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Abstract
Background  The establishment of stable porcine embryonic stem cells (pESCs) can contribute to basic and 
biomedical research, including comparative developmental biology, as well as assessing the safety of stem cell-based 
therapies. Despite these advantages, most pESCs obtained from in vitro blastocysts require complex media and 
feeder layers, making routine use, genetic modification, and differentiation into specific cell types difficult. We aimed 
to establish pESCs with a single cell-passage ability, high proliferative potency, and stable in long-term culture from in 
vitro-derived blastocysts using a simplified serum-free medium.

Methods  We evaluated the establishment efficiency of pESCs from in vitro blastocysts using various basal media 
(DMEM/F10 (1:1), DMEM/F12, and a-MEM) and factors (FGF2, IWR-1, CHIR99021, and WH-4-023). The pluripotency and 
self-renewal capacity of the established pESCs were analyzed under feeder or feeder-free conditions. Ultimately, we 
developed a simplified culture medium (FIW) composed of FGF2, IWR-1, and WH-4-023 under serum-free conditions.

Results  The pESC-FIW lines were capable of single-cell passaging with short cell doubling times and expressed the 
pluripotency markers POU5F1, SOX2, and NANOG, as well as cell surface markers SSEA1, SSEA4, and TRA-1-60. pESC-
FIW showed a stable proliferation rate and normal karyotype, even after 50 passages. Transcriptome analysis revealed 
that pESC-FIW were similar to reported pESC maintained in complex media and showed gastrulating epiblast cell 
characteristics. pESC-FIW were maintained for multiple passages under feeder-free conditions on fibronectin-coated 
plates using mTeSR™, a commercial medium used for feeder-free culture, exhibiting characteristics similar to those 
observed under feeder conditions.

Conclusions  These results indicated that inhibition of WNT and SRC was sufficient to establish pESCs capable 
of single-cell passaging and feeder-free expansion under serum-free conditions. The easy maintenance of 
pESCs facilitates their application in gene editing technology for agriculture and biomedicine, as well as lineage 
commitment studies.
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Background
Stable livestock pluripotent stem cells (PSCs) are a prom-
ising resource for basic and biomedical research, includ-
ing comparative developmental biology [1], as well as the 
genetic modification of animal hosts for xenotransplan-
tation [2]. Particularly, mesenchymal stem cells, which 
are readily accessible, are increasingly utilized in clini-
cal applications within the field of regenerative medicine 
[3, 4]. Compared to other species, stable pig PSCs are 
regarded as ideal models for informative applications in 
human developmental modeling because of their similar-
ities in terms of embryo development [1], anatomy, and 
physiology [5–7].

Based on previously reported culture conditions of 
human and mouse PSCs, there have been many attempts 
to establish pig PSCs since the 1990s [8–16]. However, 
they remain unstable in long-term culture and lack 
defined pluripotency features. This may be due to insuf-
ficient analysis and understanding of the specific pluripo-
tency mechanisms in different species.

In 2019, there were notable advances in pig PSCs: 
first, pig expanded potential stem cells (EPSCs) that had 
developmental potential for all embryonic and extraem-
bryonic cell lineages, allowed genome editing, and were 
capable of differentiating into chimeric trilineage deriva-
tives were reported [17]. Due to the lack of information 
on the molecular mechanisms of preimplantation embry-
onic development in the pigs at the time of the study, 
the culture conditions for pig EPSCs were determined 
through a combination of inhibitors required to main-
tain mouse and human PSCs. Meanwhile, Ramos-Ibeas 
et al. provided insights into pig pluripotency status and 
lineage delineation by conducting molecular character-
ization of the inner cell mass and trophectoderm of pig 
early blastocysts and the progressive separation of epi-
blasts and hypoblasts in late blastocysts at single cell 
resolution [18]. In addition, several pig embryonic stem 
cells (pESCs) established under defined culture condi-
tions without the use of fetal serum have been reported 
[19–24]. Most recently, a culture medium was developed 
to establish a stable PSC line from pig embryonic day (E) 
10 pregastrulation epiblasts (pgEpiSCs) based on a large-
scale single-cell transcriptome analysis of pig embryos 
from E0 to E14 [24]. By combining chemical-induced 
inhibition of WNT-related signaling with growth fac-
tors from the FGF/ERK, JAK/STAT3, and Activin/Nodal 
pathways, pgEpiSCs maintained pluripotency transcrip-
tome features similar to E10 epiblasts and were stable for 
over 240 passages. This advance in pig PSCs from 2019 
could be a starting point for increasing their utilization 
and application in various research fields.

Despite these advances, there are still issues that need 
to be addressed. Recently developed culture conditions 
for EPSCs [17] and pgEpiSCs [24] are suitable for in 

vivo-derived E5 blastocysts and E10 epiblasts, respec-
tively. Although the quality of in vivo-derived embryos 
is generally higher than that of in vitro-derived ones, 
obtaining in vivo-derived embryos is limited by techni-
cal barriers and requires high costs. In addition, complex 
media containing more than five cocktails are required to 
maintain PSCs to minimize the use of serum [19, 21, 22]. 
The complexity cause batch-to-batch variation between 
laboratories and can lead to low utilization of PSCs. 
Therefore, we aimed to establish pESCs with single cell-
passage ability, high proliferative potency, and stable in 
long-term culture from in vitro-derived blastocysts using 
a simplified serum-free medium. A pESC line that is easy 
to establish and maintain can provide a cell source with 
low experimental barriers and costs for genetic manipu-
lation, induction of specific cell types, and further studies 
of cellular behavior.

Methods
Animals and samples
Pig ovaries were donated by a local slaughterhouse 
(Dong-A Food, Republic of Korea). E13.5 ICR mice and 
BALB/c nude mice were purchased from DBL (Seoul, 
Republic of Korea) and OrientBio (Seongnam, Repub-
lic of Korea), respectively. Euthanization was performed 
under ervical dislocation, and all efforts were made to 
minimize suffering.

Oocyte collection and in vitro maturation (IVM)
About 100–120 porcine ovaries were obtained daily at a 
local slaughterhouse and transported to the laboratory 
within 3  h in 0.9% (w/v) NaCl saline at 37–39  °C. Por-
cine follicular fluid (pFF) containing cumulus-oocyte 
complexes (COCs) was aspirated from the antral follicles 
(3–6 mm) using a 10-mL disposable syringe with an 18-G 
needle and collected into a 15-mL centrifuge tube. After 
settling at 37 °C for 5 min, the supernatant was removed, 
and the precipitate was resuspended in HEPES-buffered 
Tyrode’s medium containing 0.05% (w/v) polyvinyl alco-
hol (TLH-PVA) and 300–320 COCs were recovered 
using a stereomicroscope. Only COCs with three or 
more layers of compact cumulus cells and a homogenous 
cytoplasm were selected for IVM. The selected COCs 
were transferred to 500  µl of TCM199 (Gibco, Grand 
Island, NY, United States) supplemented with 0.6 mM 
cysteine, 0.91 mM sodium pyruvate, 10 ng/mL epider-
mal growth factor, 75 µg/mL kanamycin, 1 µg/mL insu-
lin, and 1% (w/v) pFF. For maturation, the selected COCs 
were incubated for 42 h at 39  °C with 5% CO2 and 95% 
air in a humidified chamber. During the first 22  h, the 
COCs were matured using hormones (10 IU/mL equine 
chorionic gonadotropin and 10 IU/mL hCG (Intervet, 
Boxmeer, Netherlands). After 22  h of maturation with 
hormones, COCs were cultured in the absence of eCG 
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and hCG in the maturation medium for an additional 
18–20 h.

Parthenogenetic activation (PA)
After 42 h of IVM, oocytes that included the first polar 
body were selected for PA. The collected oocytes were 
washed twice with 280 mM mannitol solution containing 
0.01 mM CaCl2 and 0.05 mM MgCl2. Then, the oocytes 
were loaded on the activation solution (260 mM man-
nitol solution supplemented with 0.001 mM CaCl2 and 
0.05  Mm MgCl2) between the electrodes of the cham-
ber. The chamber was connected to an electrical puls-
ing machine (LF101; Nepa Gene, Chiba, Japan), and the 
oocytes loaded in the electrodes were activated with two 
pulses of 120 V/mm DC for 60 µs. The activated oocytes 
were transferred into an IVC medium (porcine zygote 
medium 3) containing 5 µg/mL cytochalasin B and incu-
bated in a 39  °C humidified atmosphere of 5% CO2 and 
5% O2 for 4 h. After that, the PA embryos were washed 
twice with IVC medium, and 10–12 embryos were cul-
tured in 25-µL droplets of fresh IVC medium covered 
with mineral oil. The medium was changed every two 
days.

In vitro fertilization (IVF) of porcine oocytes
To perform IVF, MII oocytes were selected and washed 
twice with modified Tris-buffered medium (mTBM) 
[25], transferred to 40 µL droplets (15 oocytes/drop) of 
mTBM, and incubated in a 39 °C humidified atmosphere 
of 5% CO2 until fertilization. Fresh boar liquid semen 
was delivered twice a week by a local artificial insemina-
tion center (Xperm-V; Darby Genetics, Inc., Anseong, 
South Korea) and stored at 17  °C until use. The semen 
was washed twice with Dulbecco’s phosphate-buffered 
saline (DPBS) containing 0.1% BSA by centrifugation at 
2,000  rpm for 2  min. After washing, the sperm pellets 
were resuspended in pre-warmed mTBM. The sperm 
motility was assessed under a stereomicroscope (Olym-
pus), and only > 70% of motile sperm were used for IVF. 
The sperm concentration was determined using a hemo-
cytometer, and the sperm was diluted with mTBM. The 
MII oocytes were co-incubated with the sperm at a final 
concentration of 5 × 105 sperm/mL for 20  min at 39  °C 
in a 5% CO2 humidified incubator. Afterward, loosely 
attached sperm were removed from the zona pellucida 
(ZP) by gentle pipetting. The oocytes were washed twice 
and incubated in mTBM without sperm for 5–6  h at 
39  °C in a 5% CO2 humidified incubator. The presump-
tive IVF zygotes were washed and cultured in 25-µL 
droplets of fresh IVC medium covered with mineral oil 
in a humidified incubator with 5% CO2 and 5% O2. The 
medium was changed every two days. On day 4, 10% 
fetal bovine serum (FBS) was added to the IVC droplets, 
which contain embryos.

Culture of porcine induced pluripotent stem cells (iPSC)
The piPSC-LIF cell lines utilized in this study were gen-
erously provided by Professor Jongpil Kim (Dongguk 
University, Republic of Korea). Cell lines were generated 
by the lentiviral transfection of porcine embryonic fibro-
blasts (PEFs) with four doxycycline-inducible human 
factors obtained from Addgene: FUW-tetO-hOct4, 
FUW-tetO-hSox2, FUW-tetO-hKlf4, FUW-tetO-hc-
Myc, and FUW-M2rtTA. These cells were cultured in 
a mixture of DMEM and F10 (in a 50:50 ratio), supple-
mented with 15% FBS, 1× Glutamax, 1× ß-mercaptoeth-
anol, 1× MEM non-essential amino acids, 1× antibiotic/
antimitotic solution, 1000 units/mL LIF (LIF2010, Mil-
lipore), and 2  µg/mL doxycycline (D9891, Sigma). The 
piPSC-FGF lines [26] were provided by Professor Gab-
sang Lee (Johns Hopkins University, USA). The medium 
contained DMEM/F12, 20% KSR, 1× Glutamax, 1× MEM 
non-essential amino acids, 1 × β-mercaptoethanol, and 
10 ng/mL FGF2. Two piPSC lines were cultured in 4-well 
dishes on mitotically inactivated MEF feeder cells and 
maintained at a temperature of 38.5  °C in a 5% CO2 air 
atmosphere. The culture medium was changed daily, and 
the cells were passaged every 3 days using 0.04% trypsin 
solution.

Test of basal media and signaling molecules for deriving 
pESC
To identify simplified culture conditions for establish-
ing pig ESCs, we obtained day 6 blastocysts after per-
forming PA or IVF and seeded unhatched blastocysts on 
MEF feeder cells. To compare the efficiency of the pESCs 
establishment, the seeded blastocysts were cultured with 
DMEM/F10 (1:1), DMEM/F12, and α-MEM medium. 
We also tested small-molecule combinations of (1) FGF2 
(F), (2) FGF2 + IWR-1 (FI), and (3) FGF2 + IWR-1 + CHIR 
(FIC). The basal medium was composed of 10% KSR 
(Gibco, Gaithersburg, MD, USA), 1X non-essential 
amino acids, 0.05 mM β-mercaptoethanol, and 1% anti-
biotic-antimycotic. The tested small molecules were 
10 ng/mL recombinant human fibroblast growth fac-
tor-basic (FGF2; Peprotech, 100-18B), 1.5 µM IWR-1 
(Sigma-Aldrich, I0161), and 0.5 µM CHIR99021 (CH; 
Selleckchem, S1263). At 10 days after blastocyst seed-
ing, primary colonies of porcine ESCs were observed 
and then fixed with 4% (w/v) paraformaldehyde. Cultures 
were performed under humidified conditions in an atmo-
sphere containing 5% CO2 at 37 ℃.

Maintenance and culture of pESC-FIW
For routine maintenance, pESC were cultured on MEF 
feeder cells in FIW medium under 5% CO2 at 37 ℃ 
with daily medium exchange. The basal medium of the 
FIW was composed of DMEM/F12, 10% KSR, 1× non-
essential amino acids, 0.05 mM β-mercaptoethanol, and 
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1% antibiotic-antimycotic. To prepare the FIW medium, 
10 ng/mL FGF2, 1.5 µM IWR-1, and 0.3 µM WH-4-023 
(Selleckchem, S7565) were added to the basal medium. 
The concentrations of each factor were determined by 
referring to information used in culturing pig PSCs [17, 
20, 24]. The FIW medium can be stored for a week at 4 ℃ 
and used after leaving it at room temperature for 5 min. 
pESC-FIW cells were dissociated using TrypLE™ Express 
Enzyme (Gibco, 12,605,010) and passaged every 3–4 days 
at a ratio of 1:5 to 1:10 in the presence of 10 µM ROCKi, 
which was added 24 h after passage.

Spontaneous differentiation of pESC-FIW in vitro using the 
embryoid body method
Cultured pESCs were dissociated into single cells using 
TrypLE Express and cultured on 35-mm low-attachment 
plates in DMEM (Gibco, 11960-044) supplemented with 
10% (v/v) FBS (Gibco, 16,000,044) and 10 µM ROCKi 
(24  h only) without other small molecules for 7 days. 
After suspension culture, the aggregated cells were har-
vested, plated on 0.1% (w/v) gelatin-coated plates, and 
cultured for 10 days in the same medium. The resulting 
differentiated cells were fixed in 4% (w/v) paraformalde-
hyde for immunofluorescence.

Directional-induced differentiation
We attempted to directionally induce the differentiation 
of pESC-FIW cells using a previously described condi-
tioned media composition [24]. For neural induction, 
the F12-FIW culture medium was replaced with neural 
induction medium I (2.5 µM IWR-1, 5 µM SB431542, 
and 10 ng/mL FGF2 in F12 media) on day 2 after plat-
ing pESCs on Matrigel-coated plates. After culturing for 
3 more days, the pESCs were transferred to a new Matri-
gel-coated plate, and the medium was changed to neural 
induction medium II (4 µM RA, 10 ng/mL FGF2, and 20 
ng/mL Noggin in F12 media). Immunostaining was per-
formed 2 days later. For endoderm induction, pESCs, 
which had been cultured for 2 days on Matrigel-coated 
plates, were exposed to the F12 medium containing 
10 ng/mL BMP4, 5 µM SB431542, and 10 ng/mL FGF2 
for 3 days, followed by immunostaining. For mesoderm 
induction, the F12-FIW culture medium was changed 
to mesoderm induction medium I (10 ng/mL BMP4, 50 
ng/mL Activin A 20 ng/mL FGF2 in F12 medium) 2 days 
after plating pESCs on Matrigel-coated plates. After cul-
turing for 2 more days, the pESCs were transferred to 
a new Matrigel-coated plate, medium I was changed to 
mesoderm induction medium II (3 µM IWR-1- endo, 5 
µM CHIR99021, and 20 ng/mL FGF2 in F12 media), and 
immunostaining was performed 2 days later.

Teratoma formation
For the teratoma formation assay, dissociated pESC-FIW 
were collected by centrifugation at 3000  rpm for 2  min 
and injected at a concentration of 1 × 107 cells into the 
posterior flank and 2.5 × 106 cells into the gastrocnemius 
muscle of 6-8week old male BALB/c nude mice. A total 
of 2 mice were used for the injections. Teratomas were 
seen after 4 weeks of growth and performed sampling at 
6 weeks. Samples were collected and fixed with 10% neu-
tral buffered formalin for overnight at 4  °C. After fixa-
tion, the samples were trimmed and washed for 2 h with 
running tap water, dehydrated in a succession of ethanol 
concentrations (70%, 80%, 90%, 95%, and 100% for 1  h 
each), cleaned in xylene, embedded in paraffin. Samples 
were sliced to 3  μm thickness, deparaffinized in xylene 
and rehydrated with decreasing concentration of ethanol. 
Following deparaffinization, the sections were utilized 
for hematoxylin and eosin staining, and observed under 
MoticEasyScan One.

Cell growth curve and population doubling time
Pig PSCs were cultured in 4-well plates. Triplicate sam-
ples of cells were seeded at a density of 0.5 × 105 cells/well. 
The cells were counted every 24 h. For each time point, 
the cells were detached and counted using a hemocy-
tometer. The counts were averaged over three replicates. 
The cell doubling time (DT) was calculated as follows: 
DT = 24 × [lg2 / (lgNt – lgN0)], where 24 is the cell culture 
time (h), Nt is the number of cells cultured for 48 h, and 
N0 is the number of cells recorded at 24 h.

Analysis of single-cell clonal efficiency
Cells were dissociated using TrypLE™ Express Enzyme 
(Gibco, 12605010), counted using a hemocytometer, and 
plated onto pre-seeded 4-well plate feeders at a density of 
1,000 cells per well in triplicate under FIW culture condi-
tions. Colonies were counted 6 days later using AP stain-
ing, and the colony formation efficiency was evaluated as 
the percentage of colonies per number of seeded cells.

Karyotype analyses
Karyotyping of cells using standard G-banding chromo-
somes and cytogenetic analysis were performed at the 
Korea Research of Animal Chromosomes (www.krach.
co.kr, Korea).

Alkaline phosphatase (AP) staining
AP staining of pESC-FIW was performed using NBT/
BCIP stock solution (Roche, Basel, Switzerland, 
11,681,451,001). A total of 20 µl of stock solution was dis-
solved in 1 mL 0.1 M Tris-HCl, pH 9.5, and added to the 
cells fixed with 4% paraformaldehyde.

http://www.krach.co.kr
http://www.krach.co.kr
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Immunofluorescence analysis
Cells were washed with DPBS (Welgene, LB 001–02), 
fixed with 4% paraformaldehyde at room temperature for 
10 min, washed with DPBS three times, permeabilized in 
0.5% Triton X-100 for 10 min, and blocked with 3% BSA 
for 30 min. The cells were incubated with primary anti-
bodies diluted with 3% BSA at 4  °C overnight. The cells 
were then washed thrice with DPBS for 5 min. Secondary 
antibodies were diluted and incubated with wash buffer 
at room temperature for 1  h, washed with wash buffer 
three times for 5  min each, and stained with Hoechst 
(Invitrogen, H3570) for 10 min. The antibodies used are 
listed in Supplementary Information Table S1.

RT-qPCR
All samples were washed twice in Dulbecco’s PBS and 
stored at − 80 ℃ until mRNA extraction. Total RNA was 
extracted using the TRIzol reagent (TaKaRa Bio, Inc., 
Otsu, Japan), and complementary DNA (cDNA) was syn-
thesized using a reverse transcription master mix (Elpis 
Bio, Inc., Chungcheongnam-do, Daejeon, Republic of 
Korea) according to the manufacturer’s instructions. For 
qRT-PCR, the synthesized cDNA, 2× SYBR Premix Ex 
Taq (TaKaRa Bio, Inc.), and 10 pmol of specific primers 
(Macrogen) were added to prepare the PCR mixture. All 
primer sequences used in this study are listed in Table 
S2. qRT-PCR was performed using a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, 
United States). The reactions were performed as follows: 
40 cycles of denaturation at 95 ℃ for 30 s, annealing at 58 
℃ for 15 s, and extension at 72 ℃ for 30 s. Relative quan-
tification was performed using threshold cycle (Ct)-based 
methodologies at a constant fluorescence intensity. The 
relative mRNA expression (R) was calculated using the 
equation R = 2−(Ctsample − Ctcontrol). The R-values obtained 
for each gene were normalized to RN18S.

Transcriptome analysis
Total RNA was extracted from the three pESC-FIW 
(PA_1_pESC_FIW; PA_3_ pESC_FIW; IVF_1_pESC_
FIW) for construction cDNA libraries. RNA extraction, 
cDNA library preparation, and RNA-seq analysis were 
performed using Theragen Etex (www.theragenetex.com; 
Korea). Libraries were prepared for 151  bp paired-end 
sequencing using the TruSeq stranded mRNA Sample 
Preparation Kit (Illumina, CA, USA). mRNA molecules 
were purified and fragmented from 1  µg of total RNA 
using oligo (dT) magnetic beads. The fragmented mRNAs 
were synthesized as single-stranded cDNAs using ran-
dom hexamer priming. By using this as a template for 
second-strand synthesis, double-stranded cDNA was 
prepared. After sequential end repair, A-tailing, and 
adapter ligation, cDNA libraries were amplified by PCR. 
The quality of cDNA libraries was evaluated using an 

Agilent 2100 BioAnalyzer (Agilent, CA, USA; Table S3). 
They were quantified using a KAPA library quantification 
kit (Kapa Biosystems, MA, USA) according to the manu-
facturer’s library quantification protocol. Following clus-
ter amplification of the denatured templates, paired-end 
sequencing (2 × 151 bp) using an Illumina NovaSeq6000 
(Illumina, CA, USA) was performed.

Transcriptome data analysis
The adapter sequences and the ends of the reads less 
than Phred quality score 20 were trimmed and simulta-
neously the reads shorter than 50  bp were removed by 
using cutadapt v.2.8 [27]. Filtered reads were mapped 
to the reference genome related to the species using the 
aligner STAR v.2.7.1a [28] following ENCODE standard 
options (refer to “Alignment” of “Help” section in the 
html report) with “-quantMode TranscriptomeSAM” 
option for estimation of transcriptome expression level. 
Gene expression estimation was performed by RSEM 
v.1.3.1 [29] considering the direction of the reads which 
are corresponding to the library protocol using option 
--strandedness. To improve the accuracy of the measure-
ment, “--estimate-rspd” option was applied. All other 
options were set to default values. To normalize sequenc-
ing depth among samples, FPKM and TPM values were 
calculated.

Adaptation of feeder-cultured pESC to feeder-free 
conditions
To screen the extracellular matrix that could functionally 
replace Matrigel, the selected matrix proteins were coated 
according to the manufacturer’s suggestions. The coated 
plates were used immediately or sealed and stored at 4 °C 
for up to two weeks. All experiments were performed in 
at least three replicates for each matrix protein. pESCs 
were harvested at 1.5, 24, and 72 h after seeding, and the 
cell number was counted using a hemocytometer. The 
matrix proteins tested were Matrigel (Corning, 354,277), 
Fibronectin (Thermo Fisher Scientific, 33,010,018), Lam-
inin-521 (Gibco, A29248), and VTN-N (Gibco, A14700). 
The pESCs cultured on the feeder layer were dissociated 
using TrypLE™ Express Enzyme and seeded on a plate 
coated with each of the four different extracellular matri-
ces (Matrigel, Fibronectin, Laminin 521, and VTN-N). 
The medium was replaced with a commercial mTeSR cul-
ture medium. FF-pESCs were passaged every 3–4 days at 
a ratio of 1:3 to 1:5.

Statistical analysis
Statistical analyses were performed using the Prism soft-
ware (version 8.0; GraphPad Software, San Diego, CA, 
USA). Results are expressed as mean ± standard error 
of the mean (SEM). Experiments were repeated at least 
three times unless a different number of repeats was 

http://www.theragenetex.com
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specified in the legend. Statistical analyses were per-
formed using an unpaired two-tailed Student’s t-test or 
ANOVA. p < 0.05 was considered statistically significant. 
The statistical methods, p-values, and sample numbers 
are indicated in the figure legends.

The work has been reported in line with the ARRIVE 
guidelines 2.0.

Results
Optimization of culture conditions for establishing porcine 
embryonic stem cells
To develop a simplified media for the establishment and 
maintenance of pESCs, we used a culture medium con-
sisting of a minimal combination of small molecules 
in knockout serum replacement medium. Blastocysts 
obtained in vitro on day 6 were seeded on the feeder cell 
layer with DMEM/F10 (1:1), DMEM/F12, and α-MEM 
medium to compare the efficiency of the pESCs estab-
lishment according to the type of the basal medium 
and small molecules. Based on the recently revealed pig 
pluripotency network information [18, 24], the ERK/
MEK pathway factor FGF2 and WNT pathway-related 
inhibitors IWR-1 (WNT inhibitor) and CHIR (WNT 
activator) were applied. The small-molecule condi-
tions were (1) FGF2 (F), (2) FGF2 + IWR-1 (FI), and (3) 
FGF2 + IWR-1 + CHIR (FIC). Colony formation was 
observed only in the DMEM/F10 and DMEM/F12 cells 
(Table 1; Fig. 1A). Outgrowths from both media under FI 
and FIC conditions showed typical expression of SOX2, 
which is an ICM marker of early blastocyst in pigs [30] 
(Fig. 1B). Unexpectedly, the FIC condition showed a ten-
dency to direct pESCs to a neural fate (data not shown) 
from the early passage. Therefore, pESCs obtained 
under the FI conditions in DMEM/F12 (pESC-FI), the 
most defined and simplified culture medium, were 
ultimately maintained for further experiments. How-
ever, pESC-FI showed a low cell proliferation rate and 

single-cell clonal efficiency compared to other pig PSC 
lines (piPSC-FGF and piPSC-LIF) (Fig. 1C-E). This indi-
cates that the applied culture condition cannot support 
the self-renewal of pESC-FI. We attempted to enhance 
the self-renewal capacity of pESCs by adding the SRC 
inhibitor WH-4-023, which blocks epithelial-mesen-
chymal transition (EMT) and maintains self-renewal 
of naïve human stem cells and pgEpiSCs [24, 31]. As a 
result, a new pESCs line (pESC-FIW) with a short cell 
doubling time and improved single-cell clonal efficiency 
was established. Furthermore, WH-4-023 contributed 
to the upregulation of proliferation-related genes and 
downregulation of EMT-related genes (Fig.  1F and G). 
We established a total of six cell lines from PA and IVF 
embryos (Fig.  1H). These results indicate that the addi-
tion of FGF2 and Wnt and SRC pathway inhibitors is suf-
ficient to maintain pESCs with high proliferation potency 
and single-cell clonal efficiency.

Characterization of an established pESC-FIW
We characterized the established pESC-FIW. As a 
result of immunostaining, pESC-FIW showed homog-
enous expression of the pluripotency factors POU5F1, 
NANOG, and SOX2 (Fig.  2A) and cytoplasmic distri-
bution of the cell surface markers SSEA-1, SSEA-4, and 
TRA-1-60, except for TRA-1-81 (Fig.  2B). To confirm 
whether a stable long-term culture of pESCs is pos-
sible, their characteristics were compared by divid-
ing them into early (p30 or less) and late passages (p50 
or more). The morphology (Fig.  2C) and alkaline phos-
phatase (AP) activity (Fig. 2D) of the two passages were 
similar, and both showed a normal karyotype (Fig.  2E). 
A similar number of cells was observed in the cell pro-
liferation curve for 96 h (Fig. 2F), and the doubling time 
was approximately 11  h, indicating active proliferation 
(Fig.  2G). Additionally, we obtained approximately 15% 
of single-cell clonal efficiency (Fig.  2H). The findings 

Table 1  An efficiency comparison of the pESC establishment in various serum-free media
Type of medium Cytokines No. of blastocysts 

seeded*
No. (%) of Colonies 

main-
tained 
over two 
passages

Parthenogenetic activation 
blastocysts attached to feeder 
cells

Colonies formed from 
blastocysts

DMEM/F10 F 40 13 (29.4 ± 11.8) 2 (3.9 ± 3.9) NDa

FI 40 13 (34.8 ± 7.9) 4 (9.2 ± 5.1) 2
FIC 39 15 (37.9 ± 10.6) 3 (6.7 ± 3.5) 2

DMEM/F12 F 35 11 (30.8 ± 14.5) 7 (20.0 ± 2.6) ND
FI 35 10 (28.0 ± 9.8) 3 (8.3 ± 8.3) 2
FIC 35 15 (42.4 ± 9.0) 3 (8.3 ± 4.8) 3

α-MEM F 31 15 (51.6 ± 17.5) ND ND
FI 31 14 (46.8 ± 10.9) ND ND
FIC 31 12 (37.3 ± 6.5) ND ND

* 3 times replicated
a Not detected; colonies cultured under these conditions were not maintained after seeding or subculturing
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indicate that pESCs with short doubling time and stable 
long-term culture ability can be established using the 
newly developed simplified serum-free medium.

We added the canonical WNT inhibitor IWR-1, and 
the SRC inhibitor WH-4-023 along with FGF2 to the 

culture medium. We removed each of the factors from 
the culture medium to investigate their effects on pESC-
FIW. The absence of FGF2 drastically reduced cell sur-
vival, and the cells could not be maintained for more than 
two passages (data not shown). When each inhibitor was 

Fig. 1  Optimizing culture conditions for pig embryonic stem cells (pESCs). A Bright-field images of colonies formed in different media. Images repre-
sent day 10 or day 12 after the seeding of blastocysts on the feeder layer. Scale bar, 250 μm. B Representative images and quantitative analysis of SOX2 
expression in pESCs-like colonies cultured with various media. Hoechst was used to stain nuclei. Scale bar, 20 μm. C Cell proliferation curve of pESC-FI, 
pESC-FIW, piPSC-LIF, and piPSC-FGF. The initial cell count was 0.5 × 105. D Population doubling time. E Single cell clonal efficiency. F, G Quantification of 
mRNA expression of EMT (F) and proliferation-associated genes (G) by qRT-PCR. Cell line PA_3_pESC_FIW were used. H The information of the established 
cell lines from PA and IVF embryos. For all graphs, the value represents the mean ± SEM. Asterisks indicate statistical significance (* p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001)
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removed, the dome-shaped cell morphology disappeared, 
and the cells showed a flat shape (Fig.  2I). The immu-
nostaining results showed that the absence of WH-4-
023 caused the appearance of the gastrulation marker 
EOMES in some cells, and the removal of IWR-1 turned 
off the expression of POU5F1 and increased EOMES 
expression in most cells (Fig.  2J). In the comparative 
analysis of gene expression, the core pluripotency gene 

POU5F1 was significantly decreased when WH-4-023 
was removed (Fig.  2K, left), and the EMT-related genes 
SNAI2 and WNT5A were significantly increased (Fig. 2K, 
middle). In the group in which IWR-1 was removed, 
all three core pluripotency genes showed a significant 
decrease (Fig. 2K, left), and both EMT-(Fig. 2K, middle) 
and gastrulation-related genes (Fig.  2K, right) showed a 
significant increase. It seems that inhibition of the Wnt 

Fig. 2  Characterization of established pESC-FIW. A Immunostaining of the pluripotency markers POU5F1, NANOG, and SOX2 in pESC-FIW. Hoechst was 
used to stain nuclei. Scale bar, 50 μm. B Immunostaining of pluripotency surface markers SSEA1, SSEA4, TRA-1-81, and TRA-1-60 in the pESC-FIW colonies. 
Hoechst for staining of nuclei. Scale bar, 50 μm. C Morphology of low- and high-passage pESC-FIW colonies. Scale bars, 200 μm. D Alkaline phosphatase 
(AP) staining assay for low and high passage numbers of pESC-FIW colonies. Scale bars, 200 μm. E Karyotype of low- and high-passage pESC-FIW colo-
nies. F Cell proliferation curve of low- and high- passage pESC-FIW colonies. The initial cell count was 0.5 × 105. G Population doubling time of pESC-FIW. 
H Single-cell cloning efficiency of pESC-FIW. I Comparison of morphology and AP staining in pESC-FIW colonies cultured without WH-4-023 or IWR-1. 
Scale bar, 200 μm. J Immunostaining for the pluripotency marker POU5F1 and mesoderm/endoderm progenitor marker EOMES. The nucleus is indicated 
by Hoechst. Scale bar, 50 μm. K Quantification of mRNA expression of representative pluripotent marker genes involved in core pluripotency (left), EMT 
(middle), and gastrulation (right) by qRT-PCR. For all graphs, the value represents the mean ± SEM. Asterisks indicate statistical significance (* p < 0.05, ** 
p < 0.01, ***p < 0.001, **** p < 0.0001). Cell line PA_3_pESC_FIW were used.
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pathway plays a more pivotal role in preventing sponta-
neous differentiation of pESCs through processes, such 
as EMT and gastrulation, than inhibition of the SRC 
pathway.

The differentiation ability was confirmed in vitro to 
evaluate the pluripotency of pESC-FIW. First, we per-
formed an embryoid body (EB) formation assay (Fig. 3A). 
Cells outgrowing from EBs on day 7 expressed ectoder-
mal (Tubulin-βIII), mesodermal (T), and endodermal 
(CK17) markers. This indicated that pESC-FIW could 
spontaneously differentiate into the three germ layers 
when FGF2, IWR-1, and WH-4-023 were removed from 

the medium (Fig. 3B). Next, we conducted a directional-
induced differentiation assay and showed that pESC-FIW 
could differentiate into the three expected germ layers 
when exposed to neural, endoderm, and mesoderm-
conditioned media (Fig. 3C). Finally, teratoma formation 
assays were conducted and confirmed that pESC-FIW 
developed into the expected tissues representative of 
three germ layers in vivo (Fig. 3D). Taking together, the 
differentiation ability of pESC-FIW was confirmed both 
in vitro and in vivo.

Fig. 3  Evaluation of multilineage commitment of pESC-FIW. A Days 2 and 7 of embryoid bodies (EBs) derived from established pESC-FIW. Scale bar, 
20 μm. B The expression of the differentiation markers Tubulin β-III (ectoderm), T (mesoderm), and CK17 (endoderm) from EBs-derived cells. C Immunos-
taining of pESC-FIW after directional induced differentiation. SOX1 is a neural ectoderm marker, T is a mesoderm marker, GATA6 is an endoderm marker. 
Hoechst was used for nucleus staining. Scale bar, 50 μm. Cell line PA_3_pESC_FIW were used. D Teratoma formation from injected pESC-FIW. Scale bar, 
100 μm.
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Comparison of pluripotency features in established pESC-
FIW with other pluripotent stem cells (PSCs)
Using two types of piPSCs (piPSC-LIF and piPSC-FGF) 
as relevant controls, we attempted to identify the plu-
ripotent state of the established pESC-FIW. In the 
immunofluorescence data, pESC-FIW showed nega-
tive expression of the naïve marker KLF4 and primed 

marker T while showing homogenous expression of the 
formative marker OTX2 (Fig.  4A). Next, a comparative 
analysis of representative pluripotency marker genes was 
conducted. Analysis of transcript levels of specific genes 
associated with the three pluripotent states showed the 
absence of expression of the naive markers KLF4 and 
KLF17, while genes associated with the formative and 

Fig. 4  Comparative gene expression analysis of three pESC-FIW lines and other pluripotent stem cells (PSCs). A Immunostaining results of naive (KLF4), 
formative (OTX2), and primed marker (T) in piPSC-LIF, pESC-FIW (PA_3), and piPSC-FGF. Hoechst was used to stain nuclei. Scale bar, 50 μm. B Quantification 
of mRNA expression of representative pluripotent marker genes involved in core pluripotency (POU5F1, SOX2, and NANOG), naive state (KLF4, KLF17, and 
IL6R), formative state (DNMT3A, LIN28A, and SALL2), and primed state (BMP2, WNT5A, and ZIC2). C Expression changes of porcine pluripotency genes in the 
three pESC-FIW lines and reported pESCs. The blue-to-red gradient on the right side of the heatmap indicates low to high gene expression. D PCA based 
on RNA-seq data for three pESC-FIW lines and reported samples of pESCs. E PCA based on RNA-seq data from three pESC-FIW lines and three embryonic 
developmental stage samples. For all graphs, the value represents the mean ± SEM. Asterisks indicate statistical significance (** p < 0.01, ***p < 0.001, **** 
p < 0.0001).
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primed states were expressed together with core pluri-
potency markers (Fig.  4B). These results show that the 
established pESC-FIW has characteristics closer to the 
primed state than to the naive state. To examine the 
cellular identity of pESC-FIW, we prepared RNA-seq 
libraries in duplicates from two PA-ESC lines (PA_1_
pESC_FIW and PA_3_pESC_FIW) and one IVF-ESC line 
(IVF_1_pESC_FIW). First, we performed a comparative 
transcriptome analysis of the bulk RNA-seq data from 
pESC-FIW and other pESC lines from previous studies 
[20, 21, 23]. Heap map analysis of 69 genes related to pig 
epiblast development [24] showed that pESC-FIW has 
features more similar to pESC_Choi [20] than FL6i_pES-
CLC_Yuan [21] and in vivo embryo-derived pESC (pgE-
piSCs) [24] have gene expression patterns distinct from 
those of in vitro embryo-derived pESC (Fig. 4C). Princi-
pal components analysis (PCA) revealed similarities with 
pESCs derived from the complex media formulations 
(Fig.  4D). We further compared the transcriptome with 
three embryonic developmental stages of pig embryos 
[32], and the PCA plots grouped pESC-FIW with E12–13 
pig embryos (Fig. 4E). Taken together, these results sug-
gest that pESC-FIW exhibits features of gastrulating epi-
blast cells and has primed pluripotency.

Adaptation of self-renewal and pluripotency in feeder-free 
conditions
We maintained pESC-FIW in the same culture medium 
in various matrices (Matrigel, Fibronectin, Laminin-521 
(LN521), and VTN-N) to confirm that they could adapt 
to feeder-free conditions. Although the characteristics of 
EMT processes, such as nuclear localization of CTNNB1 
or the expression of EOMES, were not observed (Fig-
ure S1D, E), a significant decrease in the transcript lev-
els of the pluripotency markers POU5F1 and NANOG 
(Additional file 1: Figure S1A) and upregulation of genes 
related to EMT (Additional file 1: Figure S1B), and gas-
trulation (Additional file 1: Figure S1C) were confirmed 
under feeder-free conditions. These observations indicate 
that without a feeder layer, using three factors in the cul-
ture condition cannot completely maintain the pluripo-
tency of pESC-FIW.

To improve the feeder-free environment, we modified 
the FIW culture conditions by adding small molecules. 
First, we supplemented the cells with Activin A (Act A), 
an important member of the TGFβ superfamily and is 
known as a growth factor that supports the expansion 
of human ESCs under feeder-free conditions [33]. In our 
study, there was no difference in AP activity between the 
groups (Fig. 5A). The addition of Act A increased the pro-
portion of POU5F1-positive cells (Fig. 5B); however, ulti-
mately, lower transcript levels of POU5F1 and NANOG 
were observed than those observed under the feeder 
condition (Fig. 5C). The second factor added to improve 

culture conditions is TGFβ1, which pathway interacts 
with master transcription factors regulating human ESC 
(hESC) status and differentiation [34]. Consistent with 
Act A, TGF β1 supplementation showed similar AP 
activity (Fig.  5D) and insufficient expression of pluripo-
tency markers compared to levels under feeder condi-
tions (Fig. 5E, F). These results suggest that although the 
TGFβ/Smad pathway is essential for maintaining the plu-
ripotency of pESC-FIW, additional pathways are required 
to preserve pluripotency as much as feeder condition.

We investigated feeder-free adaptation using the com-
mercial medium mTeSR that contains TGFβ1. The pESC-
FIW cultured in mTeSR showed a denser morphology 
than those grown under FIW conditions, and uniform 
AP activity was observed (Figure S2A). Gene expression 
analysis revealed similar expression levels of POU5F1, 
SOX2, and NANOG in the feeder and mTeSR conditions 
(Additional file 1: Figure S2B). These results were con-
firmed at the protein level using immunostaining. Under 
FIW conditions, pESC-FIW showed partial expression of 
POU5F1 and NANOG (Additional file 1: Figure S2C). In 
contrast, all three transcription factors showed homoge-
neous expression under the mTeSR condition (Additional 
file 1: Figure S2D).

Next, we conducted several tests using four matrices to 
determine whether there was an extracellular matrix that 
could replace Matrigel, which varied from batch to batch 
and contained an unknown animal component. We cul-
tured pESC-FIW in the mTeSR medium containing vari-
ous extracellular matrices for at least three passages and 
assessed the efficiency of cell attachment, survival, and 
proliferation. Fibronectin showed a higher cell attach-
ment efficiency than Matrigel, and LN521 and VTN-N 
showed similar results to Matrigel (Fig. 6A). Cell survival 
and proliferation were similar in all four matrices, includ-
ing Matrigel (Fig. 6B, C). We examined the AP activities 
(Fig. 6D) of pESC cultured in each matrix and confirmed 
that the transcript levels of core pluripotency markers 
were similar to those of feeder conditions (Fig.  6E). On 
the contrary, immunostaining results showed the het-
erogenous expression of POU5F1 in pESCs maintained 
under the LN521 condition (Additional file 1: Figure 
S3A), unlike in those under the fibronectin (Fig. 6I) and 
VTN-N conditions (Additional file 1: Figure S3B).

We selected fibronectin as an alternative to Matrigel 
for further analysis. Cell survival (24  h) and prolifera-
tion (72 h) were measured in the presence or absence of 
the ROCK inhibitor Y-27632. Treatment with the ROCK 
inhibitor for 24  h was essential for single-cell survival 
and proliferation of feeder-free pESC (Fig.  6F, G). With 
respect to the dissociation reagent, TrypLE was the 
most efficient solution compared to Accutase, Trypsin, 
and Versene (Fig. 6H). Immunostaining of pESCs in the 
fibronectin condition showed homogenous expression of 
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Fig. 5  Characteristics of pESC-FIW grown under Matrigel with modified culture media. A Comparison of morphology and AP staining in pESC-FIW cul-
tured with various concentrations of activin A (Act A). Scale bar, 200 μm. B Immunostaining for the pluripotency marker POU5F1. The nucleus is indicated 
by Hoechst. Scale bar, 50 μm. C Quantification of mRNA expression of representative pluripotent marker genes POU5F1, SOX2, and NANOG. D Comparison 
of morphology and AP staining in pESC-FIW cultured with various concentrations of TGFβ1. Scale bar, 200 μm. E Quantification of mRNA expression of 
representative pluripotent marker genes POU5F1, SOX2, and NANOG. F Immunostaining for the pluripotency marker POU5F1. The nucleus is indicated by 
Hoechst. Scale bar, 50 μm. For all graphs, the value represents the mean ± SEM. Asterisks indicate statistical significance (* p < 0.05, ** p < 0.01, ***p < 0.001, 
**** p < 0.0001). Cell line PA_3_pESC_FIW were used.
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Fig. 6  Analysis of the effects of different matrix proteins on feeder-free cultured pESC. A The percentages of adherent pESC at 1.5 h after seeding. B 
Survival of dissociated pESCs 24 h after seeding. C Proliferation of pESC at 72 h after seeding. For B, C, the index represents the cell number at a specific 
time point divided by the number of seeding cells. For A–C, n = 3 biologically independent samples. PA-pESC were used. D Representative morphologies 
(top) and AP activity (bottom) of feeder-free pESC with different extracellular matrix. Scale bar, 200 μm. E Quantification of mRNA expression of core plu-
ripotency marker genes by qRT-PCR in pESC under various matrix conditions. F, G Survival and proliferation of feeder-free pESC cells under Rock-inhibitor 
treatment. PA_3_pESC_FIW was used. The index represents the cell number at a specific time point divided by the number of seeding cells. n = 3 biologi-
cally independent samples. H Dissociation of feeder-free pESC cells using different dissociation reagents. Cell numbers are calculated after dissociation. 
I and J Immunostaining of the pluripotency markers POU5F1, NANOG, and SOX2 (I) and pluripotency surface markers SSEA1, SSEA4, TRA-1-81, and 
TRA-1-60 (J) in pESC cultured under the fibronectin condition. Hoechst was used to stain nuclei. Scale bar, 50 μm. For all graphs, the value represents the 
mean ± SEM. Asterisks indicate statistical significance (** p < 0.01, ***p < 0.001, **** p < 0.0001). Cell line PA_3_pESC_FIW were used.
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POU5F1, SOX2, NANOG, SSEA1, SSEA4, and TRA-1-
60, but not TRA-1-81, as in the feeder-condition (Fig. 6I, 
J). The differentiation ability was confirmed by assess-
ing EB formation (Additional file 1: Figure S3C). Taken 
together, these results demonstrated that the established 
pESC-FIW can adapt to feeder-free conditions in mTeSR 
media.

Discussion
In this study, we attempted to develop a new simplified 
serum-free medium supporting pluripotency and self-
renewal of pig PSCs from in vitro-derived embryos. We 
performed blastocyst seeding on the feeder layer using 
different basal media, namely DMEM/F10, DMEM/
F12, and α-MEM, which are commonly used in pig PSC 
cultures [11, 12, 14–16, 23, 24], and no colonies were 
observed under the α-MEM condition. The α-MEM 
medium lacks six inorganic salts, including cupric sul-
fate, ferric nitrate, magnesium chloride, and zinc sul-
fate, which are present in the other two media. Several 
reports have demonstrated the relevance of inorganic 
salts to stem cell migration and pluripotency [35–3738]. 
It is assumed that these factors create an environment for 
migration and pluripotency of pig inner cell mass.

We used a combination of the small molecules FGF2, 
IWR-1, and CHIR to derive pESC-like colonies, and 
SOX2-positive cells were observed even when only FGF2 
and IWR-1 were added to the medium. In humans and 
pigs, pluripotency is sustained through the FGF/ERK 
pathway [39–41], and the proliferation and maintenance 
of pig epiblasts from E7 to E10 require the presence of 
FGF2 [24]. IWR-1 is an inhibitor of the canonical WNT 
pathway that promotes the pluripotency of mouse epi-
blast stem cells (mEpiSCs) and human ESCs by stabiliz-
ing the β-catenin disruption complex in the cytoplasm 
[42, 43]. The GSK3β inhibitor CHIR99021 (CHIR) bal-
ances IWR-1 function and coordinates maintenance 
of the self-renewal of mouse and human PSCs and also 
contributes to the proliferation of pig PSCs [24, 43]. 
This inhibitor has effects on both maintenance of plu-
ripotency and differentiation of mouse, human, and pig 
PSCs depending on its concentration, and the optimal 
range for maintenance of pig PSCs was 0.5–1.0 µΜ [24, 
43]. However, we observed differentiated cells within 
early passages, although 0.5 µΜ CHIR was added to the 
culture medium. In pig embryo development, epiblast-
to-ectoderm transition occurs through Wnt/β‐catenin 
signaling from E10 [24]. It seems that GSK3β inhibition 
induced the differentiation of pig PSCs into the ectoder-
mal lineage in our simplified culture condition. For this 
reason, we established pig PSCs using FGF2 and IWR-1, 
but insufficient growth was confirmed compared to that 
of other pig PSCs. To improve self-renewal capacity, we 
derived a new PSC line, called pESC-FIW, by adding the 

SRC inhibitor WH-4-023, which blocks the EMT process 
and maintains self-renewal of naïve human stem cells 
and pgEpiSCs [24, 31, 44], observing a short doubling 
time and improved single cell clonal efficiency. This PSC 
line expressed pluripotency markers with a dome-shape 
morphology and was capable of stable long-term culture 
through single-cell passage. The absence of any one of the 
three factors affected the pluripotency and self-renewal 
of pESC-FIW.

Pig pluripotency can be divided into three states (naïve, 
formative, and primed) according to epiblast develop-
ment [24]. The naïve state is classified as E4–E6, and hub 
genes in the JAK/STAT3 signaling pathway are highly 
expressed. The formative state is classified as E7–E10, 
where Act A and FGF2 receptors are highly expressed. 
The primed state is classified as E11–E14, and catenin sig-
naling activity during this stage is significantly increased. 
We assessed the pluripotency features of pESC-FIW by 
comparing with those of other pig PSCs. We confirmed 
the absence of KLF4 expression, which indicates a naive 
pluripotent state [45, 46], by immunostaining and qRT-
PCR data, and comparative transcriptome analysis 
showed high similarity to pig ESC_Choi [20] and E12-
13 gastrulating epiblasts [32]. The pig ESC_Choi has the 
same culture conditions as pESC-FIW, including FGF2 
and IWR-1, and showed primed pluripotency character-
istics with flattened morphology. Although pESC-FIW 
has a dome-shape morphology and single cell passage 
ability as represented by naive PSCs [47], its pluripotency 
is closer to the primed state.

Feeder-free adaptation was performed to increase the 
utilization of PSCs, but the FIW culture medium did 
not support pluripotency under four matrices type, even 
though Act A or TGFβ1 was added. Act A is a growth fac-
tor that supports the pluripotency of hESCs and human 
iPSCs (hiPSCs) in feeder-independent cultures [33, 48]. 
Act A controls the expression of NANOG, which pre-
vents neuroectodermal differentiation [49]. The Activin 
and TGFβ pathways share the downstream effectors 
Smad2 and Smad3 [50]. These pathways are considered 
to have similar functions, although only Act A allowed 
feeder-free adaptation in bovine ESCs [51]. In our study, 
a pluripotency similar to that under the feeder condition 
was maintained when switching to mTeSR medium, sug-
gesting that TGFβ, insulin, transferrin, cholesterol, lipids, 
pipecolic acid, and GABA components, which were not 
included in FIW medium, support pluripotency.

Here, we successfully developed a simplified serum-
free medium containing FGF2, IWR-1, and WH-4-023 
through basal medium and small molecule tests and 
established a new pig PSC line, pESC-FIW. These cells 
support single-cell passage, express pluripotency mark-
ers, and differentiate into three germ layers in vitro and 
in vivo. They also showed capacity for stable long-term 
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culture, with a consistent dome-shape morphology, high 
proliferation ability, and normal karyotype. We validated 
the feeder-free expansion of pESC-FIW utilizing the 
mTeSR medium. The culture medium we developed in 
this study can reduce the costs and time spent on main-
taining pig PSCs when they are used for research on 
genetic manipulation, differentiation induction, and fur-
ther study of cellular behaviors.

Conclusions
In summary, we developed a simplified serum-free 
medium by combination of FGF, IWR-1, and WH-4-
023 that support pluripotency, single-cell passage, and 
stable long-term culture with high proliferation potency 
of pig PSCs. Although it is necessary to confirm whether 
the pluripotency of piPSCs can be maintained in FIW 
medium, the easy-to-maintain pESC-FIW can be used 
for research on porcine species, such as assessing cell fate 
decisions, and on the cultured meat field.
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