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Abstract
Background

The lineage speci�cation of mammalian embryos during preimplantation development has been studied
for a long time but is still unclear. To understand the developmental process, many studies have
examined lineage markers and mechanisms focusing on mouse embryos, but there are differences from
human embryos. Pigs have been studied extensively in the �eld of disease model animals and
xenotransplantation because of their physiological similarity with humans. Therefore, it is necessary to
analyze gene expression patterns and lineage speci�cation markers during early embryogenesis in pigs, a
model animal similar to humans.

Results

Analysis of the expression pattern of the core pluripotent factors (OCT4, SOX2 and NANOG) of
preimplantation porcine embryos showed that SOX2 was only expressed in some cells from the early
stage, so SOX2 was selected as an ICM inducible factor candidate. Next, transcript and protein expression
patterns were estimated at the early stage (Day 5) and late stage (Day 7) of blastocysts injected with the
CRISPR Cas9 system selected through gRNA validation. An ICC assay revealed that the expression of
ICM-related genes (SOX2, NANOG and SOX17), except OCT4, was suppressed, and the total cell number
was also decreased. Likewise, according to real-time PCR analysis, pluripotency-related genes (NANOG,
SOX17 and SMAD7), excluding OCT4, and proliferation-related genes (KDM8 and DDB1) were decreased
in SOX2-targeted blastocysts, which showed more differences in late-stage blastocyst than in early-stage
blastocyst. Last, in SOX2-overexpressing embryos, the total blastocyst cell number was greatly increased,
but the ICM/TE ratio decreased.

Conclusions

Taken together, our results demonstrated SOX2 is essential for ICM formation and cell proliferation in
porcine early stage embryogenesis. These �ndings will help to elucidate gene regulation related to lineage
speci�cation during porcine early development. 

Methods
The care and experimental use of pigs and mice were approved by the Institute of Laboratory Animal
Resources, Seoul National University (SNU-140328-2). Unless otherwise stated, all chemicals were
obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA).

In vitro embryo production

The ovaries of the prepubertal gilts were obtained from a local slaughterhouse (Anyang-si, Gyeonggi-do,
Korea) and transferred to the laboratory in warm saline. Cumulus-oocyte complexes (COCs) were
collected by aspirating 3- to 7-mm follicles of the prepubertal gilts with a 10-mL syringe and an 18-gauge
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needle. Sediments were washed with TL–HEPES–PVA medium, and oocytes with compact cumulus cells
and granulated cytoplasm were selected for in vitro maturation. The washed COCs were cultured in tissue
culture medium (TCM-199; Life Technologies, Carlsbad, CA, USA) containing 10 ng/mL epidermal growth
factor, 1 mg/mL insulin, and 10% porcine follicular �uid for 44 hours at 39°C at 5% CO2 and 100%
humidity. The COCs were matured with 10 IU/mL gonadotropin hormone, pregnant mare serum
gonadotropin (Lee Biosolutions, Maryland Heights, MO, USA), and human chorionic gonadotropin for the
�rst 22 hours. The COCs were then matured under hormone-free conditions. To generate parthenotes,
cumulus-free oocytes were activated with an electric pulse (1.0 kV/cm for 60 ms) in activation medium
(280 mM mannitol, 0.01 mM CaCl2, 0.05 mM MgCl2) using a BTX Electrocell Manipulator (BTX, CA, USA),
followed by 4 hours of incubation in PZM3 medium containing 2 mmol/L 6-dimethylaminopurine.

Cytoplasmic injection of the DNA-lipofectamine complex

For the microinjection assay, 10 μl of 90 ng/μl of DNA in combination with 1 μl of Lipofectamine (Stem

reagent; Thermo Fisher Scienti�c) was incubated for 5 min in Media-199 (Gibco), and the �nal DNA
concentration was 15 ng/μl. One day after PA, the embryos at the 2-cell stage were injected with 2 pl of
plasmid-lipofectamine solution in manipulation media. The microinjection procedure was conducted with
a micromanipulator (Eclipse TE2000, Nikon, Tokyo, Japan) with holding and injection pipettes. We used a
Femtotip  (Eppendorf, Hamburg, Germany) as an injection pipette.

Immunocytochemistry

Each stage of embryos without zona pellucida was �xed in 4% paraformaldehyde for 15 min at room
temperature. Fixed samples were permeabilized using 1% Triton X-100 for 1 hour at room temperature
and washed three times with phosphate-buffered saline (PBS). The embryos were blocked using 10%
goat serum or donkey serum in PBS for 1 hour at room temperature. Samples were stained with anti-
SOX2 (5 μg/ml), NANOG (1 μg/ml), OCT4 (1 μg/ml), and SOX17 (1 μg/ml) in PBS containing 10% donkey
serum at 4°C overnight. After washing 3 times in washing solution (PBS with 0.2% Tween-20 and 1% BSA
for 10 min), embryos were incubated with donkey anti-rabbit Alexa594 (Invitrogen, Carlsbad, California,
USA) in PBS with 10% donkey serum at RT for 1 hour. All samples were washed 3 times with washing
solution after secondary antibody treatment. Immunostained embryos were mounted on a slide glass
with Prolong gold with DAPI (Invitrogen) and cured for more than 24 hours. We described the list of
antibodies in Table S2. The imaging tool of the micromanipulator was used to take �uorescence images.
We used the ImageJ program to obtain images.

Quantitative RT-PCR

Pooled embryos at each stage of in vitro-produced embryos (2–3-cell, n=20; 4-cell, n=20; 6–8-cell, n=20;
morula, n=10; and BL, n=5) were processed with an Arcturus® PicoPure® RNA Isolation Kit (Applied
Biosystems, Foster City, California, USA) following the manufacturer’s instructions. cDNA was
synthesized using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems, USA). Extracted cDNA samples
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were ampli�ed using Power SYBR Green Master Mix (Applied Biosystems, USA) containing 1 pmol of
each primer set listed in Table S1 in a 10 μl reaction volume. Ampli�cation and detection were conducted
using the ABI 7300 Real-Time PCR System (Applied Biosystems, USA) under the following conditions: one
cycle of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and
annealing/extension for 1 min (annealing/extension temperatures dependent on each primer set). The
dissociation curves were analyzed, and the ampli�ed products were loaded onto gels to con�rm the
speci�city of the PCR products. The relative expression level was calculated by normalizing the threshold
cycle (Ct) values of each gene to that of the reference gene beta-actin (ACTB) via the delta-delta Ct
method.

Production of CRISPR Cas9 Vectors and SOX2 Gene Expression Vector

The selected guide sequence was inserted into the pX330 and pX458 vectors. The CRISPR-target site is
depicted in Figure 2. The porcine SOX2 coding region sequence was synthesized and replaced in the
human SOX2 site of the pCXLE-hS + Egfp vector, Addgene #74945. All vectors were veri�ed by nucleotide
sequencing.

Culture of porcine embryonic �broblasts and plasmid transfection

Basic cell culture and lipofection were carried out following procedures in our previous report (1). Brie�y,
pEF cells were plated in 6-well plates and transfected with 300 ng of pX330 constructs and 300 ng of
pCAG-EGxxFP constructs using Lipofectamine 3000 Reagent (Thermo Fisher Scienti�c, Waltham, MA,
USA). We replaced culture media with fresh modi�ed Dulbecco’s modi�ed Eagle’s medium (DMEM) 24
hours after lipofection, followed by 2 days of culture. For genotyping of transfected pEF, genomic DNA
was extracted from pEF using the G-spin Total DNA Extraction Kit (iNtRON Biotechnology, Korea).
Genomic DNA samples were ampli�ed using 10 pmol of porcine SOX2-speci�c primers and 2 X PCR
master mix solution (iNtRON Biotechnology).

Statistical analysis

Statistical analysis of data was performed using GraphPad Prism Software (version 5.01; San Diego, CA,
USA). Signi�cant differences among experimental groups were determined by one-way analysis of
variance followed by Tukey’s multiple comparison test. A p-value <0.05 was considered signi�cant. Data
are presented as the mean ± standard error.

Background
In mammals, two lineage segregations occur during preimplantation development. First, the cell
population is divided into the inner cell mass (ICM) and trophectoderm (TE), and second, the ICM is
divided into the epiblast (EPI) and primitive endoderm (PrE). Many studies have revealed that this process
is controlled by complex genomics and molecular networks in mammals. In mice, Oct4 is known to be the
gene that drives this �rst lineage segregation with Cdx2 (2). However, recent studies highlight the
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importance of SOX2 as a gene that induces derivation with ICM (3, 4). SOX2, along with OCT4 and
NANOG, is one of the core transcription factors and is speci�cally expressed in the ICM in mammalian
embryos (5, 6). In addition, SOX2 is also expressed in embryonic stem (ES) cells and germ cells, so it is
considered a key transcription factor for pluripotency (7-9). For these reasons, SOX2 is used for
reprogramming somatic cells into induced pluripotent stem (iPS) cells (10, 11). In particular, SOX2 is a
faithful marker of pluripotency among several pluripotent genes in porcine preimplantation embryos (6).
In contrast, OCT4 is expressed in both ICM and TE, and it is coexpressed with the TE marker CDX2 from
the D5 blastocyst stage and is essential for TE formation in pigs. In the human blastocyst, OCT4 is also
expressed in TE, so it is more similar to embryos in pigs, which make them a better model animal than
mice (12, 13). Due to this similarity with humans, pigs are being studied as a model animal in early
development (14-16).

Transgenic mammalian embryo studies continue to advance. The CRISPR (clustered regularly
interspaced, short palindromic repeat) cas9 (CRISPR-associated) system, which has been studied
extensively in recent years, has improved e�ciency and is being used for genetic modi�cation research.
CRISPR-Cas9 was used to clarify the role of genes during preimplantation development. A recent study
revealed that OCT4/Oct4 has different functions in human and mouse embryogenesis (17). In bovine
embryos, it was found that OCT4 is required for NNAOG expression by OCT4 disruption (18). NANOG is
essential for epiblast formation and maintenance of pluripotency using NANOG-targeted bovine embryos
(19). Alternatively, lineage speci�cation in mammalian embryos is being studied through overexpression
analysis. The role of OCT4 and NANOG in embryos was analyzed by somatic cell nuclear transfer (SCNT)
of stably overexpressed cell lines to embryos (20, 21). Recently, RNA direct cytoplasmic injection was
performed for overexpression to control embryonic cell fate (4, 22). Although many studies have analyzed
the function of several genes during early embryo development, the role of SOX2 is still not de�ned.

In this study, we investigated the expression patterns of core transcription factors and the role of SOX2 in
parthenogenetically activated (PA) porcine embryos. First, we investigated gene expression patterns at
each stage during early embryogenesis to select an ICM-faithful marker. Then, we injected CRISPR/Cas9
vectors into a 2-cell stage embryo to knock out the SOX2 gene. After the culture period, the transcript and
protein expression patterns of the control blastocyst and SOX2-targeted blastocyst were analyzed by
immunostaining and qPCR in early and late blastocyst stages. Next, we induced overexpression by
microinjecting exogenous SOX2 into the embryos, and morphological differences and gene expression
patterns were evaluated at the blastocyst stage. This approach revealed the role of SOX2 in the
development of preimplantation embryos and will aid in understanding the mechanism of lineage
segregation.

Results
Pluripotent gene expression patterns in preimplantation embryos
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To identify the gene expression patterns of OCT4, SOX2, and NANOG in early porcine embryos, a
quantitative PCR (qPCR) assay was performed in porcine preimplantation embryos derived from
parthenogenesis (Figure 1A and 1B). The expression of all pluripotent genes was upregulated to the 6-8
cell stage and then decreased starting from the morula stage. Next, the expression of OCT4, SOX2, and
NANOG was examined in porcine morula and early (D5) and late (D7) blastocysts through
immunocytochemistry (ICC) assays. SOX2 protein was only located in some cells in the morula and in the
ICM from D5 and D7 blastocysts but not TE cells. NANOG protein was not found in the morula stage but
was expressed in the ICM from D5 blastocysts. OCT4 was expressed in all cells in the morula and D5
blastocysts, but some D7 blastocysts expressed OCT4 in both the ICM and TE, while others were
expressed only in the ICM. Therefore, we hypothesized that SOX2 is an ICM formation marker during
porcine embryogenesis.

Construction and validation of the CRISPR/Cas9 and gRNA expression vectors for SOX2knockout

To select the targeting site of the SOX2 gene, we used the CRISPR gRNA design tool
(https://chopchop.cbu.uib.no) to improve e�ciency and minimize off-targeting effects. Three candidate
target sites were selected (Figure 2B), and the pCAG-EGxxFP reporter system was used to evaluate them
(23). The SOX2 target sequences were cloned into the pX330 plasmid, and the SOX2 sequences (1-450
bp) were cloned into the pCAG-EGxxFP plasmid. When gene-targeted cleavage was induced, the reporter
system expressed EGFP reconstituted by homology-dependent repair (HDR). We �rst cotransfected
pX330-SOX2 gRNA and pCAG-EG(SOX2)FP into porcine embryonic �broblasts, and EGFP was observed
48 hours later. The negative control did not express GFP, and the gRNA targeting gRNA-2 (targeting 72 bp)
showed the highest activity (Figure 2C). To determine whether gRNA-2 induces indels in the target
sequence, the gDNA sequence of PEF transfected with pX330-SOX2 gRNA was analyzed. When SOX2 of
the extracted gDNA was ampli�ed through PCR and analyzed by Sanger sequencing, it was con�rmed
that a frameshift occurred in the transfected cell lines (Figure 2D). These results suggest that pX330-
SOX2-2 adequately induces DSBs in the targeted site of reporter plasmids in PEF cells.

Effects of SOX2-targeting plasmid microinjection on embryo development

To investigate whether SOX2 plays an important role in ICM formation in preimplantation porcine
embryos, pX458+gRNA-2, which contains Cas9 and EGFP, was injected into 2-cell stage embryos. We
used a DNA plasmid-liposome cytoplasmic microinjection system to establish SOX2-targeted embryos
(24). The expression of EGFP contained in the plasmid con�rmed that the plasmid operated normally
(Figure 2E). The injected blastocyst had a small size, but the blastocoel was formed.
Immuno�uorescence analysis revealed that most of the pX458-gRNA was injected into day 5 blastocysts,
and SOX2 protein expression was downregulated (Figure 3A). Some embryos had no SOX2-positive cells,
and the other embryos had fewer SOX2-positive cells compared to the uninjected group. Similarly,
NANOG-positive cells were present less frequently in the injected blastocysts than in the control
blastocysts. Likewise, in the late blastocyst stage, there were fewer SOX2- and NANOG-positive cells in
blastocyst injected with pX458-gRNA, and SOX17, a primitive endoderm marker, was also expressed at

https://chopchop.cbu.uib.no/
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lower levels (Figure 3B). In addition, the total cell number of blastocysts and SOX2-, NANOG-, and SOX17-
positive cells decreased in embryos injected with pX458-gRNA (Table 1). In contrast, OCT4 protein was
expressed in most cells, such as control blastocysts, meaning that it was not signi�cantly in�uenced by
SOX2 knockout.

To identify the transcriptional consequences of SOX2 reduction, qPCR analysis was performed on
noninjected and pX458-gRNA-injected BL. In early-stage BL, the expression levels of SOX2, OCT4, and
NANOG were not signi�cantly different according to SOX2 targeting (Figure 4A). The expression of SOX17
decreased, and the expression of SMAD7, which is known to be involved in ES cell self-renewal and iPSC
reprogramming, also decreased (25). KDM8 is directly controlled by SOX2, which is known to regulate
embryonic cell proliferation, and its expression is decreased in SOX2-targeted blastocyst (Figure 3C) (26,
27). Known to play an important role in embryo proliferation, DDB1 tended to decrease in the SOX2 target
blastocysts (28). In the late blastocyst stage, the expression of genes excluding SOX2 and OCT4
decreased in the SOX2-targeted group compared to the control group (Figure 3C, 3D). These �ndings
suggest that targeting SOX2 in porcine embryos reduces the expression of ICM-speci�c genes except
OCT4 and has a negative effect on cell proliferation.

Overexpression of exogenous SOX2 through microinjection assay

Next, we evaluated the functional effects of transient overexpression of SOX2 in porcine embryos. DNA
plasmid-liposome cytoplasmic microinjection was implemented in 1-cell stage embryos and 2-cell stage
embryos. The embryo injected in the 1-cell stage expressed EGFP overall, and the embryo injected into the
2-cell stage expressed a mosaic pattern. Most of the 1-cell stage SOX2-overexpressing embryos were
arrested at the morula stage or early D5 blastocyst stage and did not form a normal blastocoel (Figure
5A). On the other hand, CMV-GFP plasmid-injected embryos and media (TCM-199)-injected embryos
developed into blastocysts (Table 2). The 2-cell stage injected embryos developed to day 7 blastocysts
and hatched from the zona pellucida. The ICC assay showed that outliers occurred in the total cell
number of SOX2-overexpressing embryos (Figure 5B). Blastocysts with more than 250 cell counts were
formed, but the SOX2-positive cell ratio decreased (Figure 5C, 5D). In the qPCR assay, the expression of
SOX2 and NANOG increased compared to the control, but OCT4 showed no signi�cant difference (Figure
5E). These results indicate that SOX2 is related to proliferation and to other pluripotent genes in porcine
embryos.

Discussion
The role of SOX2 in preimplantation embryos has been studied in mice, but it differs from species to
species and needs to be studied in pigs. Mouse embryos with disruption of Sox2 achieved blastocyst
formation but failed to develop (29). However, murine 1-cell stage and 2-cell stage embryos
overexpressing Sox2 arrest before the morula stage (30). These �ndings have been described in mice but
not in pigs, so it was necessary to study the role of SOX2 during embryogenesis. In our study, SOX2-
targeted embryos formed blastocoels but failed to form ICM, resulting in consistent outcomes with
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mouse embryos. Conversely, SOX2-overexpressing 2-cell stage asymmetric embryos could develop into
blastocysts. Because there is a difference in the gene expression system, the RNA-based system induces
immediate expression, whereas the DNA-lipofectamine system is delayed by ZGA (zygotic genome
activation). ZGA starts at the 4-cell stage in pigs, and previous research showed that gene expression
occurs later in bovine embryos than murine embryos with microinjection of DNA plasmid (31, 32). As the
expression of exogenous SOX2 was delayed by ZGA, it did not affect early embryonic gene expression.
Therefore, SOX2-overexpressing embryos may appear to generally develop into blastocysts. The gene
expression system can be used differently depending on the species, and the timing of exogenous gene
expression can be controlled. Under other conditions, most embryos overexpressing SOX2 at the 1-cell
stage were arrested at the morula stage without being divided into two lineages (Figure 5A). SOX2 in the
porcine preimplantation embryo is speci�cally expressed in a few cells in the morula, ICM in the early
stage blastocyst, and EPI in the spherical embryo (33). However, it seems that exogenous SOX2 injection
at the 1-cell stage interferes with the distinct distribution of SOX2 at the morula stage and inhibits intact
segregation. Another possibility is that a high level of SOX2 can lead to differentiation. This is in
agreement with previous �ndings in which the overexpression of SOX2 in human ESCs induces
trophectodermal differentiation. Similarly, overexpression of Sox2 in mouse ESCs downregulates Sox2
and Oct4 target genes (34, 35).

Interestingly, unlike NANOG, the mRNA expression of OCT4 and the protein expression of OCT4 were not
in�uenced by overexpression or knockout of SOX2 in porcine embryos (Figure 3). Likewise, Carm1- and
LincGET-overexpressing mouse embryos show a signi�cant change in the expression levels of Sox2 and
Nanog but not Oct4 (4). Moreover, as a result of quantifying the binding of Oct4 and Sox2 to DNA in
mouse embryos, Sox2 engages in more long-lived interactions than Oct4 at the 4-cell stage (3). In another
study, OCT4/Oct4 knockout in mouse and human embryos decreased the expression of NANOG/Nanog
(EPI marker) and SOX17/Sox17 (primitive endoderm marker) (17). Correspondingly, in OCT4 knockout
bovine embryos, the expression of NANOG was suppressed, but the �rst lineage segregation was not
affected (18). According to these studies, SOX2 and OCT4 are the genes that control blastocyst
development and pluripotency. However, more studies are needed to determine their roles and
interactions.

Furthermore, our data suggest that SOX2 is required for embryo proliferation (Table 1, Figure 5B). These
results match those mentioned in studies of Sox2-targeted embryos in mice (29). Likewise, previous
studies showed that overexpression of SOX2 enhances proliferation in human mesenchymal stem cells
and Wharton’s jelly stem cells (36, 37). Additionally, SOX2 is strictly required for proliferation in human
MSCs and primordial germ cells (7, 38). In the above studies, overexpression of SOX2 triggers high
expression of Cyclin D1, accelerating the G1 to S transition. Based on these �ndings, we speculate that
SOX2 promotes cell proliferation during embryo development as well as in pluripotent cells and
multipotent stem cells. However, the association between SOX2 and proliferation in porcine embryos and
ESCs is not yet clear. Since authentic porcine ESCs have been established in recent studies, it is expected
that proliferation studies will be possible based on these results (39).
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Conclusion
In summary, we targeted or overexpressed SOX2 in porcine embryos, thus suggesting that SOX2 plays an
important role in ICM formation and cell proliferation. We hope that this study will help to understand the
roles and networks of genes in preimplantation embryos between species in the future.
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Tables
Table 1. The number of total cells and pluripotent marker positive cells

Group No. blastocyst
(n=3)

Cells in blastocysts

Total cell
number

SOX2
positive cells

NANOG
positive cells

SOX17
positive cells

Cont. 30 131.8 ± 8.4a 17.6 ± 1.6a 6.8 ± 1.4a 7.2 ± 1.6a

PX458-
empty

30 117 ± 6.5a 13.4 ± 1.6a 4.7 ± 0.8a 6.2 ± 1.0a

PX458-Sox2
gRNA

30 29 ± 2.5b 1.6 ± 0.6b 0.8 ± 0.4b 0.3 ± 0.2b

Table 2. Developmental rates of SOX2 overexpressed embryos

Group No. embryos (n=3) No. cleaved (%) Blastocyst (%)

pCXLE-pSOX2

1C stage injected

101 71 (71.7±0.03) 8(8.1±0.03)

CMV-GFP

1C stage injected

91 71(77.9±0.05) 32(35.2±0.01)

Media

1C stage injected

90 68(75.6±0.03) 26(28.9±2.94)

Figures
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Figure 1

Core pluripotency factor expression pattern in preimplantation porcine embryos (A) PA embryos in 6
developmental stages (2 cells, 4 cells, 6-8 cells, Early Blastocyst, Late Blastocyst) were used for RNA
extraction and cDNA synthesis. Data were normalized against the endogenous reference gene ACTB, and
the data from each stage were relative to the 2-cell stage. We analyzed the relative expression levels of
core pluripotency genes (SOX2, OCT4A, NANOG). Error bars represent the mean S.E.M., * indicates a
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signi�cant difference between groups. (B) Expression and localization of core pluripotent genes in 3
developmental stages (Morula, Early Blastocyst, Late Blastocyst) of PA embryos. DNA was stained with
DAPI, and SOX2, OCT4A, and NANOG were stained red. Size marker corresponds to 100 μm.
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extraction and cDNA synthesis. Data were normalized against the endogenous reference gene ACTB, and
the data from each stage were relative to the 2-cell stage. We analyzed the relative expression levels of
core pluripotency genes (SOX2, OCT4A, NANOG). Error bars represent the mean S.E.M., * indicates a
signi�cant difference between groups. (B) Expression and localization of core pluripotent genes in 3
developmental stages (Morula, Early Blastocyst, Late Blastocyst) of PA embryos. DNA was stained with
DAPI, and SOX2, OCT4A, and NANOG were stained red. Size marker corresponds to 100 μm.
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Experimental scheme and CRISPR gRNA validation (A) Experimental scheme of SOX2 targeting of
porcine embryos. (B) Porcine SOX2 locus and gRNA targeting sites. PAM sequences are indicated in red
font. (C) The cleavage e�ciency of pX330, which contains gRNA 1 to 3 sequences, in the porcine SOX2
region of the pCAG-EGXXFP vector. (D) Deletion mutations in porcine embryonic �broblasts transfected
with pX330 (gRNA2). (E) Day 5 porcine blastocyst microinjected with Px458 (gRNA2) lipofectamine
complex.

Figure 2
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Experimental scheme and CRISPR gRNA validation (A) Experimental scheme of SOX2 targeting of
porcine embryos. (B) Porcine SOX2 locus and gRNA targeting sites. PAM sequences are indicated in red
font. (C) The cleavage e�ciency of pX330, which contains gRNA 1 to 3 sequences, in the porcine SOX2
region of the pCAG-EGXXFP vector. (D) Deletion mutations in porcine embryonic �broblasts transfected
with pX330 (gRNA2). (E) Day 5 porcine blastocyst microinjected with Px458 (gRNA2) lipofectamine
complex.

Figure 3

Targeting SOX2 prevents the expression of ICM-speci�c genes in porcine embryos (A)
Immuno�uorescence analysis of pluripotent genes (SOX2, NANOG, OCT4-red) and DAPI nuclear staining
(blue) in uninjected and pX458 + gRNA-injected porcine early BL. The sample size of each group was
n=10. (B) Immuno�uorescence analysis of pluripotent genes (SOX2, NANOG, OCT4-red) and DAPI nuclear
staining (blue) in uninjected, pX458-injected, pX458 + gRNA-injected porcine late BL. The sample size of
each group was n=10. Size marker corresponds to 100 μm.



Page 19/24

Figure 3

Targeting SOX2 prevents the expression of ICM-speci�c genes in porcine embryos (A)
Immuno�uorescence analysis of pluripotent genes (SOX2, NANOG, OCT4-red) and DAPI nuclear staining
(blue) in uninjected and pX458 + gRNA-injected porcine early BL. The sample size of each group was
n=10. (B) Immuno�uorescence analysis of pluripotent genes (SOX2, NANOG, OCT4-red) and DAPI nuclear
staining (blue) in uninjected, pX458-injected, pX458 + gRNA-injected porcine late BL. The sample size of
each group was n=10. Size marker corresponds to 100 μm.



Page 20/24

Figure 4

Gene expression patterns of proliferation and pluripotency genes in SOX2-targeted porcine embryos (A)
Transcription levels of pluripotency-related genes in uninjected and SOX2-targeted day 5 blastocysts. (B)
Transcription levels of proliferation-related genes in uninjected and SOX2-targeted day 5 blastocysts. (C)
Transcription levels of pluripotency-related genes in uninjected and SOX2-targeted day 7 blastocysts. (D)
Transcription levels of proliferation-related genes in uninjected and SOX2-targeted day 7 blastocysts. *
Corresponds to signi�cant differences (*: p<0.05, **: p<0.01).
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Figure 4

Gene expression patterns of proliferation and pluripotency genes in SOX2-targeted porcine embryos (A)
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Page 22/24

Figure 5

Analysis of SOX2-overexpressing porcine blastocysts. (A) GFP expression during the development of
embryos injected with pCXLE-pSOX2 at the 1-cell stage and 2-cell stage. Size marker corresponds to 100
μm. (B) Immuno�uorescence analysis for SOX2 (red) and DAPI nuclear staining in SOX2-overexpressing
day 7 blastocysts. Size marker corresponds to 100 μm. (C) Number of blastocysts per total cell number in
control and SOX2-overexpressing day 7 blastocysts. (D) Cell allocation to the ICM and TE in control and
outliers with high total cell numbers among SOX2-overexpressing embryos. (E) Transcription levels of
pluripotency-related genes in uninjected and SOX2-overexpressing day 7 blastocysts.
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