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Abstract

Background: Activating transcription factor 7 (ATF7) is a member of the ATF/cAMP

response element (CRE) B superfamily. ATF2, ATF7, and CRE-BPa are present in

vertebrates. Drosophila and fission yeast have only one homologue: dATF2 and Atf1,

respectively. Under normal conditions, ATF7 promotes heterochromatin formation

by recruiting histone H3K9 di- and tri-methyltransferases. Once the situation

changes, all members are phosphorylated by the stress-activated kinase P38 in

response to various stressors. However, the role of ATF7 in early porcine embryonic

development remains unclear.

Results: In this study, we found that ATF7 gradually accumulated in the nucleus and

then localized on the pericentric heterochromatin after the late 4-cell stage, while

being co-localized with heterochromatin protein 1 (HP1). Knockdown of ATF7

resulted in decreases in the blastocyst rate and blastocyst cell number. ATF7 deple-

tion resulted in downregulation of HP1 and histone 3 lysine 9 dimethylation

(H3K9me2) expression. These effects were alleviated when P38 activity was inhib-

ited. High temperatures increased the expression level of pP38, while reducing the

quality of porcine embryos, and led to ATF7 phosphorylation. The expression level of

H3K9me2 and HP1 was decreased and regulated by P38 activity.

Conclusion: Stress-induced ATF7-dependent epigenetic changes play important roles

in early porcine embryonic development.

1 | BACKGROUND

There are two types of chromatin in eukaryotic genomes, characterized

according to its structure and compaction state: euchromatin and het-

erochromatin.1,2 Euchromatin is found in endosomes in the nucleus and

has an open, unfolded structure that allows the transcription machinery

to bind to DNA, thereby facilitating transcription.3 The majority of

chromatin is present in the form of heterochromatin, which is spatially

separated from euchromatin within the nucleus and preferentially

localizes to the nuclear periphery and surrounds the nucleolus.

Functions of heterochromatin range from silencing of gene expression

to restricting DNA replication to DNA repair.4 Heterochromatin

includes regions of the genome that can be densely stained with chemi-

cal dyes. These regions are rich in repetitive elements and epigenetic

markers, including histone H3 lysine 9 dimethylation/trimethylation

(H3K9me2/H3K9me3) and histone H3 lysine 27 trimethylation

(H3K27me3).5 A distinct feature during oogenesis in some mammalian

species is the formation of heterochromatin rings called the
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karyosphere, which are associated with the periphery of nucleolus-like

bodies. The acquisition of specific morphological structures through

heterochromatin is also characteristic of zygotes.6 Studies on bovine,7

porcine,8 and human9 embryos have shown that the spatial arrange-

ment of specific heterochromatin regions in the nuclear periphery is a

common feature of mammalian cleavage initiation stages.

At the time of zygotic genome activation (ZGA) during early embry-

onic development, large domains of active or inactive chromatin

often cluster together to form euchromatic A- or heterochromatic

B-compartments, respectively. At this stage, HP1 plays an important

role by establishing the embryonic heterochromatin structure, which

appears to mediate the clustering and condensation of constitutive het-

erochromatin at pericentromeric regions through H3K9me2/3-dependent

binding, the overall configuration of the auxiliary chromosome arms, and

contribut to the formation of the B-compartment.10 Iovino, and Giorgetti

have proposed that loss of HP1 from heterochromatin causes decreased

interactions between B-compartment regions, resulting in declustering

and decondensation and leading to reduced segregation of B-compart-

ments.11 In addition, in the ovaries of postnatal female mice, growing

oocytes gradually accumulate H3K9me2,12 and after fertilization, zygotes

exhibit an asymmetric pattern of H3K9me2,13 the histone H3 lysine

9 dimethylation (H3K9me2) is mediated by the methyltransferase G9a,

which is essential for embryonic development. Previous studies have

shown that deletion of G9a in embryos results in lack of substantial accu-

mulation of H3K9me2, resulting in slight developmental delay and destabi-

lization of the ICM lineage, as well as frequent embryo loss during the

preimplantation stage.14 Therefore, HP1 and H3K9me2 are essential for

embryonic development.

Activating transcription factor 7 (ATF7) is a vertebrate member of

the ATF2 subfamily belonging to the ATF/cAMP response element

(CRE) B (CREB) superfamily.15–17 In addition to ATF7, it contains two

members of ATF2 and CRE-BPa in vertebrates. Drosophila and fission

yeast have only one homologue (dATF2 and Atf1, respectively). All

three members contain a B-ZIP-type DNA-binding domain and a

trans-activation domain consisting of a metal finger structure and

stress-activated protein kinase (SAPK) phosphorylation sites, such as

P38 and Jun N-terminal protein kinase (JNK), which are expressed in

various tissues and cells.18 SAPKs are activated by various stresses,

such as metabolism-related reactive oxygen species (ROS), and envi-

ronmental stresses, such as hypoxia, osmotic stress, and heat

stress.19,20 ATF2 is phosphorylated by both P38 and JNK, while only

P38 has been shown to phosphorylate ATF7, but not other

kinase(s).21 In the absence of stress, ATF7 plays a role in gene silenc-

ing through the formation of heterochromatin-like structures. In vari-

ous types of somatic cells, vertebrate ATF7 silences its target genes

by recruiting H3K9 di- and tri-methyltransferases, G9a, Suv39h1, and

ERG-associated protein with SET domain/SET domain bifurcated his-

tone lysine methyltransferase 1 (ESET/SETDB1).22,23 ATF7 represses

a group of innate immunity-related genes in macrophages by associat-

ing with H3K9 di-methyltransferase G9a. Studies also showed that

Atf1, dATF2 and ATF7 contribute to heterochromatin formation by

recruiting histone H3K9 di-methyltransferases independently from

the RNA interference (RNAi)-dependent mechanism.24 In response to

various stresses, ATF7 is phosphorylated by P38, which leads to

the release of ATF7 and H3K9 di- and tri-methyltransferases, ulti-

mately reducing H3K9me2 or H3K9me3 levels and disrupting

heterochromatin-like structures, which is a long-lasting injury.25

Pathogen-infection-induced phosphorylation of ATF7 stimulates the

release of ATF7-G9a from target genes, accompanied by a decrease in

repressive histone H3K9me2 levels, leading to elevated gene expres-

sion. Also, in macrophages, ATF7 is phosphorylated by P38 and

released from chromatin following lipopolysaccharide treatment, lead-

ing to disruption of heterochromatin and a reduction in the level of

H3K9me2. Once ATF7 is released from chromatin, it is not entirely

recruited back to the original binding sites.26

As an important factor of environmental exposure, heat stress

has attracted attention for its effects on embryonic development in

vivo and in vitro in pigs27,28 and cattle.29,30 ATF7 plays a key role as an

epigenetic regulator of stress responses during environmental stress-

induced heterochromatin disruption. However, the role of ATF7 in

heat-induced chromatin changes during early porcine embryonic

development has not been investigated.

In the present study, we reduced the expression of ATF7 by

microinjection of ATF7 double-strand RNA (dsRNA) to explore the

role of ATF7 during early porcine embryonic development. In addition,

embryos were treated at high temperatures to explore the role of

ATF7 in stress response. Our results suggest that ATF7 contributes to

heterochromatin and that heat-induced pATF7 activation disrupts

heterochromatin, which leads to the failure of blastocyst formation

during early porcine embryonic development.

2 | METHODS

All chemicals were purchased from Millipore Sigma (Burlington, MA,

USA) unless otherwise indicated. All manipulations were performed

on a heated stage adjusted to 38.5�C unless otherwise indicated.

2.1 | Ethics statement

This study was performed in accordance with the guidelines of the

Institutional Animal Care and Use Committee of the Laboratory Ani-

mal Center of Chungbuk National University, Cheongju, South Korea.

All operations related to the mice were performed according to the

guidelines of the committee.

2.2 | Collection and in vitro maturation of porcine
oocytes

The ovaries of prepubertal gilts collected at a local slaughterhouse

were placed in 37�C saline containing 75 mg/ml penicillin G and

50 mg/ml streptomycin sulphate. The ovaries were transported to the

laboratory within 3 h. Cumulus–oocyte complexes (COCs) were aspi-

rated from 3 to 6 mm ovarian follicles using a 10 ml disposable syringe
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attached to an 18-gauge needle. Oocytes with at least three layers of

compact cumulus cells and a uniform ooplasm were selected for in

vitro maturation (IVM). After supplementation with 0.1 g/L sodium

pyruvate, 0.6 mmol/L L-cysteine, 10 ng/ml epidermal growth factor,

10% (v/v) porcine follicular fluid, 10% (v/v) porcine follicular fluid,

10 IU/ml luteinizing hormone, and 10 IU/ml follicle-stimulating hor-

mone in the in vitro maturation medium (TCM-199, 11150-059;

Gibco, Franklin Lakes, NJ, USA), 500 μl of maturation medium per well

was added to a 4-well dish and covered with 300 μl of mineral oil. Up

to 120 COCs that had been washed three times were transferred to

each well and incubated for 44 h at 38.5�C in a humidified atmo-

sphere containing 5% CO2.

2.3 | Production of parthenogenetic activation
embryos and in vitro culture

COCs were placed in 1 mg/ml hyaluronidase to remove cumulus cells

by pipetting approximately 50 times. MII-stage denuded oocytes were

selected. They were electrically activated by two direct-current pulses

of 120 V for 60 μs in 297 mmol/L mannitol (pH 7.2) containing

0.1 mmol/L CaCl2, 0.05 mmol/L MgSO4, 0.01% (w/v) polyvinyl alco-

hol (PVA), and 0.5 mmol/L HEPES. These oocytes were then cultured

in bicarbonate-buffered porcine zygote medium 5 (PZM-5) containing

7.5 μg/ml cytochalasin B and 4 mg/ml bovine serum albumin (BSA) for

3 h to suppress extrusion of pseudo-second polar bodies according to

the manufacturer's instruction.31 The activated oocytes were thor-

oughly washed and divided into five groups: (a) control group,

(b) ATF7-knockdown (ATF7-KD) group, (c) ATF7-KD group with

SB202190 inhibitor (ATF7-KD + SB202190), (d) high temperature group

(HT), and (e) HT group with SB202190 inhibitor (HT + SB202190). The

different groups were cultured in bicarbonate-buffered PZM-5

supplemented with 4 mg/ml BSA in 4-well plates for 7 days at

38.5�C in a humidified atmosphere containing 5% CO2. The HT and

HT + SB202190 groups were cultured at 39.5�C or 40.5�C.

2.4 | Inhibitor preparation and treatment

SB202190, P38 MAPK inhibitor, was prepared as a 10 mM stock and

serially diluted to 0, 0.1, and 0.5 μMworking concentrations. To inves-

tigate whether P38 activity mediates the effect of HT on porcine early

embryos, we supplemented IVC with different concentrations of

SB202190 at the same time as HT treatment of activated oocytes.

Embryos were cultured to the 4-cell stage, washed three times, and

placed in fresh IVC for subsequent culture.

2.5 | Preparation and injection of ATF7 dsRNA
preparation and microinjection

To prepare ATF7 dsRNA, ATF7 was amplified using a pair of primers

containing the T7 promoter sequence (ATF7 dsRNA: forward, TAA

TAC GAC TCA CTA TAG GGG GGC TAT GAT CCA CTT CAC CC;

reverse, TAA TAC GAC TCA CTA TAG GGG CTC ATC CGG ATC TTC

ATC CA). The purified PCR products were used to synthesize dsRNA

using the MEGAscript T7 Kit (AM1333; Thermo Fisher Scientific, Wal-

tham, MA, USA) according to the manufacturer's instructions.32,33

After in vitro transcription, dsRNA was treated with DNase I and

RNase A to remove the DNA template and any single-stranded RNA,

followed by purification by phenol–chloroform extraction and isopropyl

alcohol precipitation. The purified dsRNA was dissolved in RNase-free

water. The concentration was determined by measuring the optical

density at 260 nm (Nanodrop, Thermofisher, Deutsch, Germany) and

adjusted to a final concentration of 1 μg/μl dsRNA aliquots was stored

at �80�C until use.

For knockdown experiments, ATF7 dsRNA was microinjected into

the cytoplasm of an oocyte following parthenogenetic activation

(PA) and 3 h of CB treatment using a Femto-Jet electronic microinjec-

tor (Eppendorf AG, Hamburg, Germany) and a Diaphot ECLIPSE

TE300 inverted microscope (Nikon, Tokyo, Japan) equipped with a

model MM0-202N hydraulic three-dimensional micromanipulator

(Narishige Inc., Tokyo, Japan). After injection, the embryos were cul-

tured in PZM-5.

2.6 | Immunofluorescent staining and confocal
microscopy

The embryos in the control, ATF7-KD, HT, ATF7-KD + SB202190,

and HT + SB202190 groups were fixed for 1 h with 3.7% paraformal-

dehyde at room temperature. After permeabilization in 0.5% Triton

X-100 (in PBS/PVA) for 1 h at room temperature, embryos were

transferred to blocking buffer (1% BSA in PBS) for 1 h at room tem-

perature or overnight at 4�C. For ATF7 staining, embryos were incu-

bated with rabbit anti-ATF7 polyclonal antibody (LS-C354157, 1:100

dilution; LSBIO, Seattle, WA, USA) overnight at 4�C and after washing

with PBS/PVA three times for 3 min each time, embryos were incu-

bated with Alexa Fluor 546-conjugated goat anti-rabbit IgG (1:200)

for 1 h at room temperature. To visualize heterochromatin protein

1 (HP1), embryos were incubated with Immunotag™ HP1 monoclonal

antibody-488 (1:100 dilution; ImmunoTag, Noida, India) overnight at

4�C. After washing three times in the same manner, embryos were

incubated with Hoechst 33342 at room temperature for 15 min.

Finally, the embryos were mounted on glass slides and observed by

confocal laser-scanning microscopy using a model LSM 710 META

microscope (Carl Zeiss, Jena, Germany).

2.7 | Real-time quantitative PCR

Embryos were collected and mRNA was extracted from a pool of

30 embryos per group using the DynaBeads mRNA Direct Kit

(61,012; Thermo Fisher Scientific) according to the manufacturer's

instructions.34 cDNA was obtained by reverse transcription of mRNA

using the Oligo(deoxythymine) 20 primer and SuperScript III Reverse
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Transcriptase (Thermo Fisher Scientific). Amplification was performed

at 95�C for 3 min, followed by 40 cycles of 95�C for 15 s, 60�C for

25 s, 72�C for 10 s, and final extension at 72�C for 5 min. The target

gene and housekeeping were ATF7 (forward, AAA GCC CCA AGG

AAA GCT CA; reverse, AGA CTG AGA CTG TGG GGT CA)，G9a

(forward, GAA GGT GAC CTC AGA CGT GG; reverse, CCA CTC GCT

CAT CCA CAG AG), SUV39H2 (forward, ATT CCA CCA GGT ACC

CCC AT; reverse, CCA CAG CCA TTG CTA GTT CG) and 18s (forward,

CGC GGT TCT ATT TTG TTG GT; reverse, AGT CGG CAT CGT TTA

TGG TC), respectively. The mRNA quantification data were analysed

using the 2�ΔΔCt method.

2.8 | Western blotting

We lysed at least 70 embryos from different groups with 20 μl of ice-

cold Laemmli sample buffer (sodium dodecyl sulphate [SDS] sample

buffer containing 2-mercaptoethanol). The buffer was heated at 95�C

for 10 min and stored at �20�C. According to previous article,35 pro-

teins in each sample were separated by 10% SDS-polyacrylamide gel

electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluo-

ride (PVDF) membrane (Millipore, Bedford, MA, USA) via electroblot-

ting. Non-specific binding sites were blocked with Tris-buffered saline

containing Tween-20 (TBST) and either 5% skimmed milk powder or

BSA for 1 h at room temperature. The membranes were then incu-

bated with mouse anti-ATF7 polyclonal antibody (1:1000) in blocking

solution overnight at 4�C. After washing in TBST three times (10 min

each), the membranes were incubated with a horseradish peroxidase

(HRP)-conjugated secondary antibody (1:1000) for 1 h at room tem-

perature. Finally, the membranes were exposed to SuperSignal West

Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). The

band intensity values were analysed using the ImageJ software.

2.9 | Statistical analysis

At least three replicates were performed in all experiments. Results

are expressed as the mean ± SEM. Statistical analysis was performed

using GraphPad Prism software (version 5.0; GraphPad Inc.,

San Diego, CA, USA). Statistical comparisons were performed

using independent-sample t-tests. Statistical significance was set at

p < 0.05. Fluorescence pixel intensities were analysed using ImageJ

software (version 1.50; National Institutes of Health, Bethesda,

MD, USA).

3 | RESULTS

3.1 | Expression and localization of ATF7 during
porcine embryonic development

To investigate the function of ATF7 in porcine early embryonic devel-

opment, we first detected the expression of ATF7 at all stages of

embryonic development using western blotting and real-time quanti-

tative PCR. The embryos were cultured to the 2-cell (2C), 4-cell (4C),

morula (MO), and blastocyst (BL) stages. As shown in Figure 1A, ATF7

was expressed at all embryo stages, the results of WB indicated that

the protein expression level of ATF7 was similar and remained almost

unchanged at various stages of embryonic development (2C, 1.00,

n = 240; 4C, 1.05 ± 0.04, n = 240; MO, 1.08 ± 0.03, n = 240; BL,

1.02 ± 0.06, n = 240). In addition, as shown in Figure 1B, the mRNA

expression level of ATF7 decreased rapidly at 4C and was extremely

low in the MO and BL stages (1C, 1.00, n = 120; 2C, 0.94 ± 0.18,

n = 120; 4C, 0.49 ± 0.11, n = 120; MO, 0.02 ± 0.01, n = 120; BL,

0.02 ± 0.01, n = 120). Next, the embryos were stained with ATF7

antibody to examine their localization at the different stages. Embryo

chromosomes were visualized by co-staining with 40,6-diamidino-

2-phenylindole (DAPI) and TO-PRO-3; bright regions corresponded to

heterochromatin and dim areas to euchromatin. As shown in Figure 1C,

ATF7 was enriched around the nucleus during the 2C stage. After cells

entered 4C, ATF7 was localized in the nucleus and then accumulated in

the pericentric heterochromatin in the nucleus until the BL stage. ATF7

co-localized with HP1 on pericentric heterochromatin from the L-4C

(72 h after parthenogenesis) to BL stages (Figure 1D). The expression

and localization of ATF7 in embryos suggest an important role for

ATF7 in porcine early embryonic development.

3.2 | Effects of ATF7 knockdown on early porcine
embryonic development

To explore the potential function of ATF7 during early porcine embry-

onic development, the expression of ATF7 protein was knocked down

by microinjection of dsRNA. Real-time quantitative PCR and western

blotting were used to examine the knockdown efficiency. After micro-

injection of ATF7 dsRNA about 48 hours, the relative expression level

of ATF7 mRNA in the ATF7-KD group of 4C embryos was signifi-

cantly lower than that in the control group (control group, 1.00,

n = 150; ATF7-KD group, 0.36 ± 0.02, n = 150, p < 0.01) (Figure 2A).

Western blotting revealed that ATF7 protein expression decreased

significantly in the ATF7-KD group, which was confirmed by densito-

metric analysis of the bands (control group, 1.00, n = 240; ATF7-KD

group, 0.75 ± 0.05, n = 240, p < 0.05) (Figure 2B,C). In addition, after

ATF7 knockdown, ATF7 immunofluorescence staining revealed signif-

icantly decreased fluorescence intensity of ATF7 at the 4C and BL

stages (4C: control group, 1.00, n = 30; ATF7-KD group, 0.72 ± 0.03,

n = 31, p < 0.01; BL: control group, 1.00, n = 28; ATF7-KD group,

0.75 ± 0.01, n = 30, p < 0.001) (Figure 2D,E). Embryos at the 1C stage

were cultured with knockdown of ATF7 expression in vitro for 7 days.

The rate of blastocyst formation was significantly lower than that in the

control group (control group, 43.20 ± 3.28%, n = 386; ATF7-KD group,

25.59 ± 4.32%, n = 395, p < 0.01) (Figure 2F). As shown in Figure 2G,

after ATF7 knockdown, the mRNA expression levels of H3K9me2

methyltransferase G9a and H3K9me3 methyltransferase SUV39H2

were significantly decreased (G9a: control group, 1.00, n = 120;

ATF7-KD group, 0.45 ± 0.02, n = 120, p < 0.01; SUV39H2: control
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group, 1.00, n = 120; ATF7-KD group, 0.70 ± 0.01, n = 120,

p < 0.001). Moreover, the cell number of blastocysts was significantly

reduced after ATF7 knockdown (control group, 31.33 ± 1.76, n = 31;

ATF7-KD group, 20.67 ± 1.67, n = 24, p < 0.05) (Figure 2H). These

results suggest that ATF7 knockdown leads to decreased embryo

quality.

3.3 | Effects of ATF7 knockdown on
heterochromatin in porcine embryos

Immunofluorescence staining revealed the co-localization of ATF7 with

HP1 from the L-4C to BL stages. Since ATF7 has been shown to be

essential for heterochromatin composition, we examined the effects of

ATF7 on the heterochromatin marker protein HP1 and heterochromatin-

enriched histone H3K9me2. The expression levels of HP1 and

H3K9me2 were determined after ATF7 knockdown by antibody staining.

As shown in Figure 3A, the H3K9me2 protein signal in the 4C and BL

stages was significantly decreased in the ATF7-KD group compared with

that in the control group. The fluorescence intensity analysis results were

also consistent with this (4C: control group, 1.00, n = 30; ATF7-KD

group, 0.75 ± 0.02, n = 30, p < 0.01; BL: control group, 1.00, n = 36;

ATF7-KD group, 0.74 ± 0.02, n = 31, p < 0.01) (Figure 3B,C). In addition,

the fluorescence intensity of HP1 was significantly decreased in 4C and

BL in the ATF7-KD group (4C: control group, 1.00, n = 45; ATF7-KD

group, 0.73 ± 0.03, n = 44, p < 0.05; BL: control group, 1.00, n = 60;

ATF7-KD group, 0.65 ± 0.02, n = 48, p < 0.01) (Figure 3D–F). Taken

together, these data suggest that ATF7 is essential for heterochromatin

function in porcine embryos.

3.4 | Effects of inhibition of P38 on ATF7-KD
embryonic development

To explore whether background stress levels affect ATF7-dependent

heterochromatin function through P38, we further explored the effect

F IGURE 1 Expression and localization of ATF7 during porcine embryonic development. (A) Western blotting results of ATF7 protein
expression levels during early porcine embryonic development. (B) Real-time quantitative PCR results of ATF7 mRNA expression levels
during early porcine embryonic development. (C)ATF7 antibody to detect ATF7 localization during early porcine embryonic development.
At the 2C stage, ATF7 was enriched near the nucleus. At the 4C stage, ATF7 entered the nucleus. When embryos were at the MO and BL
stages, ATF7 was mainly localized on pericentric heterochromatin. Blue, DAPI; red, TO-PRO-3; green, ATF7; bar = 20 μm. (D) Typical
picture of localization of ATF7 and HP1. Colocalization of ATF7 and HP1 was evident from the late 4-cell to the BL stage. Blue, DAPI; red,
ATF7; green, HP1; bar = 20 μm
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of inhibiting P38 activity with the inhibitor SB202190 on early

porcine embryos in the ATF7-KD group. As shown in Figure 4A,

the rate of blastocyst formation was significantly lower in the

ATF7-KD group than in the control group (control group, 37.59 ±

0.61%, n = 254; ATF7-KD group, 20.04 ± 1.23%, n = 154,

p < 0.01; control+SB202190 0.1 μM group, 36.14 ± 1.73%,

n = 258, p > 0.05). Furthermore, blastocyst formation increased

when embryos in the AT7-KD group were cultured in IVC containing

0.1 μM or 0.5 μM SB202190. The rate of blastocyst formation in the

AT7-KD + 0.1 μM SB202190 group was significantly increased com-

pared with the AT7-KD group (ATF7-KD + SB202190 0.1 μM group,

31.59 ± 2.23%, n = 156, p < 0.05; ATF7-KD + SB202190 0.5 μM

group, 29.54 ± 1.24%, n = 156, p > 0.05). Therefore, 0.1 μM

SB202190 was used in further experiments. In addition, inhibition of

P38 activity significantly increased the fluorescence signal intensity

of HP1 and H3K9me2 in embryos in the ATF7-KD + 0.1 μM

SB202190 group compared with the ATF7-KD group (HP1:

control group, 1.00, n = 37; ATF7-KD group, 0.65 ± 0.02, n = 34,

p < 0.01; ATF7-KD + SB202190 0.1 μM group, 0.98 ± 0.02, n = 31,

p < 0.05; H3K9me2: control group, 1.00, n = 43; ATF7-KD group,

0.72 ± 0.04, n = 42, p < 0.01; ATF7-KD + SB202190 0.1 μM group,

0.98 ± 0.03, n = 37, p < 0.05) (Figure 4B–D). These results suggest

that active P38 negatively regulates ATF7-dependent heterochro-

matin function.

F IGURE 2 Effects of ATF7 knockdown on early porcine embryonic development. (A) Real-time quantitative PCR results of ATF7 mRNA
expression levels in the control and ATF7-KD groups. Compared with the control group, the expression level of ATF7 mRNA was significantly
lower in the ATF7-KD group. **p < 0.01. (B) Western blotting results of ATF7 protein expression after microinjection of ATF7 dsRNA. (C) Band
intensity analysis of ATF7 after ATF7 dsRNA microinjection. ATF7 protein expression decreased significantly in the ATF7-KD group. *p < 0.05.
(D) Typical pictures of ATF7 fluorescence signal at 4C and BL stages after ATF7 dsRNA microinjection. Blue, DAPI; green, ATF7; bar = 20 μm. (E)
Fluorescence intensity of ATF7 after ATF7 dsRNA microinjection. Compared with the control group, ATF7 fluorescence intensities of 4C and BL
in the ATF7-KD group were significantly lower. **p < 0.01; ***p < 0.001. (F) Blastocyst rate after ATF7 dsRNA microinjection. The rate reduced
significantly in the ATF7-KD group. **p < 0.01. (G) Real-time quantitative PCR results of G9a and SUV39H2 mRNA expression levels in the
control and ATF7-KD groups. Compared with the control group, the expression level of G9a and SUV39H2 mRNA was significantly lower in the
ATF7-KD group. **p < 0.01; ***p < 0.001. (H) Cell numbers in blastocysts after ATF7 dsRNA microinjection. The cell number of blastocysts was
decreased in the ATF7-KD group. *p < 0.05
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3.5 | Effects of inhibition of P38 on HT embryonic
development

To correlate the function of ATF7 with its stress context, we used HT

treatments of 39.5 and 40.5�C to culture embryos during early por-

cine embryonic development. Most of the embryos in the control

group developed to the blastocyst stage, while only a small proportion

of the embryos in the 39.5 and 40.5�C HT groups achieved this devel-

opment (control group, 46.19 ± 2.25%, n = 275; HT 39.5�C group,

17.75 ± 4.00%, n = 275, p < 0.05; HT 40.5�C group, 7.90 ± 2.99%,

n = 272, p < 0.01) (Figure 5A). In subsequent studies, the temperature

of 39.5�C was used. In addition, HT significantly induced the protein

expression level of pATF7 and decreased the protein expression level

of ATF7 in comparison with the control group (pATF7: control group,

1.00, n = 400; HT group, 1.63 ± 0.006, n = 400, p < 0.001; ATF7:

control group, 1.00, n = 360; HT group, 0.79 ± 0.005, n = 360, p < 0.05)

(Figure 5B–D). At a concentration of 0.1 μM, SB202190 significantly

increased the blastocyst rate of embryos in the HT group compared with

that in the control group (control group, 33.17 ± 3.70%, n = 418; HT

group, 12.11 ± 3.41%, n = 479, p < 0.01; HT + SB202190 0.1 μM

group, 23.97 ± 6.41%, n = 367, p < 0.05; HT + SB202190 0.5 μM

group, 15.14 ± 0.56%, n = 324, p > 0.05) (Figure 5E). Various envi-

ronmental stressors, such as heat stress, can activate P38.20 Our

results showed that 0.1 μM SB202190 decreased the pP38/P38

ratio in the HT group and abolished the phosphorylation of ATF7

induced by HT. Densitometry analysis results (Figure 5F–H) were

F IGURE 3 Effects of ATF7-KD on heterochromatin in porcine embryos. (A) Typical pictures of H3K9me2 intensity in 4C and BL stages after
ATF7 dsRNA microinjection. Blue, DAPI; green, H3K9me2. (B,C) Fluorescence intensity of H3K9me2 in 4C and BL stages after ATF7 dsRNA
microinjection. Compared with the control group, the relative fluorescence intensity of H3K9me2 in 4C and BL stages in the ATF7-KD group was
significantly lower. **p < 0.01. (D) Typical pictures of HP1 intensity in 4C and BL stages after ATF7 dsRNA microinjection. Blue, DAPI; green,
HP1; (E,F) fluorescence intensity of HP1 in 4C and BL stages after ATF7 dsRNA microinjection. The relative fluorescence intensity of HP1 in 4C
and BL stages in the ATF7-KD group was significantly lower compared with the control group. *p < 0.05; **p < 0.01
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also consistent with these results (pATF7: control group, 1.00,

n = 240; HT group, 1.59 ± 0.05, n = 240, p < 0.01; HT + SB202190

0.1 μM group, 1.34 ± 0.04, n = 240, p < 0.05; pP38/P38: control

group, 1.00, n = 320; HT group, 1.60 ± 0.15, n = 320, p < 0.05;

HT + SB202190 0.1 μM group, 1.12 ± 0.17, n = 320, p < 0.05).

These results suggest that inhibition of P38 activity could alleviate

the injury of porcine early embryos at HT.

3.6 | Effects of inhibition of P38 on HT embryonic
heterochromatin

Consistent with previous results, fluorescence signal intensities of

pATF7 and pP38 were significantly increased in the HT group, and

these changes could be alleviated using 0.1 μM SB202190 concurrent

with HT treatment (pATF7: control group, 1.00, n = 27; HT group,

F IGURE 4 Effects of inhibition of P38 on ATF7-KD embryonic development. (A) Blastocyst rate after ATF7 dsRNA microinjection and
treatment with SB202190 at 0.1 and 0.5 μM. The blastocyst rate was significantly lower in the ATF7-KD group compared with the control group
and was significantly higher in the ATF7-KD + SB202190 0.1 μM group compared with the ATF7-KD group. In addition, there was no significant
difference in the control + SB202190 0.1 μM group compared to the control group. *p < 0.05; **p < 0.01. (B) Typical pictures of H3K9me2 and
HP1 intensities in the BL stage after ATF7 dsRNA microinjection and treatment with SB202190 at 0.1 μM. Blue, DAPI; green, HP1; red,
H3K9me2. (C,D) Fluorescence intensity of HP1 and H3K9me2 in the BL stage after ATF7 dsRNA microinjection. The relative fluorescence
intensity of HP1 and H3K9me2 in the BL stage in the ATF7-KD group were significantly lower compared with the control group. The relative
fluorescence intensity of HP1 and H3K9me2 increased significantly in the ATF7-KD + SB202190 0.1 μM group compared with the ATF7-KD
group. *p < 0.05; **p < 0.01
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1.52 ± 0.10, n = 36, p < 0.05; HT + SB202190 0.1 μM group, 0.91 ±

0.15, n = 31, p < 0.01; pP38: control group, 1.00, n = 32; HT group,

1.26 ± 0.03, n = 42, p < 0.05; HT + SB202190 0.1 μM group, 1.05 ±

0.04, n = 36, p < 0.01) (Figure 6A–D). Furthermore, we confirmed the

effects of inhibiting P38 activity on the heterochromatin of embryos

treated at HT. Immunofluorescence staining was used to stain the dif-

ferent heterochromatin marker proteins. Quantitative analysis of the

fluorescence intensities of HP1 and H3K9me2 proteins in the 4C

stage in the control and HT groups showed that HT significantly

reduced the signal intensities of these two proteins and that these

reductions could be improved in the HT + SB202190 0.1 μM group

(HP1: control group, 1.00, n = 28; HT group, 0.70 ± 0.04, n = 36,

p < 0.05; HT + SB202190 0.1 μM group, 0.81 ± 0.03, n = 33,

p < 0.05; H3K9me2: control group, 1.00, n = 61; HT group, 0.63 ±

0.04, n = 53, p < 0.01; HT + SB202190 0.1 μM group, 0.86 ± 0.04,

n = 45, p < 0.01) (Figure 6E–H).

F IGURE 5 Effects of inhibition of P38 on HT embryonic development. (A) Blastocyst rate after HT exposure at 39.5 and 40.5�C. The rate
decreased significantly in both HT groups compared with the control group. *p < 0.05; **p < 0.01. (B) Western blotting result of ATF7 protein
expression after HT exposure in the 4C stage. (C) Western blotting result of pATF7 protein expression after HT exposure in the 4C stage.
(D) Band intensity analysis of ATF7 and pATF7 after HT exposure at 39.5�C. The expression level of pATF7 protein was increased significantly in
the HT group compared with the control group and the expression level of ATF7 protein was decreased significantly. *p < 0.05; ***p < 0.001
(E) Blastocyst rate after HT exposure at 39.5�C and treatment with SB202190 at 0.1 and 0.5 μM. The rate decreased significantly in the HT
39.5�C group compared with the control group. The blastocyst rate increased significantly in the HT + SB202190 0.1 μM group compared with
the HT group. *p < 0.05; **p < 0.01. (F) Western blots showing pATF7, P38, and pP38 protein expression after HT exposure in the 4C stage.
(G and H) Band intensity analysis of pATF7 and ratio of pP38/P38 after HT exposure at 39.5�C and treatment with SB202190 at 0.1 μM.
Expression of pATF7 protein expression and the pP38/P38 ratio increased significantly in the HT group compared with the control group. The
expression of pATF7 protein and the pP38/P38 ratio decreased significantly in the HT + SB202190 0.1 μM group compared with the HT group.
*p < 0.05; **p < 0.01
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4 | DISCUSSION

The current study aimed to explore the role of ATF7 in early porcine

embryonic development. The results demonstrate that ATF7

contributes to heterochromatin by maintaining the stable expression

of H3K9me2 and HP1. In response to HT, activation of pATF7 results

in the release of ATF7 together with H3K9me2, which affects the

quality of early porcine embryos.

F IGURE 6 Effects of inhibition of P38 on HT embryonic heterochromatin. (A) Typical pictures of pATF7 intensity in the 4C stage after HT
exposure at 39.5�C and treatment with inhibitor SB202190 at 0.1 μM. Blue, DAPI; green, pATF7. (B) Typical pictures of pP38 intensity in the 4C
stage after HT exposure at 39.5�C and treatment with inhibitor SB202190 at 0.1 μM. Blue, DAPI; green, pP38. (C,D) Fluorescence intensity of
pATF7 and pP38 in the 4C stage after HT exposure at 39.5�C and treatment with SB202190 at 0.1 μM. The relative fluorescence intensity of
pATF7 and pP38 in the 4C stage in the HT group compared with the control group. The relative fluorescence intensity of pATF7 and pP38 were
significantly higher in the HT + SB202190 0.1 μM group compared with the HT group. *p < 0.05; **p < 0.01. (E) Typical pictures of HP1 intensity
in the 4C stage after HT exposure at 39.5�C and treatment with SB202190 at 0.1 μM. Blue, DAPI; green, HP1. (F) Typical pictures of H3K9me2
intensity in the 4C stage after HT exposure at 39.5�C and treatment with SB202190 at 0.1 μM. Blue, DAPI; green, H3K9me2. (G,H)
Fluorescence intensity of HP1 and H3K9me2 in the 4C stage after HT exposure at 39.5�C and treatment with SB202190 at 0.1 μM. The relative
fluorescence intensity of HP1 and H3K9me2 in the 4C stage in the HT group were significantly lower compared with the control group and were
significantly higher in the HT + SB202190 0.1 μM group compared with the HT group. *p < 0.05; **p < 0.01
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As a member of the ATF2 subfamily, ATF7 is functionally and

structurally related to ATF2,15 which epigenetically controls gene

silencing associated with heterochromatin. Heterochromatin exists in

two facultative and constitutive forms. Facultative heterochromatin is

a flexible form found in various chromosomal regions when the

repression of gene-coding regions is desired. Constitutive heterochro-

matin forms in specific regions of the genome and is characterized by

arrays of tandem DNA repeats.36 In HeLa cells, ATF7 exhibits two

localization patterns: a nuclear localization that is diffusely distributed

and excludes the nucleoli, and a distinct pattern restricted to the

periphery of the nucleus.37 In fission yeast, the homologue of ATF-2,

Atf1, plays a role in heterochromatin nucleation and interacts with

Swi6, the yeast homologue of HP1.24 In Drosophila gland cells,

dATF-2 co-precipitates with HP1. Immunostaining of polyline chro-

mosomes revealed that both dATF-2 and HP1 are located in hetero-

chromatic centers.38 Our data indicates that ATF7 is expressed at all

stages of early porcine embryonic development and enters the

nucleus at the 4C stage. Subsequently, ATF7 localizes to pericentric

heterochromatin, which is a type of constitutive heterochromatin.

Heterochromatin maintains pericentromeric DNA and is important for

normal cellular functions.39 This chromatin typically features accumu-

lated inhibitory histone markers, such as H3K9me2/3,40 which leads

to the recruitment of heterochromatin proteins and contributes to the

establishment of heterochromatin and maintenance of this chromatin

state.41,42 In the present study, ATF7 co-localized with HP1 on peri-

centric heterochromatin from late-4C to BL, suggesting a potential

relationship of ATF7 with heterochromatin.

To explore the potential function of ATF7 during early porcine

embryonic development, we microinjected ATF7 dsRNA to knock-

down ATF7 expression in embryos. After ATF7 knockdown, blasto-

cyst formation and quality were detrimentally affected, suggesting

that ATF7 is essential for embryonic development. In addition, dele-

tion of ATF7 resulted in decreased the H3K9me2/3 methyltrans-

ferases G9a and SUV39H2 mRNA levels and affected the expression

of H3K9me2 and HP1. When P38 activity was inhibited, the changes

in these two proteins were alleviated. H3K9me2/3 is an epigenetic

marker heterochromatin.43–45 G9a and SUV39H2 can directly bind

H3K9me, in addition, SUV39H1/2 also interacts with members of the

heterochromatin protein 1 (HP1) family, which specifically recognizes

H3K9me2/3 and contributes to the transcriptional repression and

proliferation of H3K9me2/3. HP1 regulates the stability of H3K9

methyltransferases and demethylases in heterochromatin tissues.46

Previous studies have shown that in brown preadipocytes, loss of

ATF7 leads to decreased adipose tissue mass and increase in energy

expenditure, as well as that ATF7 suppresses innate immunity-related

gene expression by recruiting G9a to regulate H3K9me2 levels.47 In

Drosophila, dATF2 mutant cell clones in salivary glands disrupt hetero-

chromatin formation and function by reducing HP1 and H3K9me2

signalling in a process that is negatively regulated by the P38

upstream kinase Mekk1.38 Together with these previous findings, our

results further support the requirement of P38-regulated ATF7 for

heterochromatin function.

Cells are constantly exposed to various stresses, such as changes

in osmotic pressure, oxygen, and temperature.48 Heat stress is one of

the most prevalent environmental stresses that negatively affects

embryonic development. HT induces apoptosis in mouse follicles and

increases mitochondrial ROS levels in bovine oocytes, while disrupting

the arrangement of organelles in porcine oocytes.49–51 To confirm the

changes in ATF7 function in the context of stress, we used HT treat-

ment during early porcine embryonic development. We observed that

HT induced the expression of pATF7 by activating P38, thereby

reducing the levels of H3K9me2 and HP1 to affect the function of

heterochromatin. These changes could be alleviated by inhibition of

p38 activity. In a study on mouse liver cells, a low-protein diet induced

the phosphorylation of ATF7 by P38 via ROS, which resulted in the

release of ATF7 and reduction of H3K9me2 on its target genes.52

Similar results were also demonstrated in senescent adipocytes, where

ATF7 from the promoter of the p16Ink4a gene, which encodes a

cyclin-dependent kinase inhibitor, was released as mice aged, leading to

an increase in its mRNA levels. These findings suggest that ATF7 can

regulate the lifespan of mice.53 Both osmotic stress and HT can induce

dATF2 phosphorylation in Drosophila via the Mekk1-p38-dATF-2

signalling pathway, resulting in disrupted heterochromatin. Taken

together, our results demonstrate that stress-induced heterochromatin

F IGURE 7 Diagram of heat-induced
ATF7-dependent epigenetic changes
during early porcine embryonic
development. ATF7 plays a role in
maintaining heterochromatin function.
This may be through the P38-pATF7
signalling pathway to stabilize HP1 and
H3K9me2 expression during early porcine
embryonic development in
response to HT
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changes during early porcine embryonic development are dependent

on ATF7 under HT stress.

5 | CONCLUSION

ATF7 contributes to heterochromatin by maintaining the expression

of H3K9me2 and HP1 in the absence of stress. In response to HT

conditions, P38 is activated in the embryo. ATF7, phosphorylated by

P38, is released from heterochromatin and leads to reduction of

H3K9me2 and HP1 levels, ultimately adversely affecting early porcine

embryonic development (Figure 7).
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