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ABSTRACT: The establishment of ungulate embryonic stem cells (ESCs) has been notoriously difficult via
a conventional approach. We combined a traditional ESC culture method with reprogramming factors to assist the
establishment of porcine naive-like ESCs (nESCs). Pig embryonic fibroblasts were transfected with a tetracycline-
inducible vector carrying 4 classic mouse reprogramming factors, followed by somatic cell nuclear transfer and
culturing to theblastocyst stage. Then, the inner cellmasswas isolated and seeded in culturemedium.Thenaive-like
ESCs had characteristic verys similar to those of mouse ESCs and showed no signs of altered morphology or
differentiation, even after 130 passages. They depended on leukemia inhibitory factor signals for maintenance of
pluripotency, and the female cell lineshad lowexpression of theX-inactive specific transcript geneandnohistoneH3
lysine 27 trimethylation spot. Notably, the ESCs differentiated into 3 germ layers in vitro and could be induced to
undergo directional neural and kidney precursor differentiation under defined conditions, and the ESCs could keep
proliferating after doxycyclinewas removed. nESCs can be established, and thewell-characterized ESC lineswill be
useful for the researchof transgenicpigmodels forhumandisease.—Zhang,M.,Wang,C., Jiang,H.,Liu,M.,Yang,N.,
Zhao, L.,Hou,D., Jin, Y., Chen,Q., Chen,Y.,Wang, J.,Dai, Y., Li, R.Derivation of novel naive-likeporcine embryonic
stem cells by a reprogramming factor–assisted strategy. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Pluripotent stem cells (PSCs) can be classified into 2 dis-
tinct and stable pluripotent states: the naive and the
primed pluripotent states (1). Naive PSCs correspond to

the preimplantation of the inner cell mass (ICM) cells of
blastocysts, whereas primed PSCs correspond to the
postimplantation of epiblasts (1, 2). These 2 types of PSCs
show different gene expression profiles and depend on
different signaling pathways to support their self-renewal.
Naive or authentic embryonic stem cells (ESCs) were first
established over 35 yr ago from certain strains of d-3.5
mouse embryos (3, 4). Later, in 2008, authentic rat ESCs
were generated with leukemia inhibitory factor (LIF) and
signal transduction inhibitors (5, 6). Naive PSCs are char-
acterized by compact dome-like colonies, dependency on
LIF, active X chromosomes, and no or very low levels of
major histocompatibility complex (MHC) class-I antigen
expression (7). Naive PSCs are also tolerant to passage as
single cells and show no signs of either senescence or
overextended culture doublings. They have the ability to
differentiate, both in vitro and in vivo, into multiple cell
types that represent the 3 germ layers, and they contribute
to the germ line in chimeric offspring. By contrast, con-
ventional human and monkey ESCs appear to resemble a
primed pluripotent state because they share many char-
acteristics with mouse epiblast stem cells (8–12). Primed
PSCs form flat colonies, dependon basic fibroblast growth
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factor (bFGF) (1), and have an inactivated X chromosome.
They show positive expression of MHC class-I antigen,
intolerance to single cellpassage, andvery limitedcapacity
to contribute to chimeric offspring.

Many researchers have attempted to establish ESCs
from porcine embryos because the pig is recognized as an
ideal experimental animal in humanmedical research and
is a close match for humans in terms of anatomy and
physiology (13).Attempts to derive porcineESCs began at
least 25 yr ago (14–16), and most researchers have used
methods similar to those employed initially in the mouse
(3). The resulting cells have shown some measure of
stemness, including an ability to be maintained in culture
for prolonged periods (15), to form teratomas and, in one
instance, to give rise to chimeras (17). The established
pluripotent cell lines, like those from human blastocysts,
clearly fall into the primed ESC class, and their existence
underscores the commonality of the FGF2-dependent
pluripotent state. Some researchers have derived porcine
PSCs using small molecular inhibitors. For example,
Haraguchi et al. (13) generated self-renewing porcine em-
bryonic stem-like cells from the ICM of porcine embryos
using the inhibitors CHIR99021 and PD184352. Similarly,
Telugu et al. (18) derived LIF-dependent, so-called naive-
type PSCs from porcine embryos by up-regulating the
expression of KLF4 and OCT-4 in the ICMwith lentivirus
vector, followed by culture in medium containing ken-
paulloneandCHIR99021.Anumberof recent studieshave
also reported the generation of putative naive human
PSCs (hPSCs) that molecularly resemble mouse ESCs
(mESCs) (19–21). The study by Gu et al. (22) showed that
human ESCs in the primed state can be converted to the
naive-like state by cultivation under optimizing culture
conditions, namely LBXmedium (LIF1 bFGF1KOSR1
N2B27), and this culture medium could also generate
porcine induced PSCs (iPSCs) that resemble mESCs (23).
Therefore, although many researchers have attempted to
derive porcine ESCs, the establishment of well-defined
naive ESCs has not yet been achieved.

Here, we used the strategies of ESC culture methods in
combinationwith iPSC techniques toderiveporcinenaive-
like ESCs (nESCs). Pig embryonic fibroblasts (PEFs) were
first transfected with a tetracycline (Tet)-inducible vector
carrying the 4 classic mouse (m) reprogramming factors
mOCT4 (POU5F1), mSOX2, mKLF4, and mc-MYC
(mOSKM), followed by somatic cell nuclear transfer
(SCNT)andculture to theblastocyst stageatd6.The ICMs
were then seededonmouse embryonic fibroblasts (MEFs)
that had been cultured with LBX medium containing the
small molecular inhibitors CHIR99021, PD0325901, and
SB431542 (SB). The resulting nESCs were confirmed plu-
ripotent by thorough investigation, and they possessed
many characteristics very similar to those of mouse ESCs.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased fromMilliporeSigma (Burlington,
MA, USA) and Thermo Fisher Scientific unless otherwise
indicated.

Donor cell preparation

PEFswere isolated from d-35 porcine fetuses. Primary cells were
transfected with a Tet-inducible vector carrying the 4 classic
mouse reprogramming factors (mOSKM) and then screened
with antibiotics. Before SCNT, a suspension of single cells was
prepared in a manipulation medium (25 mM HEPES–buffered
tissue culture medium 199 containing 3 mg/ml bovine serum
albumin).

In vitro maturation of oocyte and
embryo production

Porcine ovaries (gilts)were collected froma local slaughterhouse.
The cumulus-oocyte complexes were aspirated, collected, and
transferred to an in vitro maturation medium at 38.5°C in an
atmosphere of 5% CO2 in air. After 42–44 h of maturation
culturing, the cumulus-oocyte complexes were transferred to
Tyrode’s Albumin Lactate Pyruvate (TL)-HEPES buffer con-
taining 0.1% hyaluronidase (w/v) and vortexed to remove the
cumulus cells.

Matured oocytes with the first polar body were transferred
into the manipulation medium supplemented with 7 mg/ml
cytochalasin B. The polar body, along with a portion of the ad-
jacent cytoplasm, was removed, and a donor cell was placed in
the perivitelline space. The reconstructed embryos were then
cultured in porcine zygote medium-3 (PZM-3) medium until
fusion and activation were achieved.

Establishment and culture of nESCs

The embryos were cultured to the early blastocysts stage for 6 d.
The zonapellucidae of blastocystswere removedby treatment in
0.5%pronase solution for 10 s. Blastocystswere then incubated in
10% rabbit anti-porcine serum for 30 min and 10% guinea pig
complement for 30 min. The ICMs were isolated from lysed
trophoblast cells and seeded onto a monolayer of mitomycin
C–inactivated MEFs at a density of 13 105 cell/well. The MEFs
were inactivated with 10 mg/ml mitomycin C for 2.5 h, resus-
pended, and seeded in 4-well dishes precoatedwith 0.1%gelatin.
The nESCs medium was LBX medium with added knockout
serum replacement (KOSR) medium and N2B27 medium and
supplementedwith 16 ng/ml FGF, 2000U/ml LIF, and 2mg/ml
doxycycline (DOX). The KOSR meidum was knockout DMEM
supplemented with 20% KOSR, 1% NEAA, 2 mM L-glutamine,
1% PS, 0.1 mM b-mercaptoethanol, 3 mM CHIR99021, 1 mM
PD0325901, 2mMSB, and 50 ng/ml Vitamin C (VC). TheN2B27
medium was DMEM/F12 medium and Neurobasl supple-
mentedwith 1%N2, 2%B27, 0.25mg/ml bovine serumalbumin,
5 mg/ml insulin, 1% PS, 3 mM CHIR99021, 1 mM PD0325901,
2mMSB, and 50 ng/mlVC. The ICMswere cultured at 38.5°C in
a5%CO2atmosphere.Theculturemediumwaschanged2dafter
the blastocysts were transferred to the ESC medium and then
changed every day.

Karyotyping

The chromosomes of established nESC lines 1, 2, 3, and 4 were
analyzed at passages 28, 27, 36, and 39, respectively. The cells
were incubated in a medium supplemented with 0.02 mg/ml
colcemide for 1 h at 38.5°C in an atmosphere of 5% CO2 in air.
After trypsinization and treatment with hypotonic KCl (0.56%)
for 30 min, the cells were fixed with a 3:1 (v/v) mixture of
methanol and acetic acid and spread on cleanmicroscopic slides
by gentle dropping. After staining with Giemsa (1:10 dilution)
for 20 min, the chromosomes were examined at 31000
magnification.
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Alkaline phosphatase staining
and immunocytochemistry

Alkaline phosphatase (AP) activity of the nESC line 1 at different
passages was assayedwith anAPdetection kit (MilliporeSigma)
according to the manufacterer’s instructions. For immunofluo-
rescence staining, the nESC lines 1 and 3 were cultured on cov-
erslips and fixed with 4% paraformaldehyde for 10 min,
permeabilized with 1% Triton X-100 for 1 h, and blocked with
10% goat serum for 1 h at room temperature. The cells were then
incubated with primary antibodies at 4°C overnight and in-
cubated with secondary antibodies for 1 h at room temperature.
The primary antibodies included OCT4 (Santa Cruz Bio-
technology, Dallas, TX, USA), SOX2 (Calbiochem, San Diego,
CA, USA), NANOG (Santa Cruz Biotechnology), KLF4 (Milli-
poreSigma), SSEA-1 (Novus Biologicals, Centenniel, CO, USA),
desmin (MilliporeSigma), cytokeratin (MilliporeSigma), neu-
rafilament (MilliporeSigma), bIII-tubulin (Cell Signaling Tech-
nology, Danvers, MA, USA), WT1 (Abcam, Cambridge, MA,
USA), and histone H3 lysine 27 trimethylation (H3K27me3)
(Santa Cruz Biotechnology). Secondary antibodies include goat
anti-mouse IgG Alexa Fluor 546 (Thermo Fisher Scientific) and
goat anti-rabbit IgG rhodamine (Rockland Immunochemicals,
Limerick, PA,USA). The nuclei were stainedwithDAPI, and the
stained cells were examined using a confocal imaging system
(710; Carl Zeiss, Oberkochen, Germany). The image acquisition,
analysis, and processing were standardized within each
experiment.

PCR analysis and Western blotting

Total RNAwas extracted from cultured nESC lines 1, 2, 3, and 4
using Trizol, and cDNA was synthesized using a QuantiTect
Reverse Transcription Kit (Vazyme, Nanjing, China). The se-
quences of the primers and annealing temperatures used were
listed in Supplemental Table S1. Real-time RT-PCR analysis was
also performed as previously described by Ezashi et al. (24).

Western blotting was performed according to methods de-
scribed by Haraguchi et al. (13).

Embryoid body formation and directed
differentiation of nESCs under chemically
defined conditions

For embryoid body (EB) formation, colonies of nESC line 1 were
trypsinized into single cells andcultured inhangingdrops inLBX
medium without bFGF, LIF, and small molecular inhibitors for
5 d. The EBs were subsequently placed on dishes coated with
gelatin and cultured in the same conditions for an additional 5 d.
The 3 germ layers and associated genes and markers were de-
tected by RT-PCR and immunocytochemistry, respectively.

The nESCs from line 1 were tested for their potential to dif-
ferentiate into defined lineages under chemically defined me-
dium conditions in the absence of DOX support. They were
differentiated intoamesodermal lineage following12dof culture
as previously described by Takasato et al. (25) and differentiated
into a neuronal lineage by culturing for 5 d in neural differenti-
ation medium in the presence of 1 mg/ml heparin on a gelatin-
coated dish (26).

Analysis of signaling dependence

For LIF signal pathway identification, nESCs from line 3 were
cultured in mediumwith different concentrations of LIF (0, 500,
1000, 1500 and 2000 U/ml) for 3 d, and the total number of AP-
positive clones was calculated. The cells were also seeded in

gelatin-coated feeder-free wells and cultured in mediumwith or
without LIF, supplemented with 1 or 10mM JAK inhibitor
SD1008 (Tocris Bioscience, Bristol, United Kingdom). After
treatment for 3d, the morphologic changes in the cells were
evaluated.

ForFGFsignalpathway identification,nESCs fromline1were
cultured inmediumwithdifferent concentrationsofbFGF (0, 4, 8,
12, 16, 20, and 24 ng/ml) for 3 d, and the total number of AP-
positive clones was calculated. The cells were also cultured in
medium supplemented with or without 2 mM FGF receptor
(FGFR) inhibitor SU5402 (Tocris Bioscience) for 3 d, and then the
total number of AP-positive clones was calculated.

MicroRNA expression analysis by microarray

For microRNA analysis, total RNA from nESC line 1 at passage
13, nESC line 2 at passage 14, pESCs at passage 19 (established
previously in our laboratory), ICMs, and PEFs were extracted
with Trizol Reagent (Takara, Kyoto, Japan) according to the
manufacturer’s instructions. The PEFs served as a negative con-
trol, and the ICMs served as a positive control. MicroRNA ex-
pression profiles (microarray analysis) were obtained from the
ESCs using the Affymetrix Gene Chip Porcine 3 Expression and
Porcine Gene 1.0 ST Array (Thermo Fisher Scientific), which is
basedontheSscrofa9 (susScr2)database (https://www.cepbrowser.org/
cgi-bin/hgGateway).Differentially expressed microRNAs were iden-
tified throughfoldchangesaswellasbyPvaluescalculatedwith the
Student’s t test, andhierarchical clusteringwasperformedtodisplay
the distinguishable microRNA expression patterns among the
samples.

Transcriptional profiling expression analysis by
RNA sequencing

ForRNAsequencing (RNA-seq), a total amount of 3mgRNAper
sample fromnESC line 1 at passage 24, nESC line 3 at passage 24,
nESC line 1 at passage 27 cultured without DOX, porcine iPSC
line 2 at passage 20, ICM, and PEF were used as input materials
for the RNA sample preparations. The RNA-seq libraries were
generated using the rRNA-depleted RNA by NEBNext Ultra
Directional RNA Library Prep Kit for Illumina following the
manufacturer’s recommendations (New England Biolabs, Ips-
wich, MA, USA). The RNA-seq libraries were sequenced on a
HiSeq4000 platform. The top 90% expressed genes [log2 (nor-
malized counts)] in the whole RNA-seq data set were used for
clustering analysis. Transcripts with a P adjust , 0.05 were
assigned as differentially expressed.

RESULTS

Isolation and establishment of nESCs

To establish different lineage nESCs, the female and male
PEFs carrying both Tet-inducible vector and the mOSKM
wereused as donor cells to produce SCNT embryos. ICMs
fromd-6blastocysts (Fig. 1A)were freedof trophectoderm
by immunosurgery (Fig. 1B) and then placed on the mi-
tomycin C–treated MEFs. After 2–3 d of culturing, the
ICMs began to attach on the feeder cell layer (Fig. 1C), and
4–7 d later they formed the first outgrowth (Fig. 1D). The
attachment and outgrowth percentages were 22.8% (29/
127) and 34.5% (10/29), respectively. The outgrowths
were routinely mechanically passaged by aspirating the
colonies into fine pipettes, and 3 d later, the colonies were
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passaged for 5 passages by dissociation with collagenase
for 20 min and then 0.25% trypsin for 2 min. We then
routinely passaged these cells into single cells every 3–
4 d using 0.25% trypsin and plating them into wells pre-
seeded with MEFs.

Two female nESC lines (named nESC1 and 2) and 2
male nESC lines (named nESC3 and 4) were established
and cultured for 139, 97, 110, and 68 passages and still
maintained vigorous growth. The colonies exhibited a
compact, dome-like morphology at different passages
(Fig. 1E–H) and had a cell growth curve (Supplemental
Fig. S1) similar to that of mESCs. The established cell lines
couldbe cryopreservedandrecoveredwithhighefficiency
using standard techniques.

The pluripotent states of nESCs

These established nESC lines exhibited many characteris-
tics near to naivepluripotency. The cells exhibited positive
staining for AP at different passages (Fig. 2A), and im-
munofluorescence analysis confirmed that they expressed
the pluripotency markers OCT4, NANOG, SOX2, and
KLF-4 in their nuclei and SSEA-1–positive expression in
cytomembrane (Fig. 2B and Supplemental Fig. S2). The
specific staining of antibodies was also demonstrated
(Supplemental Fig. S3).

The exogenousgenesofmouseOSKMandendogenous
genes of pig OSKM were both detected by RT-PCR (Fig.
3A). The female or male cells displayed a continued nor-
mal 38XXor 38XYkaryotype atdifferent passages (Fig. 3D
and Supplemental Fig. S4). The RNA transcripts of
pluripotency markers, including OCT4, NANOG, SOX2,
c-MYC,LIN28,TBX3, andDPPA5,weredetected innESCs
by RT-PCR (Fig. 3B). Western blotting analysis further
verified the expression of pluripotent markers OCT-4,

SOX2,NANOG, and SSEA-1 (Fig. 3E), Gray-scale analysis
showed the same results (Student’s t test, P , 0.05) (Fig.
3G). No or low levels ofMHC class-I expression is another
hallmark of the naive state (7), and the nESCs were nega-
tive for MHC class I as assessed by RT-PCR (Fig. 3C). The
LIF signal pathway–related genes, including LIF, gp130,
LIF-a, and LIF-b, were detected in nESCs by RT-PCR
(Fige. 3B). Protein STAT3 phosphorylation is also an im-
portant mark for the activated LIF signal pathway (27),
and LIF dependence was confirmed by detection of
phosphorylated STAT3. Western blotting showed that
phosphorylation of STAT3 occurred in nESCs andmESCs
but not in hESCs (Fig. 3F).

Both X chromosomes are active in female ESCs, and
expression of the X-inactive specific transcript (XIST) gene
was lower innaivePSCs (1).Culturingof the femalenESCs
ina-MEMmediumwithFGFandactivin resulted in lossof
the dome-like morphology, and the cells became flat. We
called these cells reversed-primed ESCs (rpESCs). Real-
time RT-PCR analysis showed an increased expression of
the XIST gene in the rpESCs compared with the nESCs
(Fig. 3H) (Student’s t test, P , 0.05). The staining of
H3K27me3, which is associated with the inactive X chro-
mosome, further indicated a greater accumulation of
H3K27me3 in rpESCs than in nESCs because of the re-
duced or absent H3K27me3 spot in nESCs (Fig. 3I).

We further investigated the response of the cells to
different signaling inhibitors. The percentage of AP-
positive cell colonies obviously decreased with removal
of LIF from the medium. Because LIF is the key cytokine
secretedby feeder cells (MEF), thismaymaskanyeffects of
exogenous addition of the factor. Therefore, we plated
nESCs onto gelatin-coated dishes in LBX medium, LBX
medium without LIF, LBX medium with 1 mm added
SD1008 (an inhibitor of JAK or STAT3), and LBXmedium

Figure 1. Derivation and morphology of nESCs. A) SCNT blastocysts at d 6. B) Blastocysts after immunosurgery treatment. C, D)
The d-6 and d-8 attached ICM. E–H) The morphology of nESCs colony at passages 11, 20, 32, and 50. Scale bars, 100 mm.
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with 10 mm added SD1008. In the presence of LIF,
;10–20% of the cells remained undifferentiated after 2
passages in culture; however, all the cells differentiated
rapidly when exposed to a JAK or STAT3 inhibitor or
following removal of LIF, and the cells could not be
maintained beyond 1 passage (Fig. 4A, B). This indicated
that the self-renewal of nESCs depended on LIF signaling.
Removal of FGF from the medium significantly increased
the percentage of AP-positive cell colonies (Fig. 4C). In the
presence of the FGFR inhibitor SU5402, the percentage of
AP-positive cell colonieswas nearly equal to that obtained
in the absence of SU5402 (Fig. 4D). The cells cultured with
different concentrations of FGF could be passaged nor-
mally, but the cell number decreased when the concen-
tration of FGF was reduced in the medium (Fig. 4E),
indicating that the self-renewal of nESCs did not depend
on FGF signaling; however, inclusion of FGF could im-
prove cell proliferation.

Multilineage differentiation of nESCs

The classic method for inducing ESC differentiation is to
allowESCs togrow in suspension and form3-dimensional
aggregates known as EBs (28). Within the EBs, ESC dif-
ferentiation proceeds on a schedule similar to that in the
embryo. The nESCs could form EBs when grown in sus-
pension without LIF, FGF, and small molecules for
5 d (Fig. 5A).We plated d-4 EBs onto gelatin-coated dishes
under the same conditions, and the cells in the outgrowth
ofEBsdisplayed themorphologyofdistinctdifferentiation
(Fig. 5B). Immunocytochemical analysis confirmed the

expression of differentiation markers for ectoderm (neu-
rofilament), endoderm (cytokeratin 17), and mesoderm
(desmin) in these differentiated cells (Fig. 5C).

The nESCs could also be induced to undergo successful
differentiation under defined conditions. They differenti-
ated into kidney precursors when cultured in defined
mediumwithoutDOX for 12 d (Fig. 5E). The expression of
the intermediate mesoderm-related genes OSR1, PAX2,
and LHX1 were detected by RT-PCR when differentiated
atd 6 (Supplemental Fig. S5A), andRT-PCRconfirmed the
expression of themetanephricmesenchyme andprimitive
streak stage–related genes WT1, GDNF, SIX2, OSR1,
PAX2, HOXB7, and HOXD11 when the cells were differ-
entiated at d 12 (Supplemental Fig. S5B). Real-time RT-
PCR analysis showed that the expression of these kidney
precursor–related gene was significantly increased when
cells were differentiated at d 6 and 12 compared with
undifferentiated cells at d 0 (Student’s t test,P, 0.05) (Fig.
5D). Immunofluorescence analysis confirmed that cells
wereWT1-positive (Fig. 5F)when theyweredifferentiated
at d 12. Western blotting and Gray-scale analysis further
verified the expression of WT1 in differentiated cells
(Student’s t test, P , 0.05) (Fig. 5G). The nESCs differen-
tiated into neuroectodermal precursors under defined
mediumwithout DOX for 5 d (Fig. 5I). RT-PCR confirmed
the expression of the neuron-related genes CD4, GBBR1,
and NEUROD1, the astrocyte-related genes SPARC,
GLUL, and GFAP, and the synapse-related genes PLP1
and TF (Supplemental Fig. S5C) when the cells were dif-
ferentiated at d 5. Real-time RT-PCR analysis showed
that the expression of these neural related genes was

Figure 2. Characteristics of nESCs. A) AP staining of nESC at passage 11, 24, 38, and 54. B) The immunofluorescence staining of
pluripotency markers NANOG, OCT4, KLF-4, SOX-2, and SSEA-1 in nESC line 1 colonies (at passage 28) cultured on MEF cells.
Scale bars, 100 mm.
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significantly increasedwhen cellswere differentiated at d 5
comparedwithundifferentiated cells atd0 (Student’s t test,
P, 0.05) (Fig. 5H). Immunofluorescence analysis showed
that cells were bIII-tubulin–positive when they were dif-
ferentiated at d 5 (Fig. 5J). Western blotting andGray-scale
analysis further verified the expression of bIII-tubulin in
differentiated cells (Student’s t test, P, 0.05) (Fig. 5K).

Comparison of reprogramming factor
expression in the nESCs

The expression levels of the transgenes and the endogenous
OSKM were investigated by quantitative RT-PCR. Expres-
sion of endogenous pSOX2 and pc-MYC in the naive-like

ESC line 1 increased significantly (Student’s t test, P, 0.01)
(Fig. 6B), and that of the exogenous OSKM decreased sig-
nificantly (Student’s t test,P,0.01) (Fig. 6A) after thegradual
removal of DOX from the medium (2, 1, 0.5, 0 mg/ml). In
addition, expression of the exogenous OSKM was signifi-
cantly lower (Student’s t test,P,0.01) in thenESC line1 than
in the iPSCs (Fig. 6C) derived fromPEFs following induction
with the same 4 reprogramming factors and using the same
culture system. The expression of endogenous pSOX2,
pKLF4, and pc-MYC was significantly higher (Student’s t
test, P, 0.05) in the nESC line 1 than in the iPSCs (Fig. 6D).

In order to obtain porcine ESCs without exogenous
transcriptional factor expression, we simultaneously cul-
turednESC line 1 andnESC line 4 in LBXmediumwithout

Figure 3. Characteristics of nESCs. A) RT-PCR analysis of exogenous and endogenous pluripotent genes of OCT-4, SOX-2, KLF-4,
and c-MYC in nESC lines 1 and 2 at passages 14 and 15. end, endogenous; exo, exogenous B) RT-PCR analysis of relative
transcript concentrations of pluripotent and lineage-specific genes in nESC lines 1, 2, 3, and 4 at passages 14, 15, and 12,
respectively, and in ICM, PEFs, and MEFs. C) RT-PCR analysis of MHC-1 gene in nESC lines 1 and 2 at passages 14 and 15. D)
Karyotype analysis of nESC line 1 at passage 28. E) Western blotting analysis confirming the expression of pluripotent genes in
the nESC lines 1, 2, and 3. Lysates from mouse ESCs and PEFs were used as positive and negative controls, respectively. F)
Phosphorylation status of STAT3 in the nESC lines 1 and 2 at passages 45 and 44. mESCs and hESCs were used as controls. p-
STAT3, phosphorylated STAT3 G) Gray value analysis of Western Blotting. H) Quantitative RT-PCR for the XIST gene. The
expression of the xist gene in nESC lines 1 and 2 at passages 21 and 18 and their rpESCs cultured for 3 passages was compared. I)
Immunostaining for H3K27me3 in rpESCs and nESCs; histone H3K27 trimethylation spots were observed in rpESCs but not in
nESCs. End, endogenous; exo, exogenous; p, phosphorylated; XaXa, active X chromosome; XaXi, inactivated X chromosome.
Data are depicted as mean 6 SD. Scale bars, 100mm. *P , 0.05. **P , 0.01.
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FGF and DOX. The nESC line 1 gradually died after 2
generations of culture, whereas the nESC line 4 survived
10 generations of culture and could be passaged normally.
Total RNA was extracted from nESC line 1 at passage 14
cultured with DOX and at passage 29 after 2 passages
withoutDOX;RNAwasalso extracted fromnESC line 4 at
passage 21 culturedwith DOX and at passages 33, 37, and
41after 2, 6, and 10passageswithoutDOX.Tvector polyA
(TA) cloning sequencing showed that the 4 transcriptional
factors were continuously expressed in different propor-
tions in both cell lines, but the expression of the exogenous
SOX2 decreased significantly, especially in the nESC line 4
after 2 passages without DOX, where expression of exog-
enous SOX2 was completely eliminated (Fig. 6E and
Supplemental Fig. S6).

MicroRNA and mRNA expression of nESCs by
microarray and RNA-seq analysis

The microRNA expression of nESC lines 1 and 2 was
compared with porcine primed ESCs (pESCs), ICMs, and
PEFs using the Affymetrix Gene Chip Porcine 3 Expres-
sion and Porcine Gene 1.0 ST Array. Tree groups could be
identified in the heatmap. Hierarchical clustering result
showed the microRNA expression pattern of nESCs was
more similar to that of ICMs and pESCs than to that of
PEFs (Fig. 7A). Themicroarray data revealed significantly

higher expression of about 8 microRNAs, including
microRNA-28-3p (miR-28-3p) and microRNA-205(miR-
205) (higher in ICMs than in nESCs), and of about 7
microRNAs, including miR-205 and microRNA-4334-5p
(miR-4334-5p) (higher in ICMs than in pESCs) (Supple-
mental Table S2). Expression of miR-28-3p, miR-205, and
microRNA-3613 (miR-3613) in ICM, pESCs, and nESCs
decreased progressively. In particular, the expressed
quantity of miR-205 in ICM was about 89 times more
than in nESC line 1, 285 times more than in nESC line
2, and 473 times more than in pESCs.

To investigate the molecular features of nESCs, we
profiled their transcriptome by RNA-seq and compared
this with the transcriptomes of porcine iPSCs, ICM, and
PEF; we also compared the nESCs culturedwithout DOX.
Hierarchical clustering results showed that nESC line 1
and iPSCs cluster together, whereas nESCs cultured
without DOX were close to ICM (Fig. 7B); this indicated
that the nESCs tend to turn into ESCs in the absence of
DOX and change to iPSCs in the presence of DOX.

We also selected some typical pluripotency genes and
compared the expression levels of these genes in nESCs
with expression in iPSCs, ICMs, and PEFs (Fig. 7C). Most
pluripotency genes were expressed at lower levels in
nESCs than in ICM; these genes include OCT-4,REX1
(ZFP42), KLF4, KLF5, TBX3, DPPA5(Esg1), SALL4,
TFCP2L1, and PECAM1. However, expression of the

Figure 4. Signaling dependence analysis of nESCs. A) The morphology of nESCs cultured in LBX, LBX without LIF, LBX + 1 mm
SD1008, and LBX + 10 mm SD1008. Scale bars, 100mm. B) The AP-positive colonies rate of nESCs culture with different
concentration of LIF. C) The positive rate of AP staining of nESCs cultured with different concentration of bFGF. SU, FGF
receptor inhibitor SU5402. D) The positive rate of AP staining of nESCs cultured with or without 2 mm FGFR inhibitor SU5402.
E) Cell counting of nESCs cultured with different concentration of bFGF in different passage.

DERIVATION OF NOVEL NAIVE-LIKE PORCINE EMBRYONIC STEM CELLS 7

Downloaded from www.fasebj.org by La Trobe Univ Lib (131.172.36.29) on May 26, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.



pluripotencygenes, suchasOCT4, SUZ12, SOX2, LIN28A,
NR6A1, PODXL, GNL3, AVCR2B, UTF1, ESRRB, and
CDH1, was significantly higher in nESCs than in PEFs.
Somepluripotencygenes, suchasKLF4, SUZ12, PECAM1,
REX1, and ID1, were expressed at higher levels in nESCs
than in iPSCs. Inparticular, somepluripotencygenes, such
as SOX2, STAT3, LIN28A, NR6A1, SMAD2, SMAD3 and
TERT, were expressed at higher levels in nESCs than in
ICM. The RNA-seq data indicated a much higher expres-
sion of the core stemcell transcription factorsOCT4,KLF4,
REX1, TBX3, and DPPA5 in ICM than in nESCs (Supple-
mentalTableS3).Collectively, thesedata indicated that the
gene expression pattern of nESCswas distinct from that of
PEFs, and the nESCs may possess characteristics that re-
semble both ESCs and iPSCs.

DISCUSSION

In this study, nESCs morphologically similar to mouse
ESCswere isolated fromSCNTembryos.Weestablished 4

cell lines that could be propagated rapidly without any
overt change inmorphology, even after 130 passages. Our
results demonstrate that the use of LBX medium enables
the efficient derivation and maintenance of cells from
porcine blastocysts that show some key features of ESCs:
expression of the pluripotency markers OCT4, NANOG,
KLF-4, SOX2, and SSEA-1; long-term self-renewal; the
capacity to differentiate into all 3 germ layers; and the
capacity for digestion into single cells.

A number of attempts to generate ESCs in porcine have
been reported; however, the characterization results have
notbeenasdefinitiveas those frommice. Someresearchers
reported the establishment of ESC-like cells from pigs;
however, they were not able to subculture beyond 20
passages (29–33). In addition, the vast majority of these
studies showed that the derived pluripotent cells were the
primed type, and most studies used the nonenzymatic
passaging methods to passage the cells (27, 34). As far as
we know, only Telugu et al. (18) derived a LIF-dependent
cell line by ectopic overexpression of KLF4 and OCT4 in
ICMs of porcine blastocysts, and their putative naive

Figure 5. In vitro differentiation potential of nESCs. A) EB derived from nESCs of line 1 at passage 14. B) EB spread on dishes
coated with gelatin displayed distinct signs of differentiation. C) Expression of differentiation marker cytokeratin 17
(endoderm), desmin (mesoderm), and neurofilament (ectoderm) from differentiated nESCs was confirmed by immunocyto-
chemistry analysis. D) Quantitative RT-PCR for the intermediate mesoderm, metanephric mesenchyme, and primitive streak
stage–related genes in nESCs differentiated at d 0, 6, and 12. E) The difference between cells differentiated at d 0 and 12 can be
clearly seen under the microscope. F) Expression of differentiation marker WT1 at d 12 from differentiated nESCs was
confirmed by immunofluorescence analysis. G) Western blotting analysis confirming the expression of WT1 in differentiated
nESCs and the gray value analysis. H) Quantitative RT-PCR for the neuron-, astrocyte-, and oligodendrocyte-related genes in
nESCs differentiated at d 0 and 5. I) The difference between cells differentiated at d 0 and 5 can be clearly seen under the
microscope. J ) Immunofluorescence staining of d-5 neural differentiation cultures showed that cells at d 5 were positive for the
postmitotic neuron marker bIII-tubulin. K) Western blotting analysis confirming the expression of bIII-tubulin in differentiated
nESCs and the gray value analysis. Brain, positive control with pig brain; GAPDH, glyceraldehyde 3-phosphate dehydrogenase as
control for normalization; kidney, positive control with pig kidney. Data are depicted as mean 6 SD. Scale bars, 100mm. *P ,
0.05. **P , 0.01.
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classes ofpluripotent cells also showeda rapidgrowth rate
and no sign of senescence beyond 50 passages. However,
the up-regulation of KLF4 and OCT4 in the whole ICM
may produce pluripotent cells that lack homogenous
outgrowth because the cells might be derived from dif-
ferent blastomereswith different integration of exogenous
transcriptional factors. For this reason,we first transfected
the PEFswith reprogramming factors and then conducted
the SCNT to generate naive-like ESCs from ICMs with
homogenization. We routinely used trypsin to passage
porcine ESCs for more than 130 passages, and they dem-
onstrated good cell viability.

The success of porcine ESC establishment is affected by
several factors, including the main culture medium and
the small molecules used. Culture medium has profound
effects on cell identity because the cell fate transition canbe
induced or promoted by switching different culture me-
dium. The research by Gu et al. (22) showed that H9 cells
were quickly converted to naive states with an alternative
culture medium, and colonies in the medium containing
N2B27 lookedmore domedwhen comparedwith colonies
in the medium containing only KOSR. N2B27 medium
was used to isolate rat ESCs (5) andwas successfully used

in the establishment of naive rat ESCs when combined
with the Erk inhibitor PD0325901 and the Gsk3 inhibitor
CHIR99021 (6). Combining these 2 inhibitors with LIF
provides a defined culture system that is effective for all
strains of mice and rats tested, supporting efficient ESC
derivation and clonal expansion from dissociated cells
(35). The activin receptor inhibitor SB can increase bone
morphogenetic protein (BMP) signaling activity (36), and
BMP4 has positive effects on mESCs in terms of self-
renewal and resistance to differentiation (37), whereas
human ESCs rapidly differentiate when exposed to BMP4
(38). Our results showed that the naive-like ESCs could be
efficiently generated in LBX medium that contained
N2B27, supplemented with CHIR99021, PD0325901, and
SB, and combined with LIF.

The naive-like ESCs derived in our lab have character-
istics very similar to those of naive mouse PSCs. In mice
and pigs, SSEA-1 is ontogenetically expressed in the ICM;
however, in humans, it is expressed in the morulae and
trophoblasts instead (7). Mouse and human ESCs also
have a distinct expression pattern of cell surface markers
that characterize the undifferentiated state (39) because
SSEA-1 is expressed inmouseESCsbut is absent in human

Figure 6. The analysis of pluripotent genes of OCT-4, SOX-2, KLF-4, and c-MYC in nESCs. A, B) Real-time RT-PCR analysis of the
exogenous and endogenous pluripotent genes in the nESCs treated with different concentrations of DOX. C, D) Real-time RT-
PCR analysis of the exogenous and endogenous pluripotent genes in the nESCs and iPSCs. E) The expression of endogenous
and exogenous pluripotent genes from nESC line 1 in the LBX medium with or without DOX and FGF. Data are depicted as
mean 6 SD. *P , 0.05. **P , 0.01.
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ESCs. The surface marker SSEA-1 was readily detected in
the nESCs, and the protein expression of SSEA-1 was also
confirmed by immunofluorescence andWestern blotting.
Activation of STAT3 is essential for mouse ESC self-
renewal mediated by signaling through LIF or gp130 re-
ceptors (40). Interestingly, LIF or STAT3 signaling fails to
maintain self-renewal ofmouse epiblast-derivedstemcells
(EpiSCs) and human ESCs (8, 41, 42). Our results dem-
onstrated that the nESCs expressed the LIF receptors
(LIFRs) and their subunits, LIFR-a, LIFR-b, and GP130. A
hallmark of female ESCs and the early epiblast is that both
X chromosomes are active. Upon proper differentiation, 1
X chromosome then becomes silenced (5). Our finding
showed that the conversionof nESCs fromfemale cell lines
into a primed state is associated with up-regulation of
XIST and a decrease in the fluorescence intensity of the
H3K27me3 spot in the nESCs when compared with the
rpESCs. We also showed that nESCs can spontaneously
differentiate into cells expressingmarkers of the 3 somatic
germ layers, and they can also respond to a differentiation
protocol for inducing the differentiation of neural and
kidney precursors.

Themost important characteristic of the stem cell naive
state is its LIF pathway dependence. LIF and bFGF, re-
spectively, play important roles inmaintainingmouse and
human ESC pluripotency. The LIF signaling triggers the
activation of the transcription factor Stat3, thereby allow-
ing ESCs to maintain their undifferentiated state and self-
renewal capacity (40). We demonstrated that nESCs
depend onLIF signaling for self-renewal, and that the LIF-
JAK-STAT3 pathway is essential for pluripotency. The

medium without LIF did not support stable cell growth
because LIF withdrawal over 2 successive passages
resulted in colonies that displayed overt signs of differ-
entiation with the loss of compact morphology, and the
differentiation was also much more pronounced with the
inclusion of a JAK1 inhibitor. The nESCs were also LIF-
dependent, as evident by the protein expression of phos-
phorylated STAT3. By contrast, blocking of the FGF
pathway failed to interfere with the self-renewal and
pluripotency of nESCs, indicating that this pathway does
not playa central role in sustainingpluripotency in nESCs.

At present, the major issues of iPSC techniques are an
insufficient initiation of endogenous transcription factors
and the difficulty in completely silencing exogenous
transcription factors, both of which obstruct the applica-
tion of iPSCs. Human ESCs have reached a new pluripo-
tent state with similar characters of mouse ESCs by
exogenous expression of 3 pluripotent factors (KLF4,
OCT4, SOX2), but maintenance of naive PSC lines for
longer than 20 passages without the expression of exo-
genes has not been possible (9). We showed that the nESC
line 4 survived at least 10 generations of culture after DOX
was removed and that endogenous SOX2 was activated,
although the other 3 exogenous transcription factors could
not be completely silenced. Recently, the research on
porcine iPSCs indicated that efficient transgene silencing is
essential for the derivation of naive iPSC lines and is a
prerequisite for normal cell differentiation (43). Therefore,
the main problem of the cell lines established in our lab
may also be insufficient initiation of the endogenous
transcription factors and incomplete silencing of

Figure 7. MicroRNA expression using Affymetrix microarrays and RNA-seq analysis of nESCs. A) Two-color heatmap
representation of microRNA expression data derived from Affymetrix gene chip analysis. Each row represents the expression of a
single microRNA, and columns indicate samples. nESC1, nESC line 1 at passage 13; nESC2, nESC line 2 at passage 14. B)
Heatmap showing scaled expression values of 25,492 differentially expressed genes [log2 (fold change) .3, adjusted P value ,
0.05] among the 6 cell types. C) Expression heatmap of pluripotency genes for each cell type. The results are shown by the Z
score of the FPKMs of all samples for each gene. FPKMs, fragments per kilo-base of exon per million fragments mapped; iPS,
pocine iPSCs at passage 20; nESC1, nESC line 1 at passage 24; nESC3, nESC line 3 at passage 24; nESC1DOX0, nESC line 1 at
passage 27 cultured without DOX; PEF, porcine embryonic fibroblast cells at passage 3.
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exogenous transcription factors. Next, we intend to
use the vector carrying both a 2A-peptide–linked
reprogramming cassette, c-MYC-KLF4-OCT4-SOX2–ires,
and the loxP sites so that the exogenous reprogramming
factors can be completely removed by using subsequent
Cre-transfection after the stable ESC line is established.

The establishment and maintenance of ESC lines is
much more complicated from porcine blastocysts than
from mouse embryos or primate embryos. The key mol-
ecules and the appropriate levels of gene expression re-
quired to maintain the ground state of authentic porcine
ESCs are still unknown. In mouse blastocysts, NANOG is
expressed in conjunction with OCT4 and SOX2 to confer
pluripotent properties to the ICM, whereas in the pig, the
concerted expression of these factors is delayed until the
epiblast stage (44). Consequently, identification of surro-
gatemarkers for the naivety of porcine ESCs is important.
Our RNA-seq analysis showed significantly higher ex-
pression of OCT4, TBX3, REX-1, DPPA5, and KLF4 in
ICMs than in our nESCs; therefore, the transfection of the 4
OSKM factors might not be sufficient to support porcine
pluripotent cells in the naive state, and we need to test
other transcription factors. Because the current culture
conditions forporcinePSCsarenot yet theoptimal system,
the identification of other culture conditions that enable
porcine PSCs to assume an authentic naive state will be
necessary. Further, the use of different exogenous factor
combinations and small molecular inhibitors may also
allow the in vitro production of transgene-independent
and stable naive porcine pluripotent cells.
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