed and when the late-stage
spermatocytes and early RS are highly represented in testes
(62). We identified 3976 HDAC3 binding sites. Genomic
annotation of ChIP reads revealed that 23% of HDAC3
sites resided in promoter regions of annotated genes within
10 kb of their TSS. The other HDAC3 sites were inter-
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Figure 4. Histone acetylation and gene expression uncoupled at PS and RS stages. (A) Heat map of H3K9ac binding signal in wild type and Stra8-
cre/Hdac3fl/- from –5 to +5 kb surrounding the TSS of genes at the pachytene spermatocyte and round spermatid stage. ChIP-seq with antibody against
H3K9ac was performed in pachytene spermatocytes (PS) and round spermatids (RS) isolated from adult wild type and Stra8-cre/Hdac3fl/–. (B) Heat map
of H3K27ac binding signal in wild type and Stra8-cre/Hdac3fl/- from –5 to +5 kb surrounding the TSS of genes. ChIP-seq with antibody against H3K27ac
was performed in pachytene spermatocytes (PS) and round spermatids (RS) isolated from adult wild type and Stra8-cre/Hdac3fl/–. (C, D) Average H3K9ac
(C) or H3K27ac (D) ChIP signals of Stra8-cre/Hdac3fl/– PS and RS versus wild-type PS and RS within –5 kb/+5 kb of TSS. CPM, counts per million.
(E, F) Average H3K9ac or H3K27ac profiles at upregulated (red), unchanged (gray) and downregulated (blue) genes in Stra8-cre/Hdac3fl/– versus their
wild-types at PS stage. CPM, counts per million. (G) Genome browser tracks depicting reads accumulation of H3K9ac and H3K27ac on representative
meiotic gene Rad51 and postmeiotic haploid gene Sox30 in WT and Stra8-cre/Hdac3fl/– at PS and RS stages. Y axis scales in brackets represent reads per
million.

genic regions (38%), introns (34%) and exons (3%) (Fig-
ure 6A and B). De novo motif analysis identified the top
enriched motif at HDAC3 sites contained a major consen-
sus sequence ‘ACAAT’, which is the common binding mo-
tif for all Sox proteins (Figure 6C). Sox family transcrip-
tional factors contain a conserved DNA-binding HMG box
(63), and they are well-established regulators of cell fate
decisions during differentiation initiation and development
(64). There are 20 mammalian Sox proteins that belong to
ten groups termed A to H. Among them, mRNA transcripts
of Sox5, Sox6 and Sox30 increased in meiotic spermato-
cytes and expressed highly in RS (Figure 6D) (14). Western
blot analysis further revealed that only SOX30 shared a sim-
ilar expression pattern with HDAC3 during spermatogene-

sis (Figure 6E). The expression of both SOX30 and HDAC3
in testes increased at P18 when pachytene spermatocytes
appear, reached the highest level at P21 when later stages
of spermatocytes and early RS are enriched, and started
to decline by P28 (Figure 6E). SOX30 is a testis-specific
transcription regulator for activating postmeiotic haploid
gene program starting at late stages of spermatocytes and
through round spermatids development (17,65–67).

We postulate that SOX30 plays a major role in recruit-
ing HDAC3 in the late meiotic stage. We performed ChIP-
seq for SOX30 and HDAC3 in mouse testes at P20 when
both HDAC3 and SOX30 expressed at their highest lev-
els. HDAC3 and SOX30 binding strongly co-localized on
a genome-wide scale (Figure 6F). As expected, the top en-
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Figure 5. HDAC3 regulates spermatogenesis through deacetylase-independent mechanisms. (A) Testes tissue lysates were immunoprecipitated with either
HDAC3 or IgG antibodies, and subjected to HDAC assay. n = 3. (B) The mouse testes from wild type and NS-DADm at postnatal day 20 were subjected
to ChIP with H3K9ac antibodies, followed by qPCR analysis at the indicated sites. n = 4 for each genotype. * P < 0.05, ** P < 0.01, Student’s t test.
(C) ChIP-qPCR analysis of HDAC3 recruitment at the previously-determined sites in wild type and NS-DADm mice at postnatal day 20. n = 4 for each
genotype. * P < 0.05, Student’s t test. (D) Testis size from 8-week-old wild-type (WT) and NS-DADm. (E) The ratio of testis weight to body weight in WT
and NS-DADm. NS, not significant. Wild type, n = 9; NS-DADm, n = 6. (F) The sperm counts obtained from epididymides of 8-week-old wild-type and
NS-DADm. Wild type, n = 5; NS-DADm, n = 6. (G) Fertility analysis for adult wild-type, heterozygote, and NS-DAD mutant males. n = 5 for WT; n =
6 for heterozygous; n = 15 for NS-DAD mutants. (H) Hematoxylin and eosin-stained testis sections from 8-week-old wild-type and NS-DADm showed a
full spectrum of spermatogenic cells. Scale bar, 20 �m. (I) H&E staining of cauda epididymis from adult wild-type and NS-DADm. Scale bar, 20 �m.
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Figure 6. HDAC3 and SOX30 co-localize on the genome in testes. (A) Normalized HDAC3 ChIP-seq reads on UCSC mm10 RefSeq gene bodies. (B)
Annotations of HDAC3 ChIP-seq peaks in wild-type testes at P20. (C) Top enriched motifs in the binding sites for HDAC3 and SOX30 using Homer.
Sequences within ± 200 bp from the centers of all the binding sites were used for de novo motif analysis. (D) mRNA transcripts levels of Sox members
across stage-specific spermatogenic cells were assessed by RNA-seq (14). (E) Western blot analysis for the protein levels of SOX5, SOX6, SOX30, and
HDAC3 during spermatogenesis. The image is a representation of two independent experiments with similar results. The corresponding optical density
readings for biological duplicates are shown. (F) Heat map depicting HDAC3 and SOX30 co-localization at many binding sites. (G) FLAG-Hdac3 and/or
HA-Sox30 expression constructs were transfected in HEK 293T cells and subjected to immunoprecipitation analysis. (H) Testes protein lysates were
immunoprecipitated either with HDAC3 or normal IgG antibodies followed by immunoblot analysis. Protein lysates were prepared from wild type and
Sox30 KO at postnatal day 20. (I) HA-tagged SOX30 mutants with deleted fragments were coexpressed with FLAG-HDAC3 in HEK 293T cells. Lysates
were immunoprecipitated with anti-FLAG antibodies, and the immunoprecipitated protein complex was examined for HA (SOX30).
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riched motifs discovered at SOX30 binding sites contained
a consensus sequence ‘ACAAT’ (Figure 6C).

Immunoprecipitation assay in HEK293T cells co-
transfected with FLAG-tagged HDAC3 and HA-tagged
SOX30 showed the association between exogenous
expressed HDAC3 and SOX30 (Figure 6G). Co-
immunoprecipitation analysis also demonstrated that
HDAC3 pulled down endogenous SOX30 in wild-type
testes at P20 (Figure 6H). SOX30 was not observed in
HDAC3 immunoprecipitates in Sox30 KO testes, and
SOX30 protein was also absent in immunoprecipitates with
the normal IgG antibody (Figure 6H). The interaction
between HDAC3 and SOX30 was abolished using the
lysis buffer containing SDS (data not shown), suggesting
that the interaction is dynamic and of low affinity. We
further mapped the sites of interaction between HDAC3
and SOX30 by a series of co-immunoprecipitations using
tagged truncation constructs. SOX30 protein was truncated
into three regions: SOX30 N terminus, the DNA-binding
HMG domain, and SOX30 C terminus. The SOX30-
HDAC3 interaction was disrupted upon the deletion of the
SOX30 C terminus (Figure 6I). Conversely, the SOX30 C
terminus alone was sufficient to bind HDAC3 (Figure 6I).
These results suggest that the C terminus of SOX30 mainly
mediated its association with HDAC3.

HDAC3 coordinates with SOX30 in transcriptional activa-
tion of postmeiotic genes during reprogramming

To investigate the co-regulation of gene expression by
HDAC3 and SOX30, we analyzed RNA-seq results from
Stra8-cre/Hdac3fl/– mice and Sox30 null mice in isolated
pachytene spermatocytes and round spermatids. Transcrip-
tome profiling revealed that among the 364 genes that were
downregulated by SOX30 KO, 315 genes (86.5%) showed
reduced expression with Stra8-cre/Hdac3fl/– in pachytene
spermatocytes (Figure 7A). Transcriptomic changes for
the downregulated genes by either SOX30 KO or Stra8-
cre/Hdac3fl/– were also similar in round spermatids (Fig-
ure 7B). Moreover, genes downregulated in both SOX30
KO and Stra8-cre/Hdac3fl/– at the PS stage exhibited a
considerable overlap (74.9%) with genes downregulated in
both knockouts at the RS stage. These results suggest that
HDAC3 serves as a co-regulator for SOX30-mediated tran-
scriptional activation.

Analysis of genes downregulated in pachytene sperma-
tocytes depletion with either HDAC3 or SOX30 revealed a
strong enrichment for spermatid differentiation-associated
events, including chromatin condensation, the formation of
an acrosome, and assembly of the flagellum (Figure 7C).
For example, the common target sites of both HDAC3 and
SOX30 in P20 testes contained the promoter regions of
genes involved in haploid round spermatid differentiation,
such as Oaz1, Nkapl, and the transcription factor Sox30 it-
self (Figure 7D).

To evaluate whether SOX30 mediates HDAC3 recruit-
ment to the genome, we performed ChIP-seq of HDAC3
in WT and Sox30 KO testes at P20 (Figure 7D). HDAC3
binding to these co-targets was significantly lower in testes
from mice lacking Sox30 than from WT mice. The dimin-
ished enrichment of HDAC3 on common target genes, in-

cluding Nkapl, Oaz1 and Sox30, was shown in Sox30 KO
testes (Figure 7D). Further, HDAC3 substantially increased
the transcriptional activity of SOX30 at the proximal pro-
moters of Nkapl, which contained predicted binding sites of
co-localized HDAC3 and SOX30 (Figure 7E).

To explore the functional interplay between HDAC3 and
SOX30 during germ cell development, we compared the
phenotype of the HDAC3 knockout and SOX30 null mice.
Genetic ablation of Sox30 rendered spermatogenesis ar-
rested at round spermatid stage at step 2–3 (Figure 7F),
a phenotype similar to Vasa-cre, Neurog3-cre, and Stra8-
cre/Hdac3fl/– males (Figure 2F, H and L). This is in line with
recent findings (17,65–67). A closer examination of Sox30
KO tubules also reveals the presence of aberrant metaphase
cells or secondary spermatocytes at stage XI-XII (Figure
7G), resembling the transition defects observed in testes
from Vasa-cre, Neurog3-cre and Stra8-cre/Hdac3fl/– (Figure
2G, I and M). Collectively, these data suggest that HDAC3
coordinates with SOX30 for driving haploid gene expres-
sion programs at late spermatocytes-to-postmeiotic transi-
tion.

DISCUSSION

Our study delineates an intricate regulatory network that
governs the transcriptional transition from meiosis into
postmeiotic haploid development in the male germline.
During meiosis initiation, RA signals induce the transcrip-
tional activation of many meiotic genes at the early sper-
matocyte stage, which prepares the formation of the synap-
tonemal complex and the subsequent chromosomal events.
This wave of gene expression is normally repressed at late
meiosis and postmeiotic haploid differentiation, concomi-
tant with activation of the haploid spermatid transcrip-
tomic program. The absence of HDAC3 results in de-
repression of these meiotic spermatocyte genes and down-
regulation of postmeiotic spermatid genes, suggesting the
failure to properly exist meiosis and to enter postmeiotic
spermatid stages. Histology studies confirmed that condi-
tional HDAC3 knockouts using Vasa-cre, Neurog3-cre, or
Stra8-cre exhibited spermatogenesis arrest at late stages of
meiosis or early round spermatids. Thus, we demonstrated
an essential role of HDAC3 in the transition from late stages
of spermatocytes into haploid round spermatids (Figure
7H).

Our data suggest a functional interdependence of SOX30
and HDAC3 during meiotic exit in spermatogenesis. Both
HDAC3 and SOX30 appear in the nuclei of middle
pachytene spermatocytes, abundantly expressed from later
stages of spermatocytes to early round spermatids at
step 1 (Supplementary Figure S6). Genetic knockout of
Sox30 leads to the downregulation of postmeiotic haploid
genes and impaired meiotic exit, resembling the transcrip-
tomic changes and the phenotype in testis-specific HDAC3
knockouts. Consistent with this, the SOX30 motif was the
top hit in HDAC3 binding sites. SOX30 protein contains
an HMG domain, one of the highly conserved nucleic acid
binding domains with the ability to recognize and bind
DNA (63). The binding of HDAC3 at targeted genomic loci
was reduced in Sox30 null testes. These results suggest that
SOX30 guides HDAC3 in targeting specific genomic loci
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Figure 7. HDAC3 functions as a SOX30 coactivator in testes. (A) 315 genes out of 364 downregulated genes upon Sox30 KO were also downregulated in
Stra8-cre/Hdac3fl/– at the pachytene spermatocyte stage. (B) Among 722 downregulated genes in Sox30 KO at RS stage, 454 genes were also downregulated
in Stra8-cre/Hdac3fl/–. (C) Gene ontology analysis of the co-target genes downregulated in both Sox30 KO and Stra8-cre/Hdac3fl/- at PS stage. (D)
Genome browser tracks showing HDAC3 ChIP-seq and SOX30 ChIP-seq in wild-type and Sox30 KO testes at P20-P21. (E) Luciferase reporter assay
showing HDAC3 co-activates the SOX30 transcriptional activity on the Nkapl promoter. (F, G) H&E staining of testes from Sox30 KO mice at 8-week-old.
Arrowheads indicate multinucleated cells, and arrows point to aberrant metaphase cells. (H) Summary model for the regulatory roles of SOX30/HDAC3
signaling during meiotic exit.
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to regulate gene expression through consensus sequences
(Figure 7H). Of note, the binding of HDAC3 at some ge-
nomic loci was not completely abolished in the absence
of SOX30, suggesting that other transcription factors may
also be involved. Intriguingly, the expression patterns of
HDAC3 and SOX30 start to differ after the timing of meio-
sis exit. HDAC3 protein shuttles to perinuclear foci-like
structures when round spermatids advanced to spermio-
genic steps 2–3, whereas the nuclear signal of SOX30 per-
sisted in round spermatids afterward with its high level at
spermiogenic step 8–9 (Supplementary Figure S6). Thus,
this pattern of HDAC3 synchronizes its unique role in prim-
ing the transcription factor SOX30 to ensure transcrip-
tional reprogramming during meiosis exit, but SOX30 pro-
tein also has an HDAC3-independent function in late stages
of round spermatids during spermatogenesis.

The role of HDACs in mammalian spermatogenesis is
not well understood in vivo, although SIRT1, SIRT6 and
HDAC6 that functions during the late stages of spermio-
genesis (41,42,44,68–70). A recent study reported that con-
ditional knockout of the histone acetyltransferase GCN5
resulted in defects in nucleosome eviction in spermiogen-
esis (40). Conditional knockout of HDAC3 in testes ele-
vated meiotic/spermatogonial genes and suppressed hap-
loid genes at meiotic-to-postmeiotic transition stages. These
data suggest that HDAC3 can be both a coactivator and
corepressor. This is further supported by the evidence that
HDAC3 was recruited to haploid genes and increased the
transcriptional activity of SOX30 at targeted genes. Con-
sistent with our findings, HDAC3 functions as a coactiva-
tor of estrogen-related receptor � (ERR�) to drive UCP1
and the thermogenic transcriptional program in brown adi-
pose tissue (60). Such a non-canonical function of HDAC3
is found in the small intestine, where it coactivates ERR�
to induce microbiota-dependent rhythmic transcription of
the lipid transporter genes (71). A genome-wide mapping
study in eukaryotic organisms revealed the recruitment of
both HATs and HDACs on active and silent genes (72,73),
suggesting the HAT/HDAC binding is transient and can be
involved in both gene activation and silencing. Of course, it
is also possible that the downregulation of gene expression
in testis-specific HDAC3 KO is indirect and is mediated by
upregulating a secondary suppressor.

All the conditional HDAC3 knockouts using Vasa-cre,
Neurog3-cre and Stra8-cre exhibit defects in meiotic exit,
with an arrest at the late stage of meiosis or early stage
of round spermatids. However, HDAC3 catalytic mutants
(NS-DADm) are fertile and do not recapitulate the phe-
notypes of testis-specific HDAC3 knockouts. The enzyme-
independent function of HDAC3 in spermatogenesis is sur-
prising because the histone acetylation profiles correlated
with gene expression at meiotic and postmeiotic stages in
the wild-type. However, it is consistent with several recent
studies. Re-expression of deacetylase-dead HDAC3 mu-
tants is sufficient to rescue the hepatosteatosis phenotype
and repress lipogenic genes in HDAC3-depleted liver to
a similar degree as wild-type HDAC3 (58), demonstrating
that the enzyme-independent action of HDAC3 in hepatic
lipid metabolism in vivo. Deletion of Rpd3, an HDAC3 or-
tholog in yeast, has minimal effects on the transcription
of many genes despite an increase in their acetylation pro-

files at binding sites (74). HDAC3 was shown to be ex-
pressed highly in mouse granulosa cells (GCs) and reported
as an essential component of the inhibitory mechanism in
GCs to maintain oocyte meiosis arrest before the luteiniz-
ing hormone (LH) surge (75). With the LH induction, de-
creased HDAC3 in GCs releases its retraining effects on
gene expression to facilitate oocyte maturation. Neverthe-
less, gene expression changes elicited by the HDAC3 in-
hibitor HDACi 4b does not resemble those caused by the
genetic depletion of HDAC3 in GCs in this study. Our study
demonstrated knockout of HDAC3 in the male germline
increased the H3K9ac and H3K27ac levels at many genes
whose expression is downregulated or unchanged in PS and
RS upon HDAC3 depletion (Figure 4E and F). This hy-
peracetylation profile is similarly observed in NS-DADm,
despite the fact that NS-DADm mice are fertile with a full
spectrum of spermatogenic cells. Thus, these results demon-
strate that histone hyperacetylation is insufficient to activate
transcription, and suggest a deacetylase-independent role
of HDAC3 in mouse testis. What mediates the deacetylase-
independent role of HDAC3? It is possible that a large and
dynamic protein-protein complex is assembled at the timing
of meiotic exit. The functions of transcription factors, in-
cluding SOX30, require HDAC3 as a cofactor to maintain
complex integrity and regulate gene transcription. Collec-
tively, these results suggest that histone acetylation may be
a bystander outcome of the open chromatin that is associ-
ated with active transcription rather than the primary cause
of the transcription activation. Nevertheless, the overall cor-
relation of histone acetylation and gene expression suggests
that histone acetylation can still serve as a marker for open
chromatin or active enhancers. In summary, our results elu-
cidate a deacetylase-independent role of HDAC3 in coor-
dinating with SOX30 to achieve transcriptional reprogram-
ming during the meiotic-to-postmeiotic transition.
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