
CORRECTION

Correction: INO80 requires a polycomb subunit to regulate the
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to the authors and readers for this error, which occurred during production of the PDF. The online supplementary material has now been
corrected.

Fig. S2 (corrected panel A). Ino80 deletion in the prepubertal testis.
(A) Image exhibiting the size of whole testis dissected from Ino80WT,
Ino80Het and Ino80cK0 mice on P18 and P30.

Fig. S2 (original panel A). Ino80 deletion in the prepubertal testis.
(A) Image exhibiting the size of whole testis dissected from Ino80WT,
Ino80Het and Ino80cK0 mice on P18 and P30.
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RESEARCH ARTICLE

INO80 requires a polycomb subunit to regulate the establishment
of poised chromatin in murine spermatocytes
Prabuddha Chakraborty1 and Terry Magnuson1,2,*

ABSTRACT

INO80 is the catalytic subunit of the INO80-chromatin remodeling
complex that is involved in DNA replication, repair and transcription
regulation. Ino80 deficiency in murine spermatocytes (Ino80cKO)
results in pachytene arrest of spermatocytes due to incomplete
synapsis and aberrant DNA double-strand break repair, which leads
to apoptosis. RNA-seq on Ino80cKO spermatocytes revealed major
changes in transcription, indicating that an aberrant transcription
program arises upon INO80 depletion. In Ino80WT spermatocytes,
genome-wide analysis showed that INO80-binding sites were mostly
promoter proximal and necessary for the regulation of spermatogenic
gene expression, primarily of premeiotic and meiotic genes.
Furthermore, most of the genes poised for activity, as well as those
genes that are active, shared INO80 binding. In Ino80cKO

spermatocytes, most poised genes demonstrated de-repression
due to reduced H3K27me3 enrichment and, in turn, showed
increased expression levels. INO80 interacts with the core PRC2
complex member SUZ12 and promotes its recruitment. Furthermore,
INO80 mediates H2A.Z incorporation at the poised promoters, which
was reduced in Ino80cKO spermatocytes. Taken together, INO80 is
emerging as a major regulator of the meiotic transcription program by
mediating poised chromatin establishment through SUZ12 binding.

KEYWORDS: INO80, Poised chromatin, Chromatin remodeler, Germ
cells, Polycomb subunits, Spermatogenesis

INTRODUCTION
Mammalian gametogenesis is dependent on the accumulation
of cellular and epigenetic changes that are required to generate
haploid gametes from diploid cells through meiosis. In males,
meiotic prophase I involves the synapsis and recombination of
homologous chromosomes (Handel and Schimenti, 2010), which is
accompanied by dynamic changes in gene expression patterns to
transit from somatic to germline-specific gene signatures (Sasaki
and Matsui, 2008). Germ cells also undergo major changes in
chromatin structure and histone modifications, which in turn allow
changes in the cellular macromolecular assembly for execution of
synapsis and recombination (Kota and Feil, 2010).
Histone modifications are integral to changes in chromatin

dynamics. H3K9 methyltransferases, such as suppressor of
variegation 3-9 H1 or H2 (SUV39-H1 or -H2) and euchromatic

histone lysine N-methyltransferase 2 (G9a) (EHMT2), play crucial
roles in synapsis (Tachibana et al., 2007; Takada et al., 2011).
H3K27 methyltransferase activity of polycomb repressive complex
2 (PRC2) modulates the epigenome in spermatocytes and is
responsible for the establishment and maintenance of bivalent
chromatin (Hasegawa et al., 2015; Maezawa et al., 2018; Mu et al.,
2014). PRC2 is also required for proper synapsis and double strand
break repair (Mu et al., 2014).

As germ cells begin meiosis, they undergo epigenetic
suppression of genes that are important for somatic developmental
pathways. However, these genes remain in what is known as a
poised state for activation at later developmental stages because they
carry bivalent domains that are characterized by the co-occurrence
of activating H3K4me3 and repressive H3K27me3 modifications at
somatic gene promoters (Bernstein et al., 2006; Brykczynska et al.,
2010; Hammoud et al., 2009, 2014; Sin et al., 2015). Trithorax
complexes (e.g. MLL2, SET1A and SET1B) and polycomb group
complexes (PRC2) are the main methyltransferases that catalyze the
deposition of H3K4me3 and H3K27me3, respectively, at these sites
(Piunti and Shilatifard, 2016). However, the regulatory mechanism
of bivalency at poised chromatin in germ cells is not well
understood.

Chromatin reorganization is actively facilitated by ATP-
dependent chromatin remodeling complexes, which regulates the
accessibility of co-factors and processes such as transcription and
DNA damage repair. Several chromatin remodelers are known to
play important roles in germ cell development (Dowdle et al., 2013;
Imai et al., 2020; Kim et al., 2012; Li et al., 2014; Serber et al., 2016;
Spruce et al., 2020; Wang et al., 2012). For example, the SWI/SNF
catalytic subunit BRG1 promotes synapsis and DNA damage repair
in germ cells, and is necessary for spermatogenesis (Kim et al.,
2012). In contrast, imitation switch (ISWI) and chromodomain
helicase DNA-binding (CHD) complexes are required for
subsequent processes such as spermiogenesis and fertilization
(Dowdle et al., 2013; Li et al., 2014). For INO80, our laboratory has
previously shown that germ cell-specific depletion of INO80 causes
a meiotic arrest in spermatocytes and results in infertility due to
aberrant synapsis and incomplete DNA double strand break repair
(Serber et al., 2016).

The INO80 complex is a highly conserved chromatin remodeler
that binds nucleosome-free regions around promoter and
transcriptional start sites, and organizes chromatin architecture by
repositioning nucleosomes (Clapier and Cairns, 2009; Yen et al.,
2013). INO80 also has a broad effect on promoters, which facilitates
both transcriptional activation and repression, as shown in yeast,
Drosophila and human (Cao et al., 2015; Chen et al., 2011; Klopf
et al., 2017; Neuman et al., 2014; Poli et al., 2017; Yen et al., 2013).
In ES cells, INO80 is required for pluripotency, reprogramming and
regulation of transcription by facilitating the recruitment of co-
factors and RNA polymerase II (RNAPII) to the promoters of
pluripotency network genes (Wang et al., 2014; Zhou et al., 2016).
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INO80 also facilitates the exchange and turnover of the histone
variant H2A.Z (Alatwi and Downs, 2015; Brahma et al., 2017;
Papamichos-Chronakis et al., 2011; Ranjan et al., 2013; Yen et al.,
2013). Bivalent promoters are also highly enriched with H2A.Z,
which facilitates access of regulatory complexes to chromatin in ES
cells (Hu et al., 2013; Ku et al., 2012). Chromatin remodeler
complex members, such as BRG1, SMARCD1 and ARID1A of the
esBAF complex, and CHD3/4 of the NuRD complex, were
demonstrated to be involved in the regulation of bivalency
(Alajem et al., 2015; Ho et al., 2009; Lei et al., 2015; Reynolds
et al., 2012). Furthermore, BRG1 maintains poised promoters in
spermatocytes, which is mediated by PRC1 member SCML2
(Menon et al., 2019).
In this study, we set out to determine how INO80 regulates

the transcription program of meiotic spermatocytes. We present
evidence that INO80 regulates transcription inmeiotic spermatocytes,
and that it is required to repress somatic gene expression in these
cells. INO80 promotes both H2A.Z occupancy and H3K27me3
occupancy at poised promoters. Additionally, the repression of
somatic genes is regulated by INO80-mediated recruitment of the
PRC2 member SUZ12 at their promoters to maintain H3K27me3
levels and therefore bivalency. Taken together, these findings
establish a crucial role for INO80-mediated regulation of meiotic
transcription, and in the maintenance of poised genes through PRC2
recruitment.

RESULTS
INO80 occupies promoter regions with transcriptionally
active and poised chromatin
To determine how chromatin remodeler INO80 regulates meiotic
progression by modulating chromatin activity in germ cells, we
performed chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-seq) in Ino80WT postnatal day
(P) 18 spermatocytes. INO80 binding was most highly enriched
around promoter proximal regions, with a lower occupancy at intron
and intergenic regions (Fig. S1A). Some INO80 binding was also
observed around 3′UTR and transcriptional start sites (TSSs)
(Fig. S1A). INO80 peaks were distributed genome wide (Table S1)
throughout all chromosomes (Fig. S1B). The extensive promoter
occupancy of INO80 (Fig. S1A) prompted us to investigate the level
of promoter activity of all genes based on active and repressive
histone modifications. We compared the distribution of INO80-
binding sites at all promoters with the activating and repressive
histone modifications, such as histone H3 lysine 4 trimethyl
(H3K4me3) and histone H3 lysine 27 trimethyl (H3K27me3),
respectively. The comparison was made at a similar developmental
timepoint (P17) (Mu et al., 2014). K-means clustering of these
datasets based on INO80 occupancy around the TSS of all genes
revealed three different clusters (Fig. 1A). INO80 enrichment was
moderate-to-high in cluster (CL) 1 and CL2, whereas CL1
demonstrated slightly wider and more enriched INO80 occupancy
relative to CL2. Additionally, CL1 also demonstrated robust binding
of both H3K27me3 and H3K4me3, whereas H3K4me3 enrichment
was higher in CL2 with no detectable H3K27me3 levels. CL3 was
devoid of INO80 binding and displayed either no, or very low levels
of, H3K4me3 and H3K27me3 (Fig. 1A). The co-occurrence of
H3K27me3 and H3K4me3 in CL1 is indicative of bivalent
chromatin, which is ‘poised’ and can be activated when necessary
(Bernstein et al., 2006). Among all INO80-binding sites associated
with promoters, 41% displayed both H3K27me3 and H3K4me3
(bivalent), and 56% were marked with H3K4me3 only, while only
about 3% of INO80 peaks featured H3K27me3 only (Fig. S1C).

Genome-wide annotation of the INO80 peaks revealed that most
peaks shared with bivalent modifications were near the TSS
(Fig. S1D), associated primarily with promoters and with gene
bodies, including exons, introns and some intergenic regions
(Fig. 1B). Similarly, the majority (86%) of INO80-binding sites
shared only with H3K4me3 were observed at the promoter/TSS
regions, as well as some intergenic areas (Fig. 1B, Fig. S1E).
However, a small proportion of INO80-binding sites with only
H3K27me3 modification were distributed throughout a larger area,
around promoters, gene bodies and intergenic regions (Fig. 1B,
Fig. S1F).

In addition to the distribution of these marks, we explored the
functional aspect of INO80 binding at either poised or active
genes, and their role in the first wave of spermatocyte development.
To determine how INO80 binding, in collaboration with these
histone modifications might regulate gene expression in early
spermatogenesis, we used previously determined temporal gene
expression profiles of the postnatal developing testis (Margolin
et al., 2014). The temporal cohorts include genes expressed: before
meiosis at P6 (premeiotic); during early meiosis from P8 to P20
(meiotic); constantly from the premeiotic stage to adult stage from
P6-P38 (constant); only at adult stage (P38) (late); and at very low
levels throughout all the stages from P6 to P38 (low). Overall, the
largest proportion (59%) of INO80-bound genes was present in
the premeiotic and low cohorts, whereas 24% belong to the meiotic
cohort (Fig. S1G). Among the clusters, 79% of CL1 comprised
INO80-bound premeiotic and low genes, while INO80-bound
meiotic genes represented 45% of CL2 (Fig. 1C). CL3 was
primarily enriched with genes belonging to the low cohort
(Fig. 1C). The bivalent chromatin associated with INO80 targets
in CL1 indicates that the genes within the premeiotic and low
cohorts are poised, whereas meiotic genes marked by H3K4me3 in
CL2 are active.

An examination of representative INO80 target genes from
the meiotic, premeiotic and low cohorts reveals the presence
of H3K4me3 only at the active meiotic promoters (e.g. Sycp1,
Sycp3, Hormad1 and Meiob). In contrast, repressed premeiotic
(Kitl and Itgb6) and somatic promoters (Ch25h and Osbpl6)
display bivalent modifications (Fig. 1D). Overall, premeiotic
and late cohorts demonstrated high enrichment of both H3K4me3
and H3K27me3, along with high enrichment of INO80
(Fig. 1E). Meiotic and constant cohorts demonstrated only
H3K4me3 and INO80 enrichment, whereas the low cohort
displayed low INO80 and H3K4me3 enrichment with high
H3K27me3 (Fig. 1E). Together, these data suggest a role for
INO80 in gene regulation, possibly by regulating histone
modification and therefore promoter activity of either repressed
(premeiotic, late and low) or active (meiotic and constant) genes in
developing spermatocytes.

INO80 regulates gene expression in developing
spermatocytes
Ino80 deletion in spermatocytes results in meiotic arrest in late
zygotene/early pachytene stage spermatocytes in adult testis (Serber
et al., 2016). Because previous studies in other cell types suggested
a role for INO80 regulation of transcription (Poli et al., 2017), we
investigated a possible role for INO80 in the spermatogenic
transcription program. We used spermatocytes from a germ cell-
specific Stra8-Cre-driven INO80 knockout mouse model
(Ino80cKO) and its wild-type littermates (Ino80WT) to determine
the effect of Ino80 deletion on transcription in these cells. Stra8-
driven Cre expression in murine testis begins postnatally with
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detectable CRE recombinase protein expression at P7 in
spermatogonia and pre-leptotene spermatocytes (Sadate-Ngatchou
et al., 2008). This expression allowed us to introduce Ino80 deletion
at the beginning of the first wave of spermatocyte development.
We examined comparable spermatocyte populations, where
INO80 downregulation did not result in overt changes in cell
populations. Testes missing INO80 were similar in size to INO80
heterozygous (Ino80Het) and Ino80WT at P18, whereas, at P30,

Ino80cKO testis volume was reduced (Fig. S2A). At P18, late
zygotene and pachytene spermatocytes showed robust INO80
expression (Fig. S2C). In contrast, INO80 expression in Ino80cKO

testis was not detectable in spermatocytes (Fig. S2C), and
overall INO80 protein expression was reduced in a dose-
dependent fashion in both Ino80Het and Ino80cKO testes when
compared with Ino80WT (Fig. S2B). We examined whether there
was widespread cell death in Ino80cKO testis using TUNEL assays

Fig. 1. Genome-wide occupancy of INO80, H3K27me3 and H3K4me3. (A) K-Means clustering of INO80, H3K27me3 and H3K4me3 occupancy at the
TSS±3 kb for all UCSCRefseq genes. Three clusters (CL) were identified with metaplots (top panels) illustrating enrichment of INO80, H3K27me3 and H3K4me3
in CL1 (blue), CL2 (cyan) and CL3 (yellow). (B) Genome-wide distribution of the INO80 peaks that co-occur with either H3K27me3 or H3K4me3, or with both
modifications. (C) Representation of spermatogenic gene cohorts from each of the three clusters (CL1-CL3). (D) Genomic tracks exhibiting enrichment of INO80,
H3K27me3 and H3K4me3 at representative meiotic (Sycp1, Sycp3, Hormad1 and Meiob), premeiotic (Itgb8 and Kitl) and somatic (Ch25h and Osbpl6) genes.
(E) Metaplots showing relative enrichment of INO80, H3K27me3 and H3K4me3 at the TSS±3 kb region of the genes from the five meiotic temporal expression
gene cohorts.
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and found a lack of apoptosis until P21. However, by P30, the
presence of apoptotic cells significantly increased in the Ino80cKO

testis (Fig. S2D).
Meiotic substages were also similar at P18 between Ino80WT and

Ino80cKO testes (Fig. S3A). In addition, no significant changes in
overall meiotic substage-specific gene-expression patterns between
Ino80WT and Ino80cKO testis were observed up to the early
pachytene stage (Fig. S3B). However, the significant reduction in
diplotene spermatocyte expression patterns observed in Ino80cKO

testis (Fig. S3B) is indicative of aberrant gene regulation leading to
meiotic arrest prior to diplonema.

To determine how INO80 affects the meiotic transcription
program, we performed mRNA seq from spermatocytes isolated
from Ino80WT and Ino80cKO testes on P18. Differential expression
analysis (Table S2) revealed upregulation of 3549 genes
(P-adjust<0.05) and concomitant downregulation of 4103 genes
(P-adjust<0.05) in Ino80cKO spermatocytes compared with
Ino80WT (Fig. 2A). Among the misregulated genes, 2155 genes

Fig. 2. INO80 regulates the transcription program in spermatocytes. (A) Volcano plot illustrating altered gene transcription in Ino80cKO spermatocytes
compared with Ino80WT spermatocytes. Gray dots represent P-adjust>0.05; blue dots represent P-adjust<0.05 and fold change<1.5-fold; red dots represent P-
adjust<0.05 and fold change>1.5-fold (n=5). P-adjust was derived by Benjamini–Hochberg method. (B) The number of differentially expressed (P-adjust<0.05)
genes from each temporal expression cohort that also interact with INO80 at promoter proximal regions. (C) Enrichment of the anatomical terms (EMAPA) in the
upregulated (brown) and downregulated (green) genes due to Ino80 deletion in spermatocytes. (D,E) Gene ontology biological pathways that were enriched in the
differentially expressed genes (P-adjust<0.05), either upregulated (D) or downregulated (E) more than 1.5-fold. The size of the circles represents gene count and
the color represents the adjusted P-value (Benjamini–Hochberg) for each pathway. (F,G) Gene set enrichment analysis depicting enrichment of SUZ12 (F) and
EED (G) targets in the significantly upregulated genes due to Ino80 deletion in spermatocytes.
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were downregulated and 632 genes were upregulated at 1.5-fold or
higher. Among all the differentially expressed genes (DEG) (P-
adjust<0.05), 62% of the downregulated and 71% of the upregulated
DEGs were bound by INO80 at promoter/TSS regions. Although
the pattern of INO80-binding around promoters was largely similar
between up- and downregulated DEGs, upregulated DEGs showed
a slight increase in overall INO80 enrichment compared with
downregulated DEGs (Fig. S4B). Interestingly, most of the
significantly upregulated genes in the INO80 mutant background
belong to premeiotic and low cohorts, whereas most of those genes
that were downregulated were present in the meiotic cohort of genes,
with some from late and constant cohorts (Fig. 2B). Overall, a
relatively low number of genes from constant, late and low cohorts
were significantly changed in the mutant background when
compared with premeiotic and meiotic cohorts (Fig. 2B),
suggesting the importance of INO80 for regulating premeiotic and
meiotic genes in spermatocytes.
Gene enrichment analysis was performed in the mutant

background to understand the biological nature of genes that are
mis-expressed 1.5× in either direction. The upregulated genes were
somatic in nature and related to structures such as embryo
mesenchyme, trunk and limb (Fig. 2C), and functions related to
pattern specification, reproductive structure and embryonic organ
development (Fig. 2D). In contrast, the downregulated genes, which
are primarily related to male gonad (Fig. 2C), cause male infertility,
and abnormal spermatogenesis and sperm development in the
mutants. The upregulated genes were also enriched in PRC2
subunits SUZ12 (Fig. 2F) and EED targets (Fig. 2G), which
suggests a possible association between INO80-mediated gene
repression and the actions of PRC2.

INO80 regulates the establishment of poised chromatin in
spermatocytes
The observed change in the overall transcription program of
developing spermatocytes prompted us to determine the mechanism
by which INO80 regulates spermatocyte transcription. As INO80-
bound promoters share either active H3K4me3 or repressive
bivalent modifications, we determined the average level of gene
expression from these clusters. The average expression of genes
with bivalent promoters (CL1) was lower than the CL2 genes in
Ino80WT spermatocytes (Fig. 3A). Additionally, the overall
expression level of the genes in CL3, which were devoid of
INO80, was much lower than the average gene expression level
(Fig. 3A). Next, among the DEGs, CL1 genes demonstrated an
overall increase in the average change of expression compared with
the average of all genes. However, despite the presence of the
majority of the downregulated DEGs, the mean change was
negligible for genes in CL2 (Fig. S4A). Furthermore, we
determined that the INO80-bound genes that were upregulated in
Ino80cKO were highly enriched in bivalent promoters and therefore
repressed in Ino80WT spermatocytes. In contrast, all the INO80-
bound downregulated gene promoters were devoid of any
H3K27me3 modifications and only displayed active H3K4me3
modifications and therefore were active in Ino80WT spermatocytes
(Fig. S4B).
To determine whether INO80 regulates the establishment of

H3K4me3 and H3K27me3 modifications at poised promoters,
genome-wide distribution of these modifications was examined
either in the presence (Ino80WT) or absence of INO80 (Ino80cKO) in
P18 spermatocytes. No detectable difference in the occurrence of
H3K4me3 was observed between Ino80WT and Ino80cKO

spermatocytes, either at the INO80-bivalent CL1 (Fig. S4C) or at

INO80-repressed and INO80-activated genes (Fig. S4D). These
data suggest that INO80 does not involve H3K4 methylation to
regulate gene expression. In contrast, analysis of differential
occupancy for H3K27me3 modifications revealed that many
INO80-bound bivalent promoters exhibited a decrease
(FDR<0.05) in H3K27me3 occupancy (Fig. 3B) along with a
significant overall decrease in H3K27me3 enrichment at these sites
(Fig. 3C,D). Change was also apparent at INO80-repressed genes
(Fig. 3E), whereas no difference was observed for INO80-activated
genes (Fig. 3E). Furthermore, among the temporal gene expression
cohorts in Ino80cKO spermatocytes, H3K27me3 was reduced at
TSSs associated with premeiotic, late and low groups (Fig. 3F).
These data suggest that de-repression of these INO80-repressed
genes is likely due to loss of H3K27me3.

PRC2 is the only histone methyltransferase complex responsible
for the establishment and maintenance of H3K27me3
modifications. As the genes encoding PRC2 complex members
such as Ezh2, Suz12 and Eed displayed INO80 occupancy at their
promoter (Fig. S5A), we determined the protein expression from
these genes, which remained relatively unchanged between
Ino80WT and Ino80cKO (Fig. S5B) at P18. To determine how
INO80 regulates the establishment of H3K27me3 at bivalent
promoters, we studied the PRC2 subunit SUZ12 occupancy in the
presence or absence of INO80. CUT and RUN was performed to
determine global SUZ12 binding affinity between Ino80WT and
Ino80cKO spermatocytes from P18 testis. Analysis of differential
occupancy revealed significant decrease in SUZ12 enrichment at
INO80-bound bivalent sites (Fig. 4A,B). Additionally, INO80-
repressed genes showed an overall decrease in SUZ12 enrichment,
whereas no detectable changes were observed at the INO80-
activated genes (Fig. 4C). This was further demonstrated by changes
at representative genes from the premeiotic cohort, such as Kitl and
Itgb8, in addition to transcription factor genes, such as Parp9 and
Irf1, from the premeiotic cohort and somatic genes, such as Ch25h
and Osbpl6, from the low cohort (Fig. 4D). These genes were
upregulated in Ino80cKO (Fig. S4E) and demonstrated reduced
enrichment of SUZ12 and H3K27me3 at their promoters (Fig. 4D).

To determine whether INO80 interacts with SUZ12 to regulate
H3K27 methylation, we performed immunoaffinity precipitation
(IP) of INO80 from P18 wild-type spermatocytes. The co-IP of
SUZ12 with INO80 suggests that INO80 physically interacts with
SUZ12 to facilitate its chromatin interaction (Fig. 4E). We also
performed reverse IP of SUZ12 and successfully determined the
presence of INO80, corroborating the interaction (Fig. 4E).
Furthermore, a similar immunodetection of both INO80 and
SUZ12 in either SUZ12 IP or INO80 IP, respectively, occurred in
the presence of ethidium bromide (Lai and Herr, 1992), suggesting
that the observed interaction was specific and not due to indirect
DNA-mediated artifacts.

INO80 regulates H2A.Z incorporation at poised promoters in
spermatocytes
As a chromatin remodeler, INO80 is capable of nucleosome
repositioning and exchange. Therefore, we examined whether
changes in chromatin accessibility due to INO80 activity led to
increased PRC2 binding and activity resulting in establishment of
H3K27me3 at poised promoters. We found no significant
differences in chromatin accessibility between Ino80WT and
Ino80cKO spermatocytes from P18 testis either at INO80-bound
bivalent regions (CL1) (Fig. S6A,B) or at CL2 (Fig. S6C), leading
to the possibility that INO80 may affect the establishment of poised
chromatin by its other effector H2A.Z.
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INO80 has been reported to play an important role in H2A.Z
exchange at chromatin (Brahma et al., 2017; Papamichos-Chronakis
et al., 2011). To determine whether INO80 mediates H2A.Z
incorporation at the bivalent promoters, we performed ChIP-seq for
H2A.Z in Ino80WT and Ino80cKO spermatocytes from P18 testis.
The majority of H2A.Z peaks (Table S3) were distributed at
promoter regions (Fig. 5A). The abundance of H2A.Z signal
was significantly higher (P<0.01) at INO80-bound bivalent sites
compared with the average signal at all INO80-binding sites
(Fig. 5B). When comparing Ino80WT and Ino80cKO spermatocytes,
a significant (FDR<0.05) decrease in H2A.Z occupancy was
detected globally at bivalent promoters associated with INO80
binding (Fig. 5C,D), as well as many individual promoters
(FDR<0.05) among them (Fig. 5E) at all INO80 peaks (Fig. 5F,
Fig. S7A,B). Decreases in H2A.Z enrichment at all INO80 peaks
were also apparent in Ino80cKO (Fig. 5F, Fig. S7A,B), suggesting a

role for INO80 in promoting H2A.Z incorporation into developing
spermatocytes. These decreases are further demonstrated in a few
representative INO80-bound bivalent genes, such as Itgb8, Kitl,
Nrg2 and Gata2 (Fig. 5G). Interestingly, among INO80-bound and
differentially enriched H2A.Z sites between Ino80WT and Ino80cKO

spermatocytes, 85% were located at promoters (Fig. 5A).
Additionally, almost all (>99%) of the binding sites near the
INO80-bivalent sites (TSS±1Kb) were promoter bound (Fig. 5A),
suggesting that INO80 regulates H2A.Z incorporation at the
bivalent promoters in developing spermatocytes. Among the
promoters with H3K27me3, 84% showed H2A.Z occupancy in
Ino80WT (Fig. S7C). Furthermore, when we compared fold changes
in either H2A.Z occupancy or H3K27me3 occupancy at INO80-
bound bivalent regions between Ino80cKO and Ino80WT

spermatocytes, 83% of the change was concordant (Fig. S7D),
suggesting a possible relationship between H2A.Z occupancy and

Fig. 3. INO80 regulates establishment of histone H3 lysine 27 trimethylation. (A) The average gene expression level of all expressed genes and genes that
belong to each of the three gene clusters in Ino80WT, based on the presence of either H3K4me3 or bivalent marks along with INO80. Lower and upper limits of the
box represent first and third quartiles, midline represents the median, whiskers denote lower and upper limit of the dataset, and black dots represent outliers.
(B) Differential analysis of H3K27me3 binding at bivalent domains (CL1) bound to INO80. Red dots represent promoters that have a significant (FDR<0.05)
change in H3K27me3 enrichment in Ino80cKO compared with Ino80WT. Black dots represent FDR>0.05. FDR was derived by the Benjamini–Hochberg method
(n=3). (C) Comparison of normalized coverage for H3K27me3 between Ino80cKO and Ino80WT at bivalent INO80-interacting regions (CL1).P<0.01, as calculated
by Wilcoxon signed rank test (two-tailed). Lower and upper limits of the box represent first and third quartiles, midline represents the median, whiskers denote
lower and upper limit of the dataset, and black dots represent outliers. (D) Metaplots showing relative enrichment for H3K27me3 between Ino80cKO and Ino80WT

for CL1. Yellow, Ino80WT; blue, Ino80cKO. Plots are centered at the TSS. (E)Metaplots showing relative enrichment of H3K27me3 between Ino80cKO and Ino80WT

3 kb upstream and downstream of the promoter and gene body (represented as a 5 kb region) for either INO80-repressed or INO80-activated genes in Ino80WT.
Yellow, Ino80WT; blue, Ino80cKO. (F) Relative enrichment of H3K27me3 between Ino80cKO and Ino80WT in each of the five temporal gene expression cohorts.
Plots are centered at the TSS. Yellow, Ino80WT; blue, Ino80cKO.
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H3K27me3 establishment at these regions. However, the reduction
in H2A.Z levels was not limited to the INO80-bound bivalent
promoters. Reduction was also observed in H3K27me3-free
promoters in CL2 (Fig. 5H). This result was further demonstrated
by reduced H2A.Z levels at representative genes with INO80
occupancy but devoid of either H3K27me3 or SUZ12 (Fig. S7E),
suggesting that INO80-mediated H2A.Z incorporation is not
dependent upon H3K27me3 establishment in spermatocytes.

DISCUSSION
In this study, we have demonstrated the function of INO80 in
regulating spermatogenic transcription to promote meiosis
progression, and in repressing somatic gene expression in
developing spermatocytes. We also showed that INO80 interacts
with the PRC2 subunit SUZ12, and, in the absence of INO80,
maintenance of bivalent promoters was perturbed due to a reduction
in H3K27me3 modification. Furthermore, we found that INO80
promotes H2A.Z incorporation at these poised sites, possibly
facilitating PRC2 binding and activity to introduce repressive
H3K27me3 modifications.
Previous studies have shown that INO80 is associated with

promoters/TSSs and is functionally correlated with changes in gene
expression in several organisms (Cao et al., 2015; Chen et al., 2011;
Klopf et al., 2017; Neuman et al., 2014; Yen et al., 2013). Our
observed INO80 chromatin interaction in prepubertal murine
spermatocytes is consistent with these observations. INO80
appears to regulate spermatogenic gene expression in a dichotomous
way by promoting the expression of meiotic genes and silencing

genes needed for somatic developmental pathways. The extensive
association of INO80 with almost all active and poised chromatin in
these cells also suggests a broad role for INO80 in regulating
spermatogenic gene expression.

The presence of poised chromatin in developing germ cells is
important for recovering totipotency following maturation and
fertilization (Lesch and Page, 2014). Our study presents a novel
cooperation between INO80 and PRC2 in the regulation of
repression in poised chromatin during mammalian meiosis. Here,
we propose that INO80 maintains bivalency by enabling H3K27
trimethylation at gene promoters through recruitment of SUZ12,
which is known to work as a scaffold for PRC2 complex formation
and also to facilitate chromatin binding of PRC2 (Højfeldt et al.,
2018; Laugesen et al., 2019). This novel interaction of INO80 is in
agreement with other studies showing that the INO80 complex can
interact with other factors to regulate transcription, such as the
transcription factor MBF in yeast, to facilitate the induction of gene
transcription in a H2A.Z-dependent manner (Knezevic et al., 2018).
INO80 also interacts with RBP1 and PAF1 in order to evict RNA
polymerase II during stress in fission yeast (Lafon et al., 2015; Poli
et al., 2016).

In addition to facilitating transcription factor function, INO80
complex activity was also recently reported to be important in the
propagation of heterochromatin. INO80 complex member LEC5
was shown to control the inheritance of pericentric heterochromatin
in yeast (Shan et al., 2020). Other chromatin remodelers, such as
BRG1, have been demonstrated to regulate meiotic progression and
found to interact with the testis-specific PRC1 member SCML2

Fig. 4. INO80 promotes SUZ12-chromatin interaction. (A) Comparison of normalized coverage for SUZ12 between Ino80cKO and Ino80WT at bivalent INO80-
interacting regions. P<0.01, as calculated by Wilcoxon signed rank test (two-tailed). Lower and upper limits of the box represent first and third quartiles, midline
represents the median, whiskers denote lower and upper limit of the dataset, and black dots represent outliers. (B) Metaplot showing relative enrichment for
SUZ12 between Ino80cKO and Ino80WT at CL1. Yellow, Ino80WT; purple, Ino80cKO. (C) Metaplots showing relative enrichment of SUZ12 between Ino80cKO and
Ino80WT 3 kb upstream and downstream of the promoter and gene body (represented as 5 kb regions) in either INO80-repressed or INO80-activated genes in
Ino80WT. Yellow, Ino80WT; purple, Ino80cKO. (D) Genomic tracks showing comparative enrichment of SUZ12 and H3K27me3 at representative genes.
(E) Immunoblot showing the presence of SUZ12 in INO80 immunoprecipitated Ino80WT spermatocyte homogenate (top) and the presence of INO80 in SUZ12
immunoprecipitated Ino80WT spermatocyte homogenate (bottom), in either the presence or absence of ethidium bromide (EtBr). Arrowhead indicates the SUZ12
band in the bottom panel.
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(Kim et al., 2012; Menon et al., 2019), which was shown to be
necessary for H3K27me3 establishment at bivalent domains
(Maezawa et al., 2018). Thus, there may be unique roles for
different chromatin remodelers in regulating poised chromatin to
lead to the same developmental fate.
PRC2 has been proposed to be a crucial regulator of

spermatogenesis. Loss of the PRC2 subunit SUZ12 in murine
spermatocytes led to defects in synapsis and homologous
recombination (Mu et al., 2014), which is a similar phenotype to

that observed in Ino80cKO spermatocytes that reach the pachytene
stage (Serber et al., 2016). In Ino80cKO spermatocytes,
derepression of many genes were observed due to reduced
H3K27me3 levels in the absence of SUZ12. As a result, the
upregulation of pathways related to somatic development occurred.
Therefore, we conclude that de-repression of somatic genes due to
reduced PRC2 activity because of INO80 depletion culminates in
the cellular phenotypes and developmental arrest seen in Ino80cKO

spermatocytes.

Fig. 5. INO80 regulates H2A.Z occupancy genome wide. (A) Relative distribution of genomic features at (1) all H2A.Z peaks, (2) those that also interact with
INO80, (3) differentially accessible H2A.Z binding sites at INO80 peaks or (4) differentially accessible H2A.Z binding sites at INO80/bivalent regions. (B) Normalized
coverage ofH2A.Z at either all INO80-binding sites or INO80 interacting bivalent sites.P<0.01, as calculated byWilcoxon rank sum test (two-tailed). Lower and upper
limits of the box represent first and third quartiles, midline represents the median, whiskers denote lower and upper limit of the dataset, and black dots represent
outliers. (C) Comparison of normalized coverage for H2A.Z between Ino80cKO and Ino80WTat bivalent INO80 interacting regions.P<0.01, as calculated byWilcoxon
signed rank test (two-tailed). Lowerand upper limits of the box represent first and third quartiles,midline represents themedian, whiskers denote lower and upper limit
of the dataset, and black dots represent outliers. (D) Relative enrichment of H2A.Z between Ino80cKO and Ino80WT at INO80 interacting bivalent TSS±3 kb (CL1).
Purple, Ino80WT; blue, Ino80cKO. (E) Dot plot showing differential binding analysis of H2A.Z binding at bivalent domains bound to INO80. Red dots represent
promoters that have a significant (FDR<0.05) change in H2A.Z enrichment in Ino80cKO when compared with Ino80WT. Black dots represent FDR>0.05. FDR was
derived by Benjamini–Hochbergmethod (n=2). (F) Relative enrichment of H2A.Z between Ino80cKO and Ino80WT at all INO80 summits±3 kb. Purple, Ino80WT; blue,
Ino80cKO. (G) Genomic tracks showing comparative enrichment of INO80 and H2A.Z at representative genes with bivalent promoters. (H) Relative enrichment of
H2A.Z between Ino80cKO and Ino80WT at INO80 interacting promoters with H3K4me3 only (CL2). Purple, Ino80WT; blue, Ino80cKO.
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The specialized histone variant H2A.Z is a known target of
INO80 action, and turnover of H2A.Z translates the effect of INO80
in different cells (Giaimo et al., 2019; Morrison and Shen, 2009).
There have been several reports proposing a role for INO80 in
the removal of H2A.Z/H2B from chromatin to facilitate the
incorporation of H2A/H2B dimers that can be necessary for
genome integrity and DNA repair (Alatwi and Downs, 2015;
Brahma et al., 2017; Papamichos-Chronakis et al., 2011). In
addition, incorporation of H2A.Z into chromatin was proposed to be
facilitated by SWR1 complex in yeast (Mizuguchi et al., 2004) and
by either SRCAP or the EP400 complex in mammalian cells (Gévry
et al., 2007; Ruhl et al., 2006). However, several recent studies have
demonstrated either a lack of change or a reduction of H2A.Z
occupancy in cells in the absence of INO80 (Locations et al., 2015;
Tramantano et al., 2016; Yang et al., 2020; Yu et al., 2021),
suggesting a cell type-specific role of INO80 in regulation of H2A.Z
incorporation. Alternatively, it is possible that either SRCAP or
TIP60/EP400 complex may play a role in INO80-regulated H2A.Z
incorporation in spermatocytes. However, mechanisms related to
H2A.Z dynamics have not been well studied in spermatocytes and
warrant further investigation.
Genome-wide H2A.Z occupancy also differs among different

organisms and cell types. For example, in yeast, H2A.Z is
associated with both active and repressed genes (Raisner et al.,
2005). In ES cells, H2A.Z occupancy was shown to be remarkably
similar to SUZ12 occupancy at the promoters of developmentally
important genes (Creyghton et al., 2008). In spermatocytes,
distribution of H2A.Z was observed in both poised and activated
chromatin, both of which are regulated by INO80. H2A.Z
was also reported to regulate PRC2-dependent H3K27me3
deposition in ES cells (Wang et al., 2018; Yu et al., 2021).
In spermatocytes, high concurrence of loss of H2A.Z with the
loss of H3K27me3 in spermatocytes suggests a possible role for

H2A.Z in the establishment of H3K27me3 by allowing PRC2
activity.

We propose a mechanism for INO80-mediated regulation of
transcription in meiotic spermatocytes, whereby the complex
promotes transcription of meiotic genes while suppressing the
transcription of somatic genes. INO80 facilitates SUZ12 binding
at specific sites in chromatin to establish PRC2 complexes
followed by incorporation of H3K27me3 modifications. INO80-
mediated H2A.Z incorporation in spermatocytes may facilitate
this process (Fig. 6) by providing a more accessible chromatin
landscape.

MATERIALS AND METHODS
Animals and genotyping
Ino80 floxed (Serber et al., 2016) and Stra8-Cre (Sadate-Ngatchou et al.,
2008) mice (Mus musculus) were maintained on an outbred CD1
background. Ino80f/f females were crossed with Stra8-CreTg/0 males to
obtain Ino80f/+; Stra8CreTg/0 males. Ino80f/f females were crossed with
Ino80f/+; Stra8CreTg/0 males to obtain male Ino80fl+ (Ino80WT), Ino80fl+;
Stra8-CreTg/0 (Ino80Het) and Ino80Δ/f; Stra8CreTg/0 (Ino80cKO) littermates.
Genotyping was performed using primers listed in Table S4. Mice
were housed in a climate-controlled environment with 12 h light and
12 h dark cycles and fed ad libitum. All animal experiments were
performed according to the protocol approved by the Institutional
Animal Care and Use Committee at the University of North Carolina at
Chapel Hill.

Isolation of spermatogenic cells
Spermatogenic cells were isolated from freshly harvested testes according to
a protocol described previously (Chang et al., 2011). All the experiments
were performed twice or more with cells isolated from separate litters.
Briefly, seminiferous tubules were digested with collagenase (1 mg/ml) in
DMEM/F12media or HBSS for 15 min followed by a second digestion with
collagenase (1 mg/ml) and trypsin (0.1%) in DMEM/F12 media or HBSS
for 15 min. Following the incubation, equal amounts of soybean trypsin
inhibitor were added to inactivate trypsin and the digested product filtered
through a 70 µm cell strainer and again through a 40 µm cell strainer. The
flow through was centrifuged at 500 g for 10 mins to precipitate the cells,
which were then washed twice with HBSS before resuspending in the
appropriate buffer.

Immunofluorescence staining
Testes were embedded and frozen in Optimum Cutting Temperature (OCT)
embedding medium. Cryosections (7 μm) were fixed in 10% freshly made
paraformaldehyde solution in PBS for 10 min at 4°C. Spermatocyte single
cell spreads were prepared following a previously described protocol
(Wojtasz et al., 2009) with modifications (Biswas et al., 2018). Tissue
sections or spreads were permeabilized, blocked and incubated overnight
with primary antibody (listed in Table S5). The following day, samples were
washed and incubated in Alexa Fluor-tagged secondary antibody before
mounting. TUNEL staining was performed using Roche In Situ Cell
Death Detection Kit, Fluorescein (MilliporeSigma) according to the
manufacturer’s instructions. Images were captured using a fluorescent
microscope (Leica). Detailed protocols are available in the supplementary
Materials and Methods.

Co-immunoprecipitation
Nuclear extract samples were prepared from spermatocytes (a detailed
protocol is available in the supplementary Materials and Methods) isolated
on P18 for co-immunoprecipitation. Samples were incubated with primary
antibody (listed in Table S5) for 30 min, followed by the addition of protein
A-conjugated Dynabeads and incubated overnight on a nutator at 4°C. The
following day, Dynabeads were washed and eluted in Laemmli buffer and
denatured. A detailed protocol is available in the supplementary Materials
and Methods.

Fig. 6. Schematic describing INO80-mediated regulation of poised
chromatin in developing spermatocytes. INO80 regulates transcription
during spermatogenesis by turning somatic genes to a poised state by
facilitating binding of SUZ12, which activates PRC2 localization, leading to the
introduction of repressive H3K27me3 modifications. INO80 deletion leads to
de-repression of these genes, leading to a mis-regulated transcriptome.
Created with BioRender.com.
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Western blotting
Polyacrylamide gel electrophoresis was performed to separate protein
samples, followed by wet transfer to PVDF (polyvinylidene difluoride)
membranes for fluorescence detection (Bio-Rad) overnight. Blots were
blocked by Li-COR intercept blocking buffer and probed with primary
antibody (listed in Table S5), followed by Li-COR secondary antibody.

RNA-seq
Total RNA samples were extracted from Ino80WT and Ino80cKO

spermatocytes (n=5) on P18. Cell lysis was performed by TRIzol reagent
(Invitrogen) and total RNA was purified using the Direct-zol RNA kit
(Zymo). Sequencing libraries were made from 1 µg total RNA using the
KAPA mRNA-Seq kit according to the manufacturer’s protocol. Libraries
were sequenced yielding 50 bp single end reads on an Illumina Hiseq 4000.
Data analysis details are included in the supplementary Materials and
Methods.

ChIP-seq
INO80 ChIP-seq was performed from Ino80WT spermatocytes isolated from
P18 testes, with two biological replicates, as described previously (Runge
et al., 2018). In short, 4×107 spermatocytes were isolated, followed by
nuclear isolation and MNase digestion to obtain a mix of mono-, di- and tri-
nucleosome fragments. Next, nuclei were lysed, and the extract incubated
overnight with the primary antibody (listed in Table S5) attached to
Dynabeads. The next day, samples were washed and eluted followed by de-
crosslinking at 65°C overnight. On the following day, samples were treated
with RNase A and proteinase K, and the DNAwas purified and quantitated.
Library preparation was carried out with the KAPA Hyper prep kit followed
by sequencing on a Hiseq 2500 with 50 bp single end reads. H2A.Z ChIP-
seq was performed in Ino80WT and Ino80cKO spermatocytes from P18 testes
with the same protocol and sequenced on a Hiseq 4000 with 50 bp single
end reads. H3K27me3 and H3K4me3 ChIP-seq data have been previously
published (Mu et al., 2014) and are available under GEO accession number
GSE61902. Data analysis details are included in the supplementary
Materials and Methods.

ATAC-seq
ATAC-seq was performed on either Ino80WT or Ino80cKO spermatocytes,
with three biological replicates, isolated on P18 following a method as
described previously (Corces et al., 2017). Size selection was performed on
the resulting libraries using 0.5× and 1.8× Kapa pure beads to generate a size
range of ∼150 bp to ∼2 kb. ATAC-seq libraries were pooled and sequenced
on a Novaseq 6000 platform yielding 50 bp paired-end reads. Data analysis
details are included in the supplementary Materials and Methods.

CUT&RUN
CUT&RUN (cleavage under targets and release using nuclease) was
performed with 250,000 cells for each sample, with three biological
replicates from Ino80WT and Ino80cKO spermatocytes following the
protocol previously described (Meers et al., 2019) with minor
modifications. Briefly, spermatocytes were attached to concanavalin A-
coated magnetic beads followed by permeabilization and incubation with
either IgG or antigen-specific primary antibody (listed in Table S5)
overnight. The next day, beads were washed, followed by binding to protein
A/G-MNase fusion protein, chromatin digestion at 0°C for 30 min and
release at 37°C for 30 min. The samples obtained were purified using DNA
purification columns (Zymo ChIP DNAClean & Concentrator). The eluate
was quantitated and the library made with the KAPA Hyper prep kit
following the manufacturer’s protocol. Samples were sequenced using a
Novaseq 6000 yielding paired end 50 bp reads. Data analysis details are
included in the supplementary Materials and Methods.

Statistical analysis
Comparisons of signal from ChIP-seq, CUT&RUN and ATAC-seq
experiments were analyzed by either the Wilcoxon rank sum test, in the
case of unpaired observations, or the Wilcoxon signed rank test, in the case
of paired observations. Multiple comparisons of gene expression levels from

RNA-seq data were analyzed by one-way ANOVA, followed by Tukey’s
post-hoc test. All the tests performed were two-tailed.
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