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For diseases of the brain, the pig (Sus scrofa) is increasingly being used as a model organism that shares many
anatomical and biological similarities with humans. We report that pig induced pluripotent stem cells (iPSC)
can recapitulate events in early mammalian neural development. Pig iPSC line (POU5F1high/SSEA4low) had a
higher potential to form neural rosettes (NR) containing neuroepithelial cells than either POU5F1low/SSEA4low
or POU5F1low/SSEA4high lines. Thus, POU5F1 and SSEA4 pluripotency marker profiles in starting porcine
iPSC populations can predict their propensity to form more robust NR populations in culture. The NR were
isolated and expanded in vitro, retaining their NR morphology and neuroepithelial molecular properties. These
cells expressed anterior central nervous system fate markers OTX2 and GBX2 through at least seven passages,
and responded to retinoic acid, promoting a more posterior fate (HOXB4 + , OTX2 - , and GBX2 - ). These
findings offer insight into pig iPSC development, which parallels the human iPSC in both anterior and posterior
neural cell fates. These in vitro similarities in early neural differentiation processes support the use of pig iPSC
and differentiated neural cells as a cell therapy in allogeneic porcine neural injury and degeneration models,
providing relevant translational data for eventual human neural cell therapies.

Introduction

L

imitations of obtaining adult neural stem cells
(NSC) for cell therapy [1] has resulted in increased demand for induced pluripotent stem cells (iPSC) technologies
for clinical applications requiring human NSC. Differentiation of iPSC will facilitate development of autologous or
closely matched allogeneic human neural cells that potentially overcome the issue of immune rejection for regenerative therapeutics [2–4]. Murine and human iPSC have been
differentiated into a variety of lineages including NSC [5],
neurons [6], astrocytes [7], and oligodendrocytes [8] and
these have been successfully transplanted into mice [9,10].
However, there are growing concerns regarding basing
human clinical trials solely on rodent data, as accumulating
evidence indicates that rodents do not recapitulate many aspects of human physiology and/or disease processes [11–14].
To increase the probability of successful human iPSCbased neural cell trials, closely matched animal iPSC-derived
neural cells and subtypes should be tested in species that are
more representative of the human central nervous system
(CNS) in size and other physiological characteristics [10].
1
2
3

The pig is an increasingly relevant model organism for
biomedical research with the pig CNS demonstrating significant similarities to humans relative to the rodent model, which
suggests pig study results may translate to human patients
more readily [15].
In contrast to the rodent, the pig and human brain are
gyrencephalic, possessing significantly higher levels of
white matter, and they are larger in size, all important factors when considering the development of a cell therapy
[16–18]. For example, brain size is likely to affect the
number of cells to be transplanted, the number and location
of injection sites, supporting components such as extracellular matrices, and the ability of cells to be vascularized. In
addition, recent genomic and proteomic data characterizing
the pig at the molecular level will be indispensable in establishing the pig as an appropriate biomedical model
[19,20]. Pigs are available for biomedical research through
many of the same commercial vendors that supply rodents to
the research community and can be obtained as miniature
swine that are more comparable to humans [20].
The generation of pig iPSC opens up the possibility of
evaluating allograft and autologous iPSC generated neural
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cell therapies in pig neurodegeneration and injury models
[21–23]. However, the level of translational relevance to
humans will be determined in part after studies determine
whether pig iPSC are capable of undergoing spatial, temporal, cellular, and molecular neural differentiation events
that are similar to human iPSC neural differentiation [24].
Human pluripotent stem cell (PSC) neural developmental
paths can be recapitulated in vitro. Initially, these cells form
neural rosette (NR) structures, the in vitro equivalent to the
neuroepithelium of the developing neural tube. The NR
consists of a radial arrangement of neuroepithelial cells with
the capacity to differentiate into neurons and glia [5,25,26].
Human NR structures have a broad differentiation potential
propitious for development of the central and peripheral
nervous systems, allowing regional specification and expansion in vitro without losing rosette properties [27].
Although NR structures have been observed during the
transition of pig ESC through neural differentiation [16,28]
rosette morphology was only maintained briefly, and their
capacity to recapitulate neural differentiation, specifically
neural regionalization, was not examined. We previously
reported that pig iPSC can differentiate into all three neural
lineages but the presence or absence of NR and neuroepithelial cells was not investigated [24]. Because the NR is
a distinctive cellular aggregate structure during the initial
neuralization of human PSC [25], it is critical to demonstrate that pig iPSC not only form NR but also differentiate
through a process similar to human NR-derived cells, supporting the use of pig iPSC as a translational model for
human regenerative therapies.
Several groups have generated pig iPSC that have been
characterized using pluripotent markers such as stage-specific
embryonic antigen 4 (SSEA4) and POU domain class 5,
transcription factor (POU5F1) [29–31],without examining the
relative expression of both pluripotency markers and whether
this influenced subsequent in vitro differentiation. POU5F1 is
the main regulatory gene in governing self-renewal, it also
plays a role in determining lineage commitment in the differentiation of rodent and human PSC, while SSEA4 is associated with pluripotency in human but not murine PSC [32,33].
SSEA4 has been used to characterize pig iPSC lines, however,
expression varied among studies, accentuating the need to
utilize multiple pluripotent marker expression profiles to
fully characterize the pluripotency of pig iPSC lines.
The use of multiple marker and differential expression
profiles may be correlative with any given pig iPSC lines in
vitro lineage differentiation profiles. Human PSC have
demonstrated distinct lineage differentiation efficiencies,
and one proposal for overcoming this limitation was developed, a lineage scorecard analysis that permits the evaluation
of multiple markers to rapidly assess the differentiation propensities of multiple starting populations to predict the quality
and utility of any pluripotent cell line [34].
In this study, we determined whether expression of pluripotent markers (POU5F1 and SSEA4) in morphologically
uniform pig iPSC lines was correlative with neural development and from this expression profile determined line propensity to form NR structures. Moreover, we assessed the
spatial, temporal, molecular, and cellular differentiation patterns of pig iPSC-derived NR development to ascertain parallels to human PSC NR differentiation. Ultimately, we tested
the ability of pig iPSC-derived NR to be isolated, expanded in
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vitro while maintaining a homogenous NR phenotype, and
their capability to differentiate into all three neural lineages.

Materials and Methods
Cell culture
Pig iPSC lines were generated as previously described
[23,24]. Preliminarily, we generated three putative pig iPSC
lines. All lines were < 20 passages from the derivation and
were continuously maintained on Matrigel (diluted 1:100
in Dulbecco’s modified Eagle’s medium/F12; BD Biosciences)-coated dishes in mTeSR1 (Stemcell Technologies)
medium. Cells were passaged using 1 mg/mL dispase
(Stemcell Technologies) every 3–4 days upon reaching 80%
confluency.

Immunocytochemistry
Pig iPSC and NR were plated onto glass four-well
chamber slides and fixed with 4% paraformaldehyde (PFA;
Electron Microscopy Sciences) for 15 min. For intracellular
staining, cells were permeabilized with 0.1% Triton X-100
and 1% Polyvinylpyrrolidone (PVP; Sigma-Aldrich) in
blocking solution containing 4% normal donkey serum
( Jackson Immuno Research). For extracellular staining,
cells were blocked in phosphate-buffered saline (PBS)
containing 4% normal donkey serum. Primary antibodies
were diluted in blocking solution and incubated with the
cells at 4C overnight. Primary antibodies used were
POU5F1 (Santa Cruz; 1:500), SSEA4 (Developmental Studies Hybridoma Bank; 1:200), tight junction protein ZO-1
(ZO-1, Mid; Invitrogen, 1:50), PAX6 (Millipore; 1:1000),
SOX1 (R&D Systems; 1:25), NESTIN (Millipore, 1:1000),
beta III-TUBULIN (bIII-TUB; Neuromics, 1:200), microtubule-associated protein 2 (MAP2, Invitrogen; 1:200), glial
fibrillary acidic protein (GFAP, Chemicon; 1:200), and oligodendrocyte marker 4 (O4, Chemicon; 1:100). Primary
antibodies were detected using a fluorescently conjugated
secondary antibody, Alexa Fluor (Invitrogen; 1:1000) and
incubated for 1 h at room temperature before washing and
subsequent microscopic inspection. Cells plated on slides
were imaged on IX81 microscope with Disc-Spinning Unit
(Olympus, Inc.) using Slide Book Software (Intelligent Imaging Innovations). Three dimensional structures were imaged
using Z-stack capabilities of the Slide Book Software. Protein
expression was quantified using Image-pro plus 5.1 software.
Quantitative evaluation was performed by counting immunelabeled cells from three independent experiments.

Neural induction
POU5F1low/SSEA4low,
POU5F1high/SSEA4low,
and
low
high
pig iPSC lines were disassociated
POU5F1 /SSEA4
using dispase and plated on Matrigel in mTeSR1 medium at
a density of 12,500 cells/cm2 and cultured at 37C in 5%
CO2. After 24 h, pig iPSC were then placed in a chemically
defined neural induction (NI) medium: DMEM/F12, N2
(Gibco), 2 mM l-glutamine (Invitrogen), 50 U/mL penicillin, and 50 mg/mL streptomycin (Invitrogen); and 10 ng/mL
fibroblast growth factor-2 (bFGF; R & D Systems) for 15
days. Medium was replaced every day without passage. For
cultures older that 15 days, pig iPSC-derived NR were
isolated manually from surrounding nonneural cells, cut into

NEURAL DIFFERENTIATION OF PIG IPSC

small cell aggregates and transferred to Matrigel-coated
dishes in NIF medium [NI medium plus 10 ng/mL leukemia
inhibitory factor (LIF; Millipore)]. These cells reformed NR
and after 7 days, the cells were disassociated manually and
split onto new Matrigel-coated dishes at a ratio of 1:2
(termed passage 1), with subsequent passages every 4 days
and medium changed every other day. For cryopreservation,
pig iPSC-derived NR cells were isolated manually (300 g),
centrifuged, and resuspended in freezing media containing
90% NIF medium and 10% DMSO (Sigma). Cells were
rapidly thawed at 37C, resuspended in prewarmed culture
media, centrifuged for 5 min at 300 g, and replated onto
Matrigel-coated plates in NIF medium. All experiments
were replicated a minimum of three times.

Differentiation of pig iPSC-derived NR
To evaluate the differentiation potential of pig iPSCderived NR into neurons and glial cells, NR at passage 3
were manually disassociated and seeded at a ratio of 1:3 on
Matrigel-coated dishes and at a ratio of 1:10 on Matrigelcoated four well Permanox chamber slides (Lab-Tek). For
neuronal differentiation, pig iPSC-derived NR were maintained for 20 days in medium containing basal neural medium
AB2 (ArunA), 1X ANS (ArunA), 2 mM l-glutamine, 50 U/
mL penicillin, and 50 mg/mL streptomycin and supplemented
with 5% fetal bovine serum (FBS; Hyclone) (referred to as
differentiation medium). Differentiated cells were characterized using neural marker bIII-TUB and MAP2, the oligodendrocyte marker O4, and the astrocyte-specific marker GFAP.
All experiments were replicated a minimum of three times.

RNA isolation and polymerase chain reaction
Total RNA was extracted using the RNeasy mini kits
(Qiagen) according to the manufacturer’s protocol. The
RNA quantity and quality was measured on a NanoDrop
8000 (Thermo Scientific). Five hundred nanograms of total
RNA was used for reverse transcription with the iScript
cDNA synthesis kit (BioRad) following the manufacturer’s
protocol. For reverse transcription polymerase chain reaction (RT-PCR) analysis, PCR amplification was performed
using GoTaq Green master mix (Promega), primers were
designed using Primer-BLAST software [35] or based on
literature (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/scd) [16,24]. PCR
were performed by initially denaturing cDNA at 95C for
3 min followed by 30–35 cycles (depending on the particular
mRNA abundance) of denaturing at 95C for 1 min, annealing temperatures at 55C–60C for 30 s according to the
primers, and polymerization at 72C for 45 s. The final step
consisted of 10 min extension at 72C. PCR products were
separated on 2% agarose gel containing 0.6 mg/mL ethidium
bromide and run in Tris-acetate-ethylenediaminetetraacetic
acid buffer for 45 min. The Alpha Innotech HD2 gel documentation station was used to observe PCR products following the last extension. Omission of transcriptase on
cDNA sample during PCR served as negative control.

Statistical analysis
Immunocytochemistry data were analyzed using one-way
ANOVA (SAS  9.3) followed by Tukey’s LSD post hoc
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test to determine significant differences between groups.
Statistically significant differences are defined at the 95%
confidence index (P < 0.01).

Results
POU5F1high/SSEA4low pig iPSC demonstrate
a higher rate of differentiation toward NR
Initially, we assessed the pluripotent characteristics of
three porcine iPSC lines. Pig iPSC exhibited typical characteristics associated with human ESC and iPSC including
polygonal shape, a high nuclear-to-cytoplasmic ratio, and a
single nucleus with multiple prominent nucleoli (Fig. 1A–
D). Pig iPSC line L2 exhibited high expression of POU5F1
with 94.10% positive cells versus 64.67% and 63.00% of
cells in lines L1 and L3 respectively (P < 0.01; Fig. 1F–H,
M). Expression of SSEA4 was higher (P < 0.01) in line L3
with 82.60% of cells being positive relative to lines L2 and
L1, which were 32.33% and 29.20% respectively (Fig. 1J–L,
N). All pig iPSC were negative for NR markers PAX6 and
SOX1 before neural induction (data not shown). Based on
these results, we will subsequently identify lines L1, L2, and
L3 as line POU5F1low/SSEA4low, line POU5F1high/
SSEA4low, and line POU5F1low/SSEA4high respectively.
Although all lines phenotypically resembled pluripotent
cells superficially, they differed in POU5F1 and SSEA4
expression suggesting potential differences in plasticity and
neural differentiation. To test whether pig iPSC populations
with different POU5F1 and SSEA4 expression profiles
demonstrated differing early neural induction potential as
evidenced by formation of NR, we compared all three pig
iPSC lines after transitioning into NI medium. After approximately 5 days of neural induction, the three pig iPSC
lines began to form colonies but only colonies from
POU5F1high/SSEA4low pig iPSC line were surrounded by
fibroblast-like cells (Supplementary Fig. S1B).
After 9 days of induction, cells in the colonies elongated
and organized into columnar epithelial cells (Fig. 2A and
Supplementary Fig. S1E), followed by further organization
of the epithelial cells into NR after an additional 4–5 days in
culture (Fig. 2B, C and Supplementary Fig. S1H). Pig iPSC
line POU5F1high/SSEA4low produced more colonies at day 9
and 13 (4.8X) than the other lines (Fig. 2D). By day 13,
63.5% of POU5F1high/SSEA4low line-derived colonies contained rosette structures (Fig. 2E). Pig iPSC line POU5F1low/SSEA4low failed to form NR (Supplementary Fig.
S1G) while POU5F1low/SSEA4high generated limited NR
formation in one instance, but did not produce the replicable, robust colony formation characteristic of POU5F1high/
SSEA4low cells (Supplementary Fig. S1I).
Two developmental stages have been identified during
neuroepithelial differentiation of human PSC, the early primitive NR, that is characterized by columnar epithelial cells
positive for PAX6 and negative for SOX1, and the later definitive neuroepithelial NR, that is characterized by columnar
cells forming neural tube-like rosette expressing PAX6 and
SOX1 [5,36,37]. To test whether our cultures transition
through these two early stages during early neural induction,
protein expression was evaluated by immunocytochemistry.
Immunostaining data indicated that before neural induction, POU5F1 (Fig. 3A)-positive pig iPSC were PAX6 and
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FIG. 1. Pig induced pluripotent stem cell (iPSC) lines POU5F1low/SSEA4low, POU5F1high/SSEA4,low and POU5F1low/
SSEA4high differ in POU5F1 and SSE4A protein expression. Morphology and pluripotency were evaluated among all three
pig iPSC lines and compared to human iPSC (hiPSC)-positive controls before initiating the neural induction (NI) process.
(A–D) Phase contrast images of undifferentiated hiPSC and pig iPSC lines L1 (POU5F1low/SSEA4low), L2 (POU5F1high/
SSEA4low) and L3 (POU5F1low/SSEA4high) show similar morphology. Scale bars are 100 mm. (E–L) Representative immunostaining images show POU5F1 (F–H) expression and SSEA4 ( J–L) expression among pig iPSC lines. Scale bars are
50 mm. (M–N) Bar diagrams comparing mean percent of POU5F1 and SSEA4-positive cells among pig iPSC lines; the
percentage of POU5F1 was significantly higher in POU5F1high/SSEA4low (M) while the percentage of SSEA4-positive cells
was significantly lower (N). Statistical analysis: *P < 0.01 (comparison among POU5F1low/SSEA4low, POU5F1high/
SSEA4,low and POU5F1low/SSEA4high). Color images available online at www.liebertpub.com/scd

SOX1 negative (Fig. 3D) and ZO-1 (Fig. 3G), a tight
junction marker, was evenly expressed on the surface of pig
iPSC indicative of an undifferentiated state. However, 9
days postneural induction, immunocytochemistry indicated
that the columnar epithelial cells in NR uniformly expressed
PAX6 but not SOX1 and that ZO-1 marker started to localize
at the apical border of NR (Fig. 3E, H). At day 13, NR cells
were positive for both PAX6 and SOX1, and ZO-1 was localized to the lumen of NR (Fig. 3F, I). Moreover, our results
showed a pronounced decrease of POU5F1 within the NR
structures after 13 days in neural induction (Fig. 3A–C).
These results demonstrate that pig iPSC transition through
two neural developmental stages similar to human PSC.

Pig iPSC-derived NR cells maintain NR phenotype
after multiple passages
We next investigated whether pig iPSC-derived NR share
features of developing human neuroepithelium, including
polar organization and expression of NR-associated transcripts and proteins, and if these characteristics were conserved through multiple passages and after cryopreservation

[27]. The cultures exhibited pronounced continuous selforganization into NR structures at early passages (Fig. 4A),
but were less prevalent by passage 7 (Fig. 4E). However, at
passage 3 and 7 the NR cells expressed the NR transcription
factors PAX6 and SOX1 (Fig. 4B–F) and were positive for
NESTIN (Fig. 4D, H). In addition, the ZO-1 marker was
detected at the luminal surface of the rosettes in both passages, reflecting polarized organization (Fig. 4C–G).
Moreover, pig iPSC-derived NR could be cryopreserved
and thawed without alteration in polarity (ZO-1) or NESTIN, PAX6, and SOX1 all of which are expressed in human
NSC and NR cell [36,38] (Supplementary Fig. S2A–D).
PLAG1 and DACH1 genes, mouse and human NR-specific
markers, were expressed at equivalent levels in pig iPSCderived NR passage 3 and 7, yet these were negative in the
POU5F1high/SSEA4low pig iPSC and no reverse transcriptase (RT) negative controls. In addition, transcript expression for PAX6 and SOX1 in pig iPSC-derived NR cells
concurred with the immunocytochemical data (Fig. 4I).
These results demonstrated that pig iPSC-derived NR could
be maintained for multiple passages without loss of NR
phenotype.

FIG. 2. Pig iPSC line POU5F1high/
SSEA4low is more suitable for neural rosette differentiation. (A–C)
The major changes in morphology
through the NI process were detected
by phase contrast images, after 9
days in NI medium, pig iPSC appeared to form early neural rosettes
(NR) (A, B), by 13 days, late NR
were observed (C), high magnification of B. Scale bars are 100 mm. (D)
Quantification data of well-organized
colonies at day 9 and 13 of NI
among pig iPSC lines POU5F1low/
SSEA4low, POU5F1high/SSEA4,low
and POU5F1low/SSEA4high. (E) Only
POU5F1high/SSEA4low colonies were
able to differentiate into NR structures. Values are mean – SD, n = 3,
*(P < 0.01).

FIG. 3. Pig iPSC-derived
NR cells follow the same
temporal course of neural differentiation as human pluripotent stem cells. At day zero,
pig iPSC were positive for
POU5F1 (A) and ZO-1 (G)
while they were negative for
PAX6 and SOX1 (D). After 9
days in NI medium, early NR
lost most POU5F1 expression
(B) and were positive for
PAX6 (E) but not SOX1. ZO1 expression was localized at
the lumen of early NR (H). By
13 days, late NR were mostly
negative for POU5F1 (C),
positive for PAX6 and SOX1
(F); and ZO-1 was clearly localized at the lumen of NR (I).
Scale bars are 50 mm. Color
images available online at
www.liebertpub.com/scd
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FIG. 4. Pig iPSC-derived NR
maintain rosette properties over
multiple passages. (A, E) Representative phase contrast images
of pig iPSC-derived NR passage 3
and 7. Darkened rosette structures
show pig iPSC-derived NR localization. Scale bars are 100 mm. (B–
H) Immunocytochemistry demonstrated that pig iPSC-derived NR
passage 3 and 7 were positive for
PAX6, SOX1 (B, F), and NESTIN
(D, H). Moreover, ZO-1 expression
was located apically (C, G). Scale
bars are 50 mm. (I) RT-PCR
showed that pig iPSC-derived NR
passages 3 and 7 were positive for
rosette-specific genes PLAG1 and
DACH1 and neural markers PAX6
and SOX1. Reactions containing
template synthesized without reverse transcriptase (RT) served as
control for genomic contamination.
Color images available online at
www.liebertpub.com/scd

Enriched pig iPSC-derived NR cells
can be efficiently patterned to posterior fate
Pig iPSC-derived NR cell cultures differentiated in neural
induction medium initially expressed anterior transcription
factors OTX2 and GBX2, but not posterior-associated
HOXB4 and HOXB6 genes (Fig. 5A). Dorsal marker PAX7
was detected at passage 7 but not at early passage; and
ventral marker NKX6.1 was not detected (Fig. 5A). We next
determined whether pig iPSC-derived NR passage 3 and 7
remain receptive to instructive regionalization cues and
could be induced to form other regional phenotypes, such as
the posterior hindbrain or spinal cord fate. To analyze the
potential induction of more posterior cells fates, we exposed
the cells to 1 mM retinoic acid for 6 days. This study resulted
in an induction of posterior HOX genes, HOXB4 and
HOXB6 (Fig. 5B). These data show that the restricted anterior regionalization of pig iPSC-derived NR can be effectively patterned to caudal progenitors using a defined
morphogen.

Pig iPSC-derived NR cells differentiated
into neurons and glial cells
To determine pig iPSC-derived NR neural differentiation
potential, FGF2 was removed from the medium of passage 3
and 7 pig iPSC-derived NR cultures using the same method
we previously used with pig iPSC [24]. As expected, pig
iPSC-derived NR populations were negative for the pluripotent marker POU5F1 from day 0 to day 20 (Fig. 6A–C),
and highly positive for the neural marker bIII-TUB (Fig.

6D–F). At 10 day post-FGF2 removal, MAP2-positive cells
were detected (Fig. 6E) and visibly increased through day
20 (Fig. 6F). A subset of pig iPSC-derived NR differentiated into GFAP-positive astrocytes (Fig. 6I); however, O4positive oligodendrocytes were not detected.

FIG. 5. Pig iPSC-derived NR cells adopt polarized neuroepithelial structures of anterior central nervous system
(CNS) and remain responsive to instructive regionalization
cues. (A) Reverse transcription polymerase chain reaction
(RT-PCR) analysis for anterior (OTX2 and GBX2), posterior
(HOXB4 and HOXB6), dorsal (PAX7), and ventral (NKX6.1)
markers of CNS fates. (B) RT-PCR analyses indicated
changes of rostrocaudal genes from pig iPSC-derived NR
that were cultured with retinoic acid from 1 week in the NI
medium. Pig iPSC-derived NR (piPSC-NR).
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FIG. 6. Differentiation of
pig iPSC-derived NR. Upon
growth factor withdrawal pig
iPSC-derived NR predominantly differentiated into bIIITUB and MAP2-positive
cells. (A–C) POU5F1 expression was not detected during
neural differentiation process,
(A–F) the expression of bIIITUB was increasing. (D–F)
MAP2 expression was not
detected at day 0, but its expression increased at day 10
and 20. (G–I) Cells were not
expressing GFAP at day 0 or
10, but GFAP was detected at
day 20, and O4 was negative at
all stages. Scale bars 50 mm.
Color images available online
at www.liebertpub.com/scd

Discussion
Porcine iPSC cell in vitro characterization has widely
varied among labs [23,24,29–31]; therefore, we set out to
determine whether basic initial pluripotency marker profiles
could provide a means of screening cell lines for early
neural differentiation potential. Indeed, the POU5F1high/
SSEA4low pig iPSC were more suitable for NR formation
than POU5F1low/SSEA4low or POU5F1low/SSEA4high lines.
We also found that our culture system allows direct inspection, analysis, and control of the process of neural
specification of pig iPSC without the confounding of coculture [28,39] or uncharacterized media constituents
[24,28] that hinder analysis of developmental mechanisms
or results in components that are not compatible with clinical applications [40].
We have demonstrated for the first time the generation of
NR from pig iPSC, producing cells that can be isolated, regionally specified, and expanded in vitro without losing rosette-forming properties. This finding not only supports
similarities in neural development between human and pig
cells, but also opens the possibility of generating diverse region-specific lineages of cells from the pig nervous system.
These results strengthen the potential for the use of the pig
animal model in allograft and/or autologous cell transplantation studies for neurological disorders.
Differentiation potential of mouse and human PSCs into a
desired cell lineage varies across cell lines [41,42]. Moreover, a lineage score card has been described as an algorithm test that predicts the differentiation potential of human
PSCs [34]. The transcription factor POU5F1 plays an important role in the maintenance of the PSC, but it can also
regulate early lineage differentiation [43]. The pig iPSC line

with POU5F1high expression led to a robust contribution to
early neuroectoderm. This result was consistent with a recent report where efficient mouse PSC in vitro and in vivo
differentiation into neural lineages was observed in constitutive POU5F1 expressing lines [44]. Several studies have
reported the involvement of POU5F1 in ESC differentiation
in vitro [45,46].
Our results are consistent with a model in which the
starting porcine iPSC population should have POU5F1high
expression before the initial stages of neural differentiation
[47]. Here, pig iPSC lines with POU5F1high/SSEA4low expression were more suitable for NR formation. SSEA4 is an
embryonic ganglioside antigen with globe-series carbohydrate chains as main structure [48], which is expressed in the
inner cell mass (ICM) in preimplantation human embryos
[49]. Although SSEA4 is routinely used as surface marker for
human ESC [49,50] and iPSC [51,52], the functional significance of this antigen is unclear since SSEA4 downregulation
appears to be dispensable for the pluripotent stage [53].
In pig, the SSEA4 expression varies among iPSC lines
and studies. While this antigen has not been reported during
pig embryo development [54], SSEA4 expression has been
detected inconsistently and at various levels in pig ESC
[55,56] and iPSC [23,24,29,31]. We found that SSEA4 expression was not required for NR formation and perhaps low
expression in iPSC may lead to more directed NR formation.
Taken together, we believe that high levels of POU5F1 expression is critical when choosing lines specifically for neural
differentiation, while SSEA4low could indicate that its function is more important for cellular differentiation, in agreement with the reports for human PSCs [53,57].
During human ESC differentiation, POU5F1 is downregulated before PAX6, an early neural transcription factor,
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becomes highly expressed [43,58]. Our study has demonstrated that during neural differentiation of pig iPSC,
POU5F1 is progressively downregulated while neural marker expression is gradually upregulated. (Fig. 3). Moreover,
NR derived from line POU5F1high/SSEA4low followed the
same temporal protein expression progression as observed in
human PSCs. Our study revealed the uniform expression of
PAX6 before SOX1, similar to human neuroepithelial cells
[5,36,37,58,59]. This differs from the patterned expression
of PAX6 after SOX1 expression in other animals, including
mouse [60,61]. The pig iPSC-derived NR displayed the
same polarity as human NR [27,59] and in the in vivo neural
tube [62].
Pig iPSC-derived NR displayed characteristic and distinctive luminal distribution of the ZO-1 tight junction
protein in the center of NR, revealing that pig iPSC-derived
NR were able to acquire apicobasal polarity. These findings
suggest an analogy between human and pig PSC in response
to neural differentiation conditions, further corroborated by
a comparison of gene and proteomic expression profile in
pig and human ESC [19,20]. Given these recent findings the
use of pig iPSC differentiation has developmental parallels
with human PSCs, and it represents an additional in vitro
model for investigating the molecular mechanisms of neural
induction in mammals.
Previous studies have shown that continued culture of NR
cells in FGF/EGF resulted in spontaneous differentiation
and loss of rosette morphology [27]. However, we observed
that passage 3 and 7 pig iPSC-derived NR retained their
characteristic morphological and immunocytochemical
properties in the presence of FGF2. These cells did not
express POU5F1 and continued expressing early neural
markers such as NESTIN, PAX6, and SOX1 and maintained
expression of ZO-1. Moreover, the presence of PLAG1 and
DACH1 genes, which have been identified as mouse-associated NR-specific markers [62] and human NR cells with
the highest levels of plasticity [27]; and both were strongly
expressed in pig NR out to passage 7. These findings suggest
that neural development is a conserved program among
mice, human, and pig PSCs and that pig NR can be maintained in extended culture without loss of NR phenotype.
During neural differentiation of human PSC, it was demonstrated that NR adopt anterior CNS fate indicated by the
expression of the anterior markers BF1 and OTX2 and absence of posterior homeobox protein HOXB4. In addition, pig
iPSC-derived NR lacked the expression of markers that define specific dorsal-ventral domains during neural tube formation [5,27]. The anterior marker expression and absence of
defined dorsal-ventral polarity of NR suggest that NR may
resemble the neuroepithelium of neural plate stage neural
development before dorsal-ventral specification [58,63].
Our data also suggest that pig iPSC-derived NR respond
to standard in vitro conditions utilized to induce anterior
CNS fate, exhibiting a regional transcription profile characteristic of anterior CNS cells, which could be respecified
toward caudal fate upon retinoic acid treatment. However,
GBX2 (anterior hindbrain marker) and the dorsal marker
PAX7 were only detected at low levels in passage 7 cells
suggesting a posteriorization and dorsalization of pig iPSCderived NR at late passages. These findings could be due to
FGF2 used in cell culture. This growth factor, used to
stimulate proliferation of NSC culture, induces posterior cell
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fates during nervous system development [64,65], altering
regulation of normal dorsal ventral fate [66]. Therefore,
longer exposure to FGF2 could promote posteriorization and
a dorsal pattern in late passage of NR.
Although NR structures have been reported during pig
ESC differentiation, these structures were only transient and
lost after three passages [16,28]. Therefore, the downregulation of pluripotent markers and full patterning and
wide plasticity of NR toward CNS lineages were not previously reported in the pig. Our findings suggest that, under
standard conditions pig iPSC-derived NR progress toward
an anterior patterning state, retain rosette properties and can
be modulated toward more posterior fate using defined
morphogens similar to human NR [36,67].
During embryonic development, the formation of major
neuronal cell types precedes formation of glial cells, including astrocytes and oligodendrocytes [68]. In our study,
the same neurogenesis to gliogenesis sequence was observed
(Fig. 6). After withdrawal of FGF2, we noted that NR predominantly differentiated into neurons, found mostly in the
periphery of NR. This finding suggests that cells undergoing
differentiation migrate away from the expanding NR, similar to newborn neurons migrating away from the germinal
layers (ventricular zone and subventricular zone) during
human neurogenesis [37].
By the end of the differentiation process, mature neurons
co-expressed bIII-TUB and MAP2, and GFAP-positive astrocytes were observed, which confirmed the temporal sequence of neuronal and glial differentiation previously
reported in vivo in pig and human [68,69]. However, O4positive oligodendrocytes were not detected within 20 days
of culture. Previous reports indicated that the oligodendrocyte lineage is infrequently observed or not reported during
ESC neural differentiation [25,70,71]. This suggests that
oligodendrocyte derivation potentially requires extended
cultures for differentiation or specific growth factors have to
be added to the culture medium to develop oligodendrocyte
precursor cells (O-2A) [72]. Nevertheless, in our previous
study [24], O4 + oligodendrocytes were directly differentiated from pig iPSC using similar culture conditions as the
current study but did not transition through obvious NR
stages.
This information corroborates the observation in vivo
during early neural development, when early neuroepithelial
cells are responsible for initiating neurogenesis in the developing CNS before they give rise to glial cells [73]. Pig
iPSC-derived NR have the capacity to reconstitute the
normal timing program of the developing CNS observed in
mammals [68,69], suggesting that both neurogenesis and
gliogenesis are conserved across species. Taken together,
these studies indicate that there are many parallels in the
development of neural cell types in pig and human iPSC.
This supports other recent findings where human iPSC differentiation protocols have been used to differentiate pig
iPSC into neurons, astrocytes, and oligodendrocytes—and
more recently into even more specialized cell types, including photoreceptors [74] and motor neurons [75].

Conclusion
In this study, we demonstrated expression of POU5F1 at
an iPSC level and its interaction with differential expression
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of SSEA4 was a key determinant to initiate development of
early neural events in pig iPSC. The POU5F1high/SSEA4low
pig iPSC demonstrated the ability to undergo robust and
developmentally ordered neural differentiation into NR.
Furthermore, the pig iPSC-derived NR shared many characteristics with human NR, such as expression of specific
NR markers, anterior CNS phenotype, respecification to
more posterior fate by retinoic acid, and the ability to differentiate into both neurons and glia cells. Taken together,
these morphological and functional features indicate that
rosettes derived from pig iPSC are indeed a close in vitro
representation of early neurulation events in human cells
and support the use of pig iPSC-derived NR and NSC derived from them are a reliable large animal model for the
development of neural iPSC therapies and an attractive tool
for translational research in regenerative medicine.

1909

9.

10.

11.
12.

Acknowledgment
This work was supported by the Georgia Research Alliance endowment.

13.

Author Disclosure Statement
The authors declare no conflicts of interest.

References
1. Wright LS, KR Prowse, K Wallace, MHK Linskens and CN
Svendsen. (2006). Human progenitor cells isolated from the
developing cortex undergo decreased neurogenesis and
eventual senescence following expansion in vitro. Exp Cell
Res 312:2107–2120.
2. Araki R, M Uda, Y Hoki, M Sunayama, M Nakamura, S
Ando, M Sugiura, H Ideno, A Shimada, A Nifuji and M
Abe. (2013). Negligible immunogenicity of terminally
differentiated cells derived from induced pluripotent or
embryonic stem cells. Nature 494:100–104.
3. Guha P, JW Morgan, G Mostoslavsky, NP Rodrigues and
AS Boyd. (2013). Lack of immune response to differentiated cells derived from syngeneic induced pluripotent stem
cells. Cell Stem Cell 12:407–412.
4. de Almeida PE, EH Meyer, NG Kooreman, S Diecke, D
Dey, V Sanchez-Freire, S Hu, A Ebert, J Odegaard, et al.
(2014). Transplanted terminally differentiated induced
pluripotent stem cells are accepted by immune mechanisms
similar to self-tolerance. Nat Commun 5:3903.
5. Hu BY, JP Weick, JY Yu, LX Ma, XQ Zhang, JA Thomson
and SC Zhang. (2010). Neural differentiation of human
induced pluripotent stem cells follows developmental
principles but with variable potency. Proc Natl Acad Sci
U S A 107:4335–4340.
6. Wernig M, JP Zhao, J Pruszak, E Hedlund, DD Fu, F
Soldner, V Broccoli, M Constantine-Paton, O Isacson and
R Jaenisch. (2008). Neurons derived from reprogrammed
fibroblasts functionally integrate into the fetal brain and
improve symptoms of rats with Parkinson’s disease. Proc
Natl Acad Sci U S A 105:5856–5861.
7. Hu BY, ZW Du and SC Zhang. (2009). Differentiation of
human oligodendrocytes from pluripotent stem cells. Nat
Protocols 4:1614–1622.
8. Czepiel M, V Balasubramaniyan, W Schaafsma, M Stancic,
H Mikkers, C Huisman, E Boddeke and S Copray. (2011).

14.
15.

16.
17.
18.
19.

20.

21.

22.

23.

Differentiation of induced pluripotent stem cells into
functional oligodendrocytes. Glia 59:882–892.
Nori S, Y Okada, A Yasuda, O Tsuji, Y Takahashi, Y
Kobayashi, K Fujiyoshi, M Koike, Y Uchiyama, et al.
(2011). Grafted human-induced pluripotent stem-cellderived neurospheres promote motor functional recovery
after spinal cord injury in mice. Proc Natl Acad Sci U S A
108:16825–16830.
Kondo T, M Funayama, K Tsukita, A Hotta, A Yasuda, S
Nori, S Kaneko, M Nakamura, R Takahashi, et al. Focal
transplantation of human iPSC-derived glial-rich neural
progenitors improves lifespan of ALS mice. Stem Cell
Reports 3:242–249.
Elsea SH and RE Lucas. (2002). The mousetrap: what we
can learn when the mouse model does not mimic the human
disease. ILAR J 43:66–79.
Seok J, HS Warren, AG Cuenca, MN Mindrinos, HV Baker,
W Xu, DR Richards, GP McDonald-Smith, H Gao, et al.
(2013). Genomic responses in mouse models poorly mimic
human inflammatory diseases. Proc Natl Acad Sci U S A
110:3507–3512.
Wechsler L, D Steindler, C Borlongan, M Chopp, S Savitz,
R Deans, L Caplan, D Hess, RW Mays and S Participants.
(2009). Stem cell therapies as an emerging paradigm in
stroke (STEPS) bridging basic and clinical science for
cellular and neurogenic factor therapy in treating stroke.
Stroke 40:510–515.
Savitz SI, M Chopp, R Deans, ST Carmichael, D Phinney
and L Wechsler. (2011). Stem cell therapy as an emerging
paradigm for stroke (STEPS) II. Stroke 42:825–829.
Lind NM, A Moustgaard, J Jelsing, G Vajta, P Cumming
and AK Hansen. (2007). The use of pigs in neuroscience:
modeling brain disorders. Neurosci Biobehav Rev 31:
728–751.
du Puy L, S Lopes, HP Haagsman and BAJ Roelen. (2010).
Differentiation of porcine inner cell mass cells into proliferating neural cells. Stem Cells Dev 19:61–70.
Schuurman HJ and RN Pierson. (2008). Progress towards
clinical xenotransplantation. Front Biosci Landmark
13:204–220.
Lunney JK. (2007). Advances in swine biomedical model
genomics. Int J Biol Sci 3:179–184.
Wernersson R, MH Schierup, FG Jorgensen, J Gorodkin, F
Panitz, HH Staerfeldt, OF Christensen, T Mailund, H
Hornshoj, et al. (2005). Pigs in sequence space: A 0.66X
coverage pig genome survey based on shotgun sequencing.
BMC Genomics 6:70.
Bendixen E, M Danielsen, K Larsen and C Bendixen.
(2010). Advances in porcine genomics and proteomics-a
toolbox for developing the pig as a model organism for
molecular biomedical research. Brief Funct Genomics
9:208–219.
Esteban MA, MX Peng, DL Zhang, J Cai, JY Yang, JY Xu,
LX Lai and DQ Pei. (2010). Porcine induced pluripotent
stem cells may bridge the gap between mouse and human
iPS. Iubmb Life 62:277–282.
Ezashi T, B Telugu and RM Roberts. (2012). Induced
pluripotent stem cells from pigs and other ungulate species:
an alternative to embryonic stem cells? Reprod Domest
Anim 47:92–97.
West FD, SL Terlouw, DJ Kwon, JL Mumaw, SK Dhara, K
Hasneen, JR Dobrinsky and SL Stice. (2010). Porcine induced pluripotent stem cells produce chimeric offspring.
Stem Cells Dev 19:1211–1220.

1910

24. Yang J-Y, JL Mumaw, Y Liu, SL Stice and FD West.
(2013). SSEA4 positive pig induced pluripotent stem cells
are primed for differentiation into neural cells. Cell
Transplant 22:945–959.
25. Zhang SC, M Wernig, ID Duncan, O Brustle and JA
Thomson. (2001). In vitro differentiation of transplantable
neural precursors from human embryonic stem cells. Nat
Biotechnol 19:1129–1133.
26. Wilson PG and SS Stice. (2006). Development and differentiation of neural rosettes derived from human embryonic stem cells. Stem Cell Rev 2:67–77.
27. Elkabetz Y, G Panagiotakos, G Al Shamy, ND Socci, V
Tabar and L Studer. (2008). Human ES cell-derived neural
rosettes reveal a functionally distinct early neural stem cell
stage. Genes Dev 22:152–165.
28. Rasmussen MA, VJ Hall, TF Carter and P Hyttel. (2011).
Directed differentiation of porcine epiblast-derived neural
progenitor cells into neurons and glia. Stem Cell Res
7:124–136.
29. Esteban MA, J Xu, J Yang, M Peng, D Qin, W Li, Z Jiang,
J Chen, K Den, et al. (2009). Generation of induced pluripotent stem cell lines from tibetan miniature pig. J Biol
Chem 284:17634–17640.
30. Wu Z, J Chen, J Ren, L Bao, J Liao, C Cui, L Rao, H Li, Y
Gu, et al. (2009). Generation of pig induced pluripotent
stem cells with a drug-inducible system. J Mol Cell Biol
1:46–54.
31. Ezashi T, BPVL Telugu, AP Alexenko, S Sachdev, S Sinha
and RM Roberts. (2009). Derivation of induced pluripotent
stem cells from pig somatic cells. Proc Natl Acad Sci U S A
106:10993–10998.
32. Jaenisch R and R Young. (2008). Stem cells, the molecular
circuitry of pluripotency and nuclear reprogramming. Cell
132:567–582.
33. Niwa H, J Miyazaki and AG Smith. (2000). Quantitative
expression of Oct-3/4 defines differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet 24:372–376.
34. Bock C, E Kiskinis, G Verstappen, HC Gu, G Boulting, ZD
Smith, M Ziller, GF Croft, MW Amoroso, et al. (2011).
Reference maps of human ES and iPS cell variation enable
high-throughput characterization of pluripotent cell lines.
Cell 144:439–452.
35. Ye J, G Coulouris, I Zaretskaya, I Cutcutache, S Rozen and
TL Madden. (2012). Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC
Bioinformatics 13:134.
36. Li XJ, ZW Du, ED Zarnowska, M Pankratz, LO Hansen,
RA Pearce and SC Zhang. (2005). Specification of motoneurons from human embryonic stem cells. Nat Biotechnol
23:215–221.
37. Zhang SC. (2006). Neural subtype specification from embryonic stem cells. Brain Pathol 16:132–142.
38. Lendahl U, LB Zimmerman and RDG McKay. (1990).
CNS stem-cells express a new class of intermediate filament protein. Cell 60:585–595.
39. Gao Y, H Jammes, MA Rasmussen, O Oestrup, N Beaujean, V Hall and P Hyttel. (2011). Epigenetic regulation of
gene expression in porcine epiblast, hypoblast, trophectoderm and epiblast-derived neural progenitor cells. Epigenetics 6:1149–1161.
40. Vallier L, T Touboul, S Brown, C Cho, B Bilican, M
Alexander, J Cedervall, S Chandran, L Ahrlund-Richter, A
Weber and RA Pedersen. (2009). Signaling pathways con-

GALLEGOS-CÁRDENAS ET AL.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

trolling pluripotency and early cell fate decisions of human
induced pluripotent stem cells. Stem Cells 27:2655–2666.
Osafune K, L Caron, M Borowiak, RJ Martinez, CS FitzGerald, Y Sato, CA Cowan, KR Chien and DA Melton.
(2008). Marked differences in differentiation propensity
among human embryonic stem cell lines. Nat Biotechnol
26:313–315.
Kim DS, JS Lee, JW Leem, YJ Huh, JY Kim, HS Kim, IH
Park, GQ Daley, DY Hwang and DW Kim. (2010). Robust
enhancement of neural differentiation from human ES and
iPS cells regardless of their innate difference in differentiation propensity. Stem Cell Rev Rep 6:270–281.
Noisa P, TS Ramasamy, FR Lamont, JSL Yu, MJ Sheldon,
A Russell, X Jin and W Cui. (2012). Identification and
characterisation of the early differentiating cells in neural
differentiation of human embryonic stem cells. Plos One
7:e37129.
Radzisheuskaya A, G Le Bin Chia, RL dos Santos, TW
Theunissen, LFC Castro, J Nichols and JCR Silva. (2013).
A defined Oct4 level governs cell state transitions of
pluripotency entry and differentiation into all embryonic
lineages. Nat Cell Biol 15:579.
Thomson M, SJ Liu, LN Zou, Z Smith, A Meissner and S
Ramanathan. (2011). Pluripotency factors in embryonic
stem cells regulate differentiation into germ layers. Cell
145:875–889.
Wang Z, E Oron, B Nelson, S Razis and N Ivanova. (2012).
Distinct lineage specification roles for NANOG, OCT4, and
SOX2 in human embryonic stem cells. Cell Stem Cell
10:440–454.
Yamada T, Y Urano-Tashiro, S Tanaka, H Akiyama and F
Tashiro. (2013). Involvement of crosstalk between Oct4
and Meis1a in neural cell fate decision. Plos One 8:e56997.
Kannagi R, NA Cochran, F Ishigami, S Hakomori, PW
Andrews, BB Knowles and D Solter. (1983). Stage-specific
embryonic antigens (SSEA-3 and SSEA-4) are epitopes of
a unique globo-series ganglioside isolated from human
teratocarcinoma cells. EMBO J 2:2355–2361.
Henderson JK, JS Draper, HS Baillie, S Fishel, JA Thomson, H Moore and PW Andrews. (2002). Preimplantation
human embryos and embryonic stem cells show comparable expression of stage-specific embryonic antigens. Stem
Cells 20:329–337.
Adewumi O, B Aflatoonian, L Ahrlund-Richter, M Amit,
PW Andrews, G Beighton, PA Bello, N Benvenisty, LS
Berry, et al. (2007). Characterization of human embryonic
stem cell lines by the international stem cell initiative. Nat
Biotechnol 25:803–816.
Takahashi K, K Tanabe, M Ohnuki, M Narita, T Ichisaka,
K Tomoda and S Yamanaka. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131:861–872.
Yu JY, MA Vodyanik, K Smuga-Otto, J AntosiewiczBourget, JL Frane, S Tian, J Nie, GA Jonsdottir, V Ruotti,
et al. (2007). Induced pluripotent stem cell lines derived
from human somatic cells. Science 318:1917–1920.
Brimble SN, ES Sherrer, EW Uhl, E Wang, S Kelly, AH
Merrill, AJ Robins and TC Schulz. (2007). The cell surface
glycosphingolipids SSEA-3 and SSEA-4 are not essential
for human ESC pluripotency. Stem Cells 25:54–62.
Flechon JE, J Degrouard and B Flechon. (2004). Gastrulation events in the prestreak pig embryo: ultrastructure
and cell markers. Genesis 38:13–25.

NEURAL DIFFERENTIATION OF PIG IPSC

55. Brevini TAL, G Pennarossa, L Attanasio, A Vanelli, B
Gasparrini and F Gandolfi. (2010). Culture conditions and
signalling networks promoting the establishment of cell
lines from parthenogenetic and biparental pig embryos.
Stem Cell Rev Rep 6:484–495.
56. Yang JR, CH Liao, CY Pang, LLH Huang, YT Lin, YL
Chen, YL Shiue and LR Chen. (2010). Directed differentiation into neural lineages and therapeutic potential of
porcine embryonic stem cells in rat Parkinson’s disease
model. Cell Reprogramming 12:447–461.
57. Yamashita T, R Wada, T Sasaki, CX Deng, U Bierfreund,
K Sandhoff and RL Proia. (1999). A vital role for glycosphingolipid synthesis during development and differentiation. Proc Natl Acad Sci U S A 96:9142–9147.
58. Pankratz MT, XJ Li, TM LaVaute, EA Lyons, X Chen and
SC Zhang. (2007). Directed neural differentiation of human
embryonic stem cells via an obligated primitive anterior
stage. Stem Cells 25:1511–1520.
59. Lee H, G Al Shamy, Y Elkabetz, CM Schofield, NL
Harrsion, G Panagiotakos, ND Socci, V Tabar and L Studer. (2007). Directed differentiation and transplantation of
human embryonic stem cell-derived motoneurons. Stem
Cells 25:1931–1939.
60. Walther C and P Gruss. (1991). PAX-6, a murine paired
box gene, is expressed in the developing CNS. Development 113:1435–1449.
61. Pevny LH, S Sockanathan, M Placzek and R Lovell-Badge.
(1998). A role for SOX1 in neural determination. Development 125:1967–1978.
62. Abranches E, M Silva, L Pradier, H Schulz, O Hummel, D
Henrique and E Bekman. (2009). Neural differentiation of
embryonic stem cells in vitro: a road map to neurogenesis
in the embryo. Plos One 4:e6286.
63. Elkabetz Y and L Studer. (2008). Human ESC-derived
neural rosettes and neural stem cell progression. Cold
Spring Harb Symp Quant Biol 73:377–387.
64. Stern CD. (2001). Initial patterning of the central nervous
system: how many organizers? Nat Rev Neurosci 2:92–98.
65. Kudoh T, SW Wilson and IB Dawid. (2002). Distinct roles
for Fgf, Wnt and retinoic acid in posteriorizing the neural
ectoderm. Development 129:4335–4346.
66. Gabay L, S Lowell, LL Rubin and DJ Anderson. (2003).
Deregulation of dorsoventral patterning by FGF confers
trilineage differentiation capacity on CNS stem cells in
vitro. Neuron 40:485–499.
67. Koch P, T Opitz, JA Steinbeck, J Ladewig and O Brustle.
(2009). A rosette-type, self-renewing human ES cell-derived

1911

68.

69.
70.
71.

72.

73.
74.

75.

neural stem cell with potential for in vitro instruction and
synaptic integration. Proc Natl Acad Sci U S A 106:3225–3230.
Qian XM, Q Shen, SK Goderie, WL He, A Capela, AA
Davis and S Temple. (2000). Timing of CNS cell generation: a programmed sequence of neuron and glial cell
production from isolated murine cortical stem cells. Neuron
28:69–80.
Sidman RL and P Rakic. (1973). Neuronal migration, with
special reference to developing human brain—review.
Brain Res 62:1–35.
Stavridis MP and AG Smith. (2003). Neural differentiation of
mouse embryonic stem cells. Biochem Soc Trans 31:45–49.
Itsykson P, N Ilouz, T Turetsky, RS Goldstein, MF Pera, I
Fishbein, M Segal and BE Reubinoff. (2005). Derivation of
neural precursors from human embryonic stem cells in the
presence of noggin. Mol Cell Neurosci 30:24–36.
Hu BY, ZW Du, XJ Li, M Ayala and SC Zhang. (2009).
Human oligodendrocytes from embryonic stem cells: conserved SHH signaling networks and divergent FGF effects.
Development 136:1443–1452.
Conti L and E Cattaneo. (2010). Neural stem cell systems:
physiological players or in vitro entities? Nat Rev Neurosci
11:176–187.
Zhou L, W Wang, Y Liu, J Fernandez de Castro, T Ezashi,
BP Telugu, RM Roberts, HJ Kaplan and DC Dean. (2011).
Differentiation of induced pluripotent stem cells of swine
into rod photoreceptors and their integration into the retina.
Stem Cells 29:972–980.
Yang JY, JL Mumaw, Y Liu, SL Stice and FD West.
(2013). SSEA4-positive pig induced pluripotent stem cells
are primed for differentiation into neural cells. Cell
Transplant 22:945–959.

Address correspondence to:
Dr. Steven L. Stice
Department of Animal and Dairy Science
University of Georgia
Rhodes Center for Animal and Dairy Science
Suite 400, 425 River Road
Athens, GA 30602
E-mail: sstice@uga.edu
Received for publication January 22, 2015
Accepted after revision March 29, 2015
Prepublished on Liebert Instant Online March 31, 2015

