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ABSTRACT

Inositol requiring mutant 80 (INO80) is a chromatin
remodeler that regulates pluripotency maintenance
of embryonic stem cells and reprogramming of
somatic cells into pluripotent stem cells. However,
the roles and mechanisms of INO80 in porcine preimplantation embryonic development remain largely
unknown. Here, we show that INO80 modulates
trophectoderm epithelium permeability to promote
porcine blastocyst development. The INO80 protein
is highly expressed in the nuclei during morula-toblastocyst transition. Functional studies revealed that
RNA interference (RNAi)-mediated knockdown of
INO80 severely blocks blastocyst formation and
disrupts lineage allocation between the inner cell
mass and trophectoderm. Mechanistically, singleembryo RNA sequencing revealed that INO80
regulates multiple genes, which are important for
lineage specification, tight junction assembly, and
fluid accumulation. Consistent with the altered
expression of key genes required for tight junction
assembly, a permeability assay showed that
paracellular sealing is defective in the trophectoderm
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epithelium of INO80 knockdown blastocysts.
Importantly, aggregation of 8-cell embryos from the
control and INO80 knockdown groups restores
blastocyst development and lineage allocation via
direct
complementation
of
the
defective
trophectoderm epithelium. Taken together, these
results demonstrate that INO80 promotes blastocyst
development by regulating the expression of key
genes required for lineage specification, tight
junction assembly, and fluid accumulation.
Keywords: INO80; Blastocyst;
Tight junction; Permeability

Trophectoderm;

INTRODUCTION
Fertilized embryos undergo several cell divisions to give rise
to blastocysts. Concomitant with blastocyst formation, the
trophectoderm (TE) and inner cell mass (ICM) lineages are
generated (Chazaud & Yamanaka, 2016; White & Plachta,
2020). The establishment of a functional TE epithelium is
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essential for blastocyst formation. The permeability of the TE
to small molecules and water strictly regulates blastocoel
formation and expansion (Cockburn & Rossant, 2010). These
permeability features are mainly mediated by the action of
tight junction (TJ) complexes, ion gradient pumps, H2O
channels, and cell polarity proteins (Cockburn & Rossant,
2010; Marikawa & Alarcon, 2012). Correct expression of the
proteins assembled on the TE apical and basolateral
membrane is required for blastocyst development (Alarcon,
2010; Marikawa & Alarcon, 2012; Wang et al., 2008).
However, the adenosine triphosphate (ATP)-dependent
chromatin remodelers responsible for regulating TE
development remain largely unknown.
Numerous studies have revealed the critical role of ATPdependent chromatin remodeling in the regulation of gene
expression during pre-implantation embryonic development
(Cabot & Cabot, 2018; Hota & Bruneau, 2016; Paul & Knott,
2014). The INO80 protein is a core ATPase component of the
INO80 chromatin-remodeling complex, which contains four
isotypes, i.e., INO80B, INO80C, INO80D, and INO80E. INO80
has been implicated in diverse nuclear processes, including
DNA replication (Poli et al., 2017), DNA repair (Morrison,
2017), heterochromatin inheritance (Shan et al., 2020), and
transcription regulation (Hota & Bruneau, 2016). In the cellular
context, INO80 is reported to be involved in regulating
differentiation and pluripotency maintenance of embryonic
stem cells (Qiu et al., 2016; Wang et al., 2014),
reprogramming of somatic cells into pluripotent stem cells
(Wang et al., 2014), and spermatogenesis (Serber et al.,
2016). In mice, embryos with loss of zygotic INO80 arrest at
the post-implantation stage and ICM cells derived from INO80deleted blastocysts cease proliferation during outgrowth
culture (Lee et al., 2014). In addition, depletion of maternal
and zygotic INO80 not only causes failure of blastocyst
formation, but also alters the expression of pluripotency genes
(Wang et al., 2014). These previous studies indicated that
INO80 is essential for the specification of pluripotent ICM
lineages during early embryogenesis in mice. However, recent
study showed that INO80 is simultaneously localized in the
nuclei of ICM and TE cells in mouse blastocysts (Wang et al.,
2014). Thus, we speculate that INO80 may play a much
broader role in blastocyst formation, beyond its established
role in regulating ICM lineage specification.
Pigs are increasingly used as a translational model for
human reproduction due to their similarity to human anatomy,
physiology, developmental timing, and genetics (Alberio,
2020; Mordhorst & Prather, 2017; Prather et al., 2013). In the
present study, we examined the function and regulatory
mechanisms of INO80 during early porcine embryonic
development. We found that INO80 mRNA and protein are
widely expressed in early porcine embryos. Functional studies
using RNAi showed that INO80 is essential for porcine
blastocyst development. Using single-embryo transcriptomic
analyses and chimeric embryos, we demonstrated that INO80
regulates the expression of multiple genes required for lineage
specification, TJ assembly, and fluid accumulation, and its
knockdown impairs TE barrier function in blastocyst
development. Our findings provide new insights into the
regulatory mechanisms of chromatin remodeling in porcine

blastocyst development.
MATERIALS AND METHODS
Ethics statement
All experiments were conducted in accordance with the
Institutional Animal Care and Use Committee (IACUC)
guidelines under current approved protocols at Anhui
Agricultural University (Approval No. SYXK2016-007).
Oocyte maturation
Ovaries were collected from a local slaughterhouse. Follicular
fluid was aspirated from antral follicles 3–6 mm in diameter.
Cumulus-oocyte complexes (COCs) were selected under a
stereomicroscope. The COCs were then cultured in one well
of a 4-well plate containing 400 μL of in vitro maturation
medium (TCM-199 supplemented with 5% fetal bovine serum
(FBS), 10% porcine follicular fluid, 10 IU/mL equine chorionic
gonadotrophin (eCG), 5 IU/mL human chorionic gonadotropin
(hCG), 100 ng/mL L-cysteine, 10 ng/mL epidermal growth
factor (EGF), 0.23 ng/mL melatonin, 2.03×10−5 ng/mL
leukemia inhibitory factor (LIF), 2×10−5 ng/mL insulin growth
factor 1 (IGF-1), 4×10−5 ng/mL fibroblast growth factor 2
(FGF-2), 100 U/mL penicillin, and 100 mg/mL streptomycin)
for 44 h at 38.5 °C, 5% CO2, and saturated humidity. The
cumulus cells surrounding the oocytes were removed using
1 mg/mL hyaluronidase following maturation.
Parthenogenetic activation (PA)
Mature oocytes were stimulated using two direct current
pulses (1.56 kV/cm for 80 ms) in activation medium. The
activated oocytes were then washed three times in porcine
zygote medium (PZM-3) and incubated in chemically assisted
activation medium at 38.5 °C for 4 h. The embryos were
subsequently cultured in PZM-3 droplets at 38.5 °C, 5% CO2,
and 95% air with saturated humidity.

In vitro fertilization (IVF)
Metaphase II oocytes were washed in modified Tris-buffered
medium (mTBM) containing 2 mg/mL bovine serum albumin
(BSA) and 2 mmol/L caffeine. Approximately 15 oocytes were
incubated in 50 μL of mTBM droplets for 4 h at 38.5 °C and
5% CO2 in air. Semen from two boars was mixed and
centrifuged at 1 900 g for 4 min at 38.5 °C in Dulbecco’s
phosphate-buffered saline (DPBS) supplemented with
1 mg/mL BSA (pH 7.3). The sperm were then resuspended
with mTBM to a concentration of 1×106 cells/mL. The sperm
solution (50 μL) was added to the mTBM droplets containing
oocytes. After co-incubation of the oocytes and sperm at
38.5 °C for 6 h, the sperm surrounding the oocytes were
washed out and the presumptive zygotes were cultured in
PZM-3 at 38.5 °C and 5% CO2 in air.
Real-time quantitative polymerase chain reaction (qPCR)
Total RNA was extracted from the oocytes and embryos using
a RNeasy Mini Kit (Qiagen, 74 104, Germany). RNA was
transcriptionally reversed into cDNA using a QuantiTect
Reverse Transcription Kit (Qiagen, 205 311, Germany). The
primers used in this study are listed in Supplementary Table
S1. The PCR assembly was prepared in FastStart SYBR
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Green Master mix (Roche, 04673514001, Germany) and run
on a StepOne PlusTM Real-Time PCR System (Applied
Biosystems, USA). Samples were collected three times and
three biological replicates were conducted for each gene.
EF1A1 was used as the internal reference gene. The
quantification cycle (Cq) values were obtained and analyzed
using the 2−ΔΔCt method.
Immunofluorescence staining
Oocytes and embryos were fixed in 4% paraformaldehyde
solution for 15 min, permeabilized with 1% Triton X-100 for
30 min at room temperature (RT), and then blocked with 2%
BSA at RT for 1 h. Samples were incubated in solution
containing primary antibodies overnight at 4 °C. After washing,
the samples were incubated for 1 h in solution containing
secondary antibodies in the dark at 37 °C. Following washing,
samples
were
counterstained
with
4,6-diamidino-2phenylindole dihydrochloride or propidium iodide for 10 min
and were then loaded onto glass slides. Samples were then
imaged using laser scanning confocal microscopy (Olympus,
Japan). Information regarding primary and secondary
antibodies is provided in Supplementary Tables S2, S3.
Microinjection
The small interfering RNA (siRNA) species was designed to
target three different sites of the porcine INO80 coding region
(GenePharma, China). Information on the siRNA sequences
used in this study is listed in Supplementary Table S4.
Microinjection was performed in T2 (TCM199 with 2% FBS)
medium containing 7.5 μg/mL cytochalasin B on an inverted
microscope (Olympus, Japan). Approximately 10 pL of siRNA
solution (50 μmol/L) was microinjected into the cytoplasm of
MII oocytes. Embryos were cultured in PZM-3 medium for 7
days.
Western blotting
A total of 50 embryos were collected in 10 μL of lysis buffer
(RIPA buffer supplemented with a cocktail of protease
inhibitors) and stored at –80 °C. Samples were then mixed
with protein sample buffer (Beyotime, China) and heated at
95 °C for 5 min. Proteins were separated using a sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE) system (Tanon, China) at 100 V for 120–150 min. The
proteins were transferred to polyvinylidene fluoride (PVDF)
membranes with an electrophoretic transfer apparatus (Tanon,
China) at 65 V for 120 min. Thereafter, membranes were
blocked in blocking buffer (Beyotime, China) for 2 h and then
incubated with primary antibodies at 4 °C overnight. After
washing, the membranes were incubated with secondary
antibodies at RT for 1.5–2 h. Signals were detected with a
Lumi-Light Western Blotting Substrate (Roche, Germany) and
images were acquired using a VersaDoc Imaging System
(Bio-Rad, USA). The signal intensity of bands was measured
as integrated intensity with Image J and normalized to
background intensity. Details on primary and secondary
antibodies used in this study are provided in Supplementary
Tables S2, S3.
Single-embryo RNA sequencing (RNA-seq)
Single blastocysts at day 5 (non-injected, control-siRNA
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injected, and INO80-siRNA injected embryos) were collected
for RNA-seq analysis. RNA was extracted using a RNeasy
Mini Kit (Qiagen, 74 104, Germany). Pre-amplified cDNA was
fragmented using fragmentase (NEB, M0348S, England) via
incubation at 37 °C for 20 min. The cDNA libraries were
constructed using a TruSeq Nano DNA LT Library Preparation
Kit (Illumina, FC-121-4 001, USA). The libraries were then
sequenced using the Illumina HiSeq 2 500 platform (LCSciences, China). Reads were mapped to the pig reference
genome. Differential gene expression between non-injected,
control siRNA-injected, and INO80 siRNA-injected embryos
was determined using Cufflinks (v2.2). The threshold for
significance was a false discovery rate ≤0.05 and an
expression fold-change ≥2. Gene Ontology (GO) analysis was
performed using DAVID Bioinformatics Resources v6.8. RNAseq data are presented in Supplementary Tables S5, S6.
Trophectoderm
permeability
by
fluorescein
isothiocyanate (FITC)-dextran exclusion test
Blastocysts were incubated in modified PZM-3 medium
containing 1 mg/mL 40 kDa FITC-dextran (Sigma, FD40,
USA) at 38.5 °C for 40 min. The blastocysts were then
immediately washed and visualized under an inverted
fluorescence microscope. Blastocysts showing green
fluorescence were defined as having impaired permeability.
Generation of chimeras by aggregation
Zona pellucidae of 8-cell embryos from the uninjected and
INO80 siRNA-injected groups were removed by pronase.
Following washing with PZM-3, two zona pellucida-free
embryos were paired in microwells to produce chimeric
embryos. Chimeric embryos were cultured with PZM-3 at
38.5 °C for 168 h to observe blastocyst development.
Statistical analysis
Statistical analyses were performed using one-way analysis of
variance (ANOVA) or student’s t-test (SPSS 17.0). All
experiments were carried out at least three times and were
presented as mean±standard error of the mean (SEM).
P<0.05 was considered statistically significant.
RESULTS
Developmental expression of INO80 mRNA and protein in
early embryos
We performed qPCR to analyze INO80 mRNA expression.
Results showed that INO80 mRNA was present in the oocytes
and embryos, but its expression level was higher at the 1-cell,
2-cell, and 8-cell stages compared to the blastocyst stage
(Figure 1A) (P<0.05). Further analysis of published mouse
embryo microarray data (Zeng et al., 2004) revealed that the
expression level of INO80 mRNA was significantly higher at
the 2-cell and 8-cell stages compared to the other
developmental stages (Figure 1B) (P<0.05). Next,
immunofluorescence staining was performed to determine the
changes in and localization of INO80 protein expression in
early embryos. INO80 antibody specificity in porcine embryos
was verified prior to immunostaining (Supplementary Figure
S1A). Results revealed that the INO80 protein was localized in

Figure 1 Expression of INO80 mRNA and protein in early porcine embryos
A: Expression of INO80 mRNA in porcine oocytes and early embryos. Relative expression of INO80 mRNA was determined by qPCR. Data were
normalized against endogenous reference gene (EF1α1) and data from GV oocytes were set to 1. GV, germinal vesicle; MII, metaphase II. B:
Expression of INO80 mRNA in mouse oocytes and early embryos. Microarray data on INO80 expression in mouse oocytes and embryos were
obtained and analyzed from the GEO online repository (accession number: GSE6669156). C: Localization and expression of INO80 protein in
porcine oocytes and early embryos. Representative images obtained by confocal microscopy are shown. Experiments were independently repeated
three times with at least 30 oocytes/embryos per stage. Scale bar: 50 μm. Data are mean±SEM and different letters on bars indicate significant
differences (P<0.05).

the cytoplasm from the GV oocyte to morula stages but was
present in blastocyst nuclei from days 5 to 7 (Figure 1C).
Additionally, INO80 protein levels in GV oocytes and
blastocysts were higher than levels in embryos from the 1-cell
to morula stages (Figure 1C). Thus, these results indicate that
INO80 mRNA and protein are expressed in early porcine
embryos.
RNAi-mediated efficient knockdown of INO80 mRNA and
protein in early embryos
To uncover the role of INO80 in early embryonic development,
RNAi was used to deplete INO80 mRNA and protein. MII
oocytes were microinjected with siRNA against INO80 or
negative control (NC) siRNA. Uninjected MII oocytes served
as the control. MII oocytes in each group were then
parthenogenetically activated and cultured to the blastocyst
stage. A subset of embryos at the 8-cell, morula, and
blastocyst stages were subject to qPCR to detect the relative
expression of INO80 mRNA. Results showed that siRNA
injection significantly decreased the levels of INO80 mRNA at

the 8-cell (Figure 2A), morula (Figure 2B), and blastocyst
stages (Figure 2C) compared to the control groups (P<0.05).
No differences in expression were observed between the NC
siRNA-injected and uninjected control groups (Figure 2A–C).
To confirm the specificity of the siRNA targeting effects, the
expression levels of genes encoding other subunits in INO80
complexes were further examined by qPCR. INO80 siRNA did
not affect the expression levels of the INO80B, INO80C,
INO80D, and INO80E transcripts (Supplementary Figure S2).
Next, immunofluorescence and western blot analyses were
performed to examine the relative amount of INO80 protein in
the blastocysts at day 5. As shown in Figure 2D, the
fluorescence signal of the INO80 protein was largely
decreased in the injected embryos compared to the control
groups. Correspondingly, western blotting revealed that INO80
siRNA significantly reduced the INO80 protein levels
(Figure 2E, F) (P<0.05). Collectively, these results
demonstrate that INO80 siRNA can efficiently knock down
INO80 mRNA and protein in early embryos.
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Figure 2 Verification of RNAi-mediated INO80 knockdown efficiency in early embryos
A–C: Relative abundance of INO80 mRNA in 8-cell (A), morula (B), and blastocyst stages (C) in control, NC siRNA-injected, and INO80 siRNAinjected groups was determined by qPCR. NC, negative control. D: Expression of INO80 protein in blastocysts. Embryos were stained for INO80
(red) and DNA (blue). Representative images obtained by confocal microscopy are shown. Experiments were independently repeated three times
with at least 20 embryos per group. Scale bar: 50 μm. E: Western blot analysis of INO80 protein expression. Blastocysts were used for western blot
analysis and α-tubulin was used as a loading control. Representative image is shown. F: Quantitative analysis of INO80 protein levels. Data are
mean±SEM from three independent experiments and different letters on bars indicate significant differences (P<0.05).

INO80 knockdown impairs blastocyst development and
disrupts normal lineage allocation
To ascertain whether INO80 knockdown (KD) influences
embryonic development, we compared the developmental
rates of INO80 KD embryos to NC siRNA-injected and
uninjected embryos. Results showed that INO80 KD did not
affect developmental rates of PA embryos at the 2-cell, 4-cell,
8-cell, and morula stages (Supplementary Figure S3), but
significantly reduced the blastocyst rates (days 5–7) compared
to the control groups (Figure 3A, B) (P<0.05). Similarly, INO80
KD had no effect on IVF embryonic development to the 2-cell,
4-cell, 8-cell, and morula stages (Supplementary Figure S4A),
but caused a significant reduction in embryos that developed
to the blastocyst stage (days 5–7) (Supplementary Figure
S4B, C) (P<0.05). No differences in embryonic development
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were observed between the NC siRNA-injected and uninjected
control groups (Figure 3A; Supplementary Figure S4B, C).
Importantly, a small proportion of the INO80 KD embryos
developed to the blastocyst stage (Figure 3A), which allowed
us to examine lineage allocation. Thus, blastocysts in each
group were stained with a CDX2 antibody to determine the TE
cell number (Figure 3C). The number of ICM cells was
indirectly determined by subtracting the TE number from the
total cell number. Results revealed that INO80 KD led to a
significant reduction in total, ICM, and TE cell number
(Figure 3D) (P<0.05). In addition, the ratio of ICM cells to TE
cells in the INO80 KD blastocysts increased significantly
compared to the control groups (Figure 3D) (P<0.05). These
results demonstrate that INO80 is essential for blastocyst
development and normal lineage allocation.

Figure 3 Effect of INO80 knockdown on blastocyst development and lineage allocation
A: Representative images of blastocysts on days 5, 6, and 7. Scale bar: 100 μm. Red asterisks indicate blastocysts. B: Developmental rates of
blastocysts on days 5, 6, and 7. C: Representative fluorescence images of blastocysts. Blastocysts were stained for CDX2 (green) and DNA (red).
Experiments were independently repeated three times with at least 20 blastocysts per group. Scale bar: 50 μm. D: Lineage allocation analysis of
INO80 KD and control blastocysts. Total, ICM, and TE cell numbers and ICM to TE cell ratio were separately recorded and analyzed. ICM: inner cell
mass; TE: trophectoderm. Data are mean±SEM and different letters on bars indicate significant differences (P<0.05).

INO80
knockdown
perturbs
early
blastocyst
transcriptome
To identify target genes regulated by INO80, single-embryo
transcriptomic sequencing was performed in three groups of
early blastocysts: i.e., INO80 KD, NC siRNA-injected, and
uninjected embryos. We identified 6 417 differentially
expressed genes (DEGs) between INO80 KD and NC siRNA
groups, and 3 020 DEGs between the INO80 KD and control
groups (Figure 4A). Among the DEGs, 1 051 were shared
between the two sets (Figure 4A), including 350 downregulated genes and 701 up-regulated genes (Figure 4B)
(Supplementary Table S5). Next, we annotated the potential
function of the shared DEGs using GO analyses. The DEGs
were enriched in biological functions associated with epithelial
characteristics, such as transmembrane transport, water

transport, integral component of membrane, apical plasma
membrane, and water channel activity (Figure 4C)
(Supplementary Table S6). These data show that INO80
regulates the expression of multiple genes important for the
differentiation of epithelial cells.
INO80 regulates expression of determinants required for
ICM and trophectoderm lineage specification
Because INO80 KD led to defects in both lineage allocation
and expression of genes related to epithelial differentiation, we
hypothesized that INO80 may regulate the expression of key
genes important for ICM and TE lineage commitment. Thus,
qPCR and immunofluorescence staining were performed on
early blastocysts to determine the expression of lineagespecification genes, including OCT4, SOX2, NANOG, CDX2,
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Figure 4 Effect of INO80 knockdown on blastocyst transcriptome
A: Number of differentially expressed genes (DEGs) in blastocysts (Day 5) between control, NC siRNA, and INO80 KD groups. Blue square denotes
number of down-regulated genes; red square indicates number of up-regulated genes. B: Volcano plot of DEGs in blastocysts. Blue spots denote
down-regulated genes; red spots indicate up-regulated genes. C: GO analyses show most enriched functional categories for DEGs after INO80 KD.
Red terms indicate functional categories associated with epithelial characteristics.

TEAD4, and YAP, which are important for blastocyst
development in mice (Yagi et al., 2007), pigs (Bou et al., 2016;
Cao et al., 2019; Emura et al., 2019), and cattle (Daigneault et
al., 2018; Goissis & Cibelli, 2014; Negrón-Pérez & Hansen,
2018). The levels of OCT4, CDX2, and TEAD4 mRNA were
significantly reduced in the INO80 KD blastocysts (Figure 5A,
B) (P<0.05), whereas the expression levels of SOX2 and
NANOG mRNA were not affected in the blastocysts
(Figure 5A). In addition, YAP expression was significantly
increased in the INO80 KD embryos (Figure 5B) (P<0.05). We
further examined the expression and localization of OCT4 and
YAP proteins, as the two genes were down-regulated and upregulated by INO80 KD, respectively. Consistent with the
qPCR results, the OCT4 protein decreased dramatically in the
INO80 KD embryos compared to the controls (Figure 5C),
whereas the YAP protein increased significantly in the INO80
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KD blastocysts (Figure 5D). These results indicate that INO80
is involved in regulating the expression of genes important for
ICM and TE lineage specification.
INO80 modulates tight junction assembly and fluid
accumulation to promote blastocyst development
To further unravel the molecular mechanisms underlying the
developmental phenotypes of INO80 KD embryos, we
examined the expression of multiple genes required for TJ
assembly and fluid accumulation. Results revealed that the
expression levels of ACTA2, ADAM19, ADAM21, OCLN, and
CDH1 significantly decreased in INO80 KD embryos
(Figure 6A) (P<0.05). Likewise, the expression levels of cell
polarity genes, such as PRKCA, PRKCD, PRKCI, PRKCZ,
and PHOA, also significantly decreased (Figure 6A) (P<0.05).
Furthermore, we observed a significant reduction in the

Figure 5 Effect of INO80 knockdown on expression of genes important for ICM and TE lineage specification
A: Expression of pluripotency genes in blastocysts. Expression levels of OCT4, SOX2, and NANOG mRNA were determined by qPCR. B:
Expression of genes required for TE specification in blastocysts. Relative abundance of CDX2, TEAD4, and YAP mRNA were determined by qPCR.
All data were normalized against endogenous reference gene (EF1α1) and control group data were set to 1. Data are mean±SEM and different
letters on bars indicate significant differences (P<0.05). Expression of OCT4 (C) and YAP (D) proteins by immunofluorescence. Blastocysts were
stained for OCT4, CDX2 (green), and DNA (blue). Representative images are shown. Experiments were independently repeated three times with at
least 20 blastocysts per group. Scale bar: 50 μm.

expression levels of fluid accumulation-related genes,
including ATP1A1, ATP1A3, AQP3, APQ9, and AQP11 in
INO80 KD embryos (Figure 6B) (P<0.05). We also examined
the expression levels of cytoskeleton-related genes in
embryos. Results showed that the expression levels of FN1,
KRT8, KRT23, and ANXA7 were significantly reduced (Figure
6B) (P<0.05), whereas the expression of SGK1 was not

affected in the INO80 KD embryos (Figure 6B). Consistent
with the qPCR data, the apical and basolateral localized
proteins, including OCLN and CDH1, were severely
diminished in the INO80 KD embryos compared to the
controls (Figure 6C).
TJ complex-mediated paracellular sealing between TE cells
is an essential prerequisite for blastocyst formation (Choi et
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Figure 6 Effect of INO80 knockdown on tight junction assembly and fluid accumulation
A, B: Expression of putative INO80 target genes in control and INO80 KD morulae. Relative expression of INO80 target genes was determined by
qPCR. All data were normalized against endogenous reference gene (EF1α1) and control group data were set to 1. C: Expression and localization
of OCLN and CHD1 proteins in control and INO80 KD morulae. Proteins and DNA are represented as green and blue, respectively. Representative
images are shown. Experiments were independently repeated three times with at least 15 morulae per group. Scale bar: 100 μm. D: Representative
brightfield and fluorescence images of FITC-dextran-treated blastocysts at day 7. Blastocysts from control and INO80 KD groups were incubated in
medium containing 1 mg/mL 40 kDa FITC-dextran for 30 min, then visualized under an inverted fluorescence microscope. Scale bar: 100 μm. E:
Analyses of paracellular permeability in trophectoderm by FITC-dextran uptake assay. Number of FITC-positive blastocysts in each group was
analyzed. F: Representative brightfield images of chimeric embryos produced by aggregation of C:C, C:K, and K:K embryos at 82 h and 168 h postactivation. Red arrowheads denote blastocysts in C:C and C:K chimeras; blue arrowheads denote aggregates that failed to form blastocysts in K:K
chimeras. C: control, K: knockdown. Scale bar: 100 μm. G: Percentage of aggregated or unaggregated embryos. H: Percentage of chimeric
embryos that developed to blastocyst or failed to reach blastocyst. Data are mean±SEM and different letters on bars indicate significant differences
(P<0.05).

al., 2012). Given that INO80 KD resulted in a reduction in the
expression of TJ components, we hypothesized that INO80
KD may disrupt paracellular sealing of TE cells. Thus, we
examined the permeability of the trophectoderm epithelium in
porcine blastocysts based on the FITC-dextran (40 kDa)
exclusion test. Results showed that the percentage of FITCpositive blastocysts in the INO80 KD group was significantly
higher than that in the control groups (Figure 6D, E),
suggesting that the barrier function of the TE epithelium was
impaired in INO80 KD embryos.
To further examine the role of INO80 in TE cells, we
conducted an aggregation assay on 8-cell embryos to
determine the effects on blastocyst development. The types of
aggregation included control-control (C:C) embryos, control-
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INO80 KD (C:K) embryos, and INO80 KD-INO80 KD (K:K)
embryos (Figure 6F). The aggregation rates of the paired
embryos were similar among the three groups (Figure 6G).
Most C:K paired chimeras overcame the morula-to-blastocyst
developmental arrest and developed to the blastocyst stage at
a similar rate to the C:C chimeras (Figure 6F, H). In contrast,
the K:K paired chimeras could not develop into blastocysts
(Figure 6F, H). These results indicate that the control embryos
could restore blastocyst development of the INO80 KD
embryos. To determine whether embryo aggregation rescued
lineage allocation of the INO80 KD blastocysts, the C:C and
C:K chimera blastocysts were stained with a CDX2 antibody to
determine TE cell number (Supplementary Figure S5A).
However, no differences were found in the total, TE, and ICM

Figure 7 Working model of INO80 modulation of trophectoderm epithelium permeability to promote blastocyst development
In trophectoderm cells, INO80 regulates expression of multiple genes important for lineage specification, tight junction assembly, and fluid
accumulation during morula-to-blastocyst transition. Genes shown in black and red are positively and negatively regulated by INO80, respectively.
AJ: adherens junction, TJ: tight junction.

cell number or the ICM to TE cell ratio between the C:C and
C:K chimeras (Supplementary Figure S5B), indicating
restoration of lineage allocation in the INO80 KD blastocysts.
These results demonstrate that INO80 regulates the
expression of genes that are essential for the establishment of
a functional TE epithelium.
DISCUSSION
Recent studies have reported on the essential role of the
chromatin
remodeler
INO80
in
both
pluripotency
establishment and blastocyst formation in mice (Wang et al.,
2014). To date, however, its regulatory mechanism underlying
blastocyst development remains poorly known. In the current
study, we demonstrated that INO80 promotes blastocyst
formation and development in porcine embryos via modulation
of the trophectoderm permeability barrier. Mechanistically,
INO80 tightly modulates the expression of key genes required
for lineage specification, tight junction assembly, and fluid
accumulation. Therefore, our data support the model that
INO80 regulates blastocyst development by mediating the
expression of genes that are essential for lineage
specification, tight junction assembly, and fluid accumulation
(Figure 7).
Lineage allocation in mammalian blastocysts is mainly
regulated by lineage specification-associated transcription
factors or transcription co-factors, such as OCT4, CDX2,
TEAD4, and YAP (Cao et al., 2019; Nichols et al., 1998;
Strumpf et al., 2005; Yagi et al., 2007). Studies have also

shown that OCT4, TEAD4, and YAP are essential for
blastocyst formation in humans (Fogarty et al., 2017), pigs
(Bou et al., 2016; Cao et al., 2019; Emura et al., 2019), and
cattle (Daigneault et al., 2018; Negrón-Pérez & Hansen,
2018). CDX2 plays a critical role in blastocyst hatching in pigs
(Bou et al., 2017). In this study, we found that INO80 KD not
only blocked porcine blastocyst formation, but also disrupted
blastocyst lineage allocation. Moreover, the expression levels
of OCT4, CDX2, and TEAD4 were down-regulated, whereas
that of YAP was up-regulated in the INO80 KD embryos,
suggesting that INO80 is required for their proper expression.
Consistent with our findings, a recent mouse study showed
that INO80 is implicated in blastocyst formation and
expression of pluripotency genes, including OCT4, NANOG,
and SOX2 (Wang et al., 2014). Thus, our porcine embryo
results suggest that INO80 mediates the correct expression of
lineage-specification genes to support blastocyst formation
and lineage allocation.
Various studies have shown that the epithelial features of
TE are an essential prerequisite for blastocoel formation (Choi
et al., 2012). Here, single-embryo transcriptome analysis
revealed that INO80 is involved in pathways related to the
formation of epithelial characteristics. Our results showed
down-regulated expression of multiple genes important for TJ
assembly (ADAM19, ADAM21, and OCLN), adherens junction
formation (CDH1), cell polarity (PRKCD and PRKCZ), and
fluid accumulation (AQP3 and APQ9). Although the roles of
ADAM19 and ADAM21 in blastocyst formation have not been
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reported, other isoforms of ADAM family genes, such as
ADAM10, are essential for blastocyst formation in pigs (Kwon
et al., 2016), suggesting the potential roles of the ADAM family
genes in blastocyst development. Earlier research showed
that inhibition of the claudin family protein OCLN by
neutralizing antibodies can block blastocyst formation in mice
(Kim et al., 2004). Adherens junction proteins, such as CDH1,
are also required for blastocyst development in mice (Kan et
al., 2007). Furthermore, previous studies have demonstrated
that the protein kinase C (PKC) family establishes cell polarity
networks in epithelial cells and regulates TE formation and
blastocyst development in mammals (Eckert et al., 2004;
Kalive et al., 2010). Pharmacological inhibition of PRKCD or
PRKCZ activity hinders murine blastocyst development
(Eckert et al., 2004), and inactivation of PRKCD also prevents
bovine blastocyst formation (Yang et al., 2016), indicating that
PKC proteins play a conserved role in mice and cattle. Lastly,
aquaporin (AQP) proteins have been shown to mediate transtrophectodermal water transport during blastocoel formation
(Barcroft et al., 2003). In mouse embryos, Aqp3 knockdown
blocks blastocyst formation (Xiong et al., 2013). Together,
these data indicate that INO80 in porcine embryos facilitates
TE development by modulating the expression of key genes
involved in TJ assembly and cavitation.
The TJ structure establishes the barrier function of the TE
epithelium to support blastocoel formation. In this study, we
identified altered expression of key genes involved in TJ
assembly. Correspondingly, the permeability of the TE
epithelium was also impaired in INO80 KD embryos.
Functional inhibition of OCLN in mouse embryos (Kim et al.,
2004) and knockdown of ADAM10 in pig embryos disrupt
paracellular sealing (Kwon et al., 2016). This indicates that
INO80 mediates TJ assembly to maintain paracellular sealing.
Importantly, aggregation experiments in 8-cell embryos
revealed that uninjected embryos could complement INO80
KD embryos and restore blastocyst development and lineage
allocation. These results demonstrate that INO80 is a key
chromatin remodeler required for TJ assembly and
paracellular sealing.
In conclusion, our findings demonstrate that INO80
regulates porcine blastocyst development by mediating the
expression of multiple genes required for lineage specification,
TJ assembly, and fluid accumulation. Our findings provide
new insights into the regulatory mechanisms of chromatin
remodeling in porcine blastocyst development.
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