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Comparative Gene Expression Signature of Pig, Human
and Mouse Induced Pluripotent Stem Cell Lines Reveals
Insight into Pig Pluripotency Gene Networks
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Abstract Reported pig induced pluripotent stem cells
(piPSCs) have shown either a bFGF-dependent state with
human embryonic stem cell (ESC) and mouse epiblast stem
cell (EpiSC) morphology and molecular features or piPSCs
exist in a LIF-dependent state and resemble fully
reprogrammed mouse iPSCs. The features of authentic
piPSCs and molecular events during the reprogramming are
largely unknown. In this study, we assessed the transcriptome
profile of multiple piPSC lines derived from different labora-
tories worldwide and compared to mouse and human iPSCs to
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determine the molecular signaling pathways that might play a
central role in authentic piPSCs. The results demonstrated that
the up-regulation of endogenous epithelial cells adhesion
molecule (EpCAM) was correlated with the pluripotent state
of pig pluripotent cells, which could be utilized as a marker for
evaluating pig cell reprogramming. Comparison of key sig-
naling pathways JAK-STAT, NOTCH, TGFB1, WNT and
VEGEF in pig, mouse and human iPSCs showed that the core
transcriptional network to maintain pluripotency and self-
renewal in pig were different from that in mouse, but had
significant similarities to human. Pig iPSCs, which lacked
expression of specific naive state markers KLF2/4/5 and
TBX3, but expressed the primed state markers of Ox2 and
Fabp?7, share defining features with human ESCs and mouse
EpiSCs. The cluster of imprinted genes delineated by the
delta-like homolog 1 gene and the type III iodothyronine
deiodinase gene (DLKI-DIO3) were silenced in piPSCs as
previously seen in mouse iPSCs that have limited ability to
contribute to chimaeras. These key differences in naive state
gene and imprinting gene expression suggests that so far
known piPSC lines may be more similar to primed state cells.
The primed state of these cells may potentially explain the rare
ability of piPSCS to generate chimeras and cloned offspring.

Keywords Pig - iPS cell - GeneChip - EpCAM -
Gene expression profiling

Introduction

Domestic pigs are an ideal animal model for regenerative
medicine due to their close resemblance to humans in body
size, physical structure and metabolism. Though intense ef-
forts have been made to establish porcine embryonic stem
cells (ESCs) since the 1990s, few validated successes have
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been achieved [1-3]. Since the novel development of mouse
induced pluripotent stem cells (iPSCs), where somatic cells
were reprogrammed into a pluripotent state by ectopic expres-
sion of defined transcription factors [4], multiple pig iPSC
(piPSC) lines have been successfully established [5-8]. How-
ever, most known piPSC lines have shown differences in
morphology, pluripotent markers and are maintained in a
number of varying culture conditions [5, 8, 9]. Up to now
only one report has shown that piPSCs are capable of produc-
ing chimeric pigs and have demonstrated germline competen-
cy of these animals [2]. In addition, our group recently report-
ed cloned piglets from piPSCs [10]. However, the cloning rate
with piPSCs was significantly lower than rates with standard
somatic control cells. The difficulty to produce cloned pigs
and viable chimeras using piPSCs might result from aberrant
regulation of pluripotent networks that regulate self-renewal
and differentiation. Further examination of gene expression
signatures may aid in answering the fundamental questions
regarding the pluripotent state of piPSCs.

In order to maintain the pluripotent state in murine and
human pluripotent cells (ESCs and iPSC), a number of key
signaling pathways and gene expression networks have been
identified [11]. Transcription factors OCT4 (also known as
POUS5F1), SOX2 and NANOG, as well as the JAK-STAT,
NOTCH, TGFBI1, WNT, MAPK and VEGF signaling path-
ways, all have important roles in regulating and maintaining
stem cell pluripotency [12]. Although human and mouse
pluripotent cells show many similarities, human and mouse
cells are dependent on different pathways to maintain
pluripotency. Mouse pluripotent stem cells depended on the
cytokines leukemia inhibitory factor (LIF) and bone morpho-
genetic protein 4 (BMP-4) to maintain their pluripotent state.
Conversely, human ESCs depended on basic fibroblast
growth factor (bFGF) and Activin A to retain pluripotency
and self-renewal properties [13]. To gain insight into the
global molecular signature of pluripotency a number of
approches have be used including genome-wide expression
profiling utilizing expressed sequence tag (EST) analysis [14],
serial analysis of gene expression (SAGE) [15], massively
parallel signature sequencing (MPSS) [16] and DNA micro-
arrays [17]. Recently, single-cell RNA sequencing revealed
the transcriptome dynamics at the single cell level and showed
the sequential transcriptional changes in pathways during
human and mouse embryo development [18]. These studies
have provided molecular signatures of pluripotent cells and
preimplantation embryos and have laid a foundation to iden-
tify the pluripotent cell fate and define pig iPSC identity.

Although a wealth of information currently exists for ge-
netic networks involved in the maintenance of pluripotency in
mouse and human pluripotent stem cells, the molecular mech-
anisms for pluripotency in pig is poorly understood. The
uniform and authentic characteristics of piPSCs have not yet
been defined. In this study, we assessed the transcriptome
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profile of multiple piPSC lines derived from different labora-
tories and compared them to pig somatic and embryonic stem
cells and mouse and human iPSCs to determine the molecular
signaling pathways that may play a central role in authentic
piPSCs.

Materials and Methods
Cell Culture

Fetal pigs were purchased from a licensed local slaughter-
house and the protocol to work with pig specimens was based
on the farm animal research guidelines approved by the An-
imal Research Committee of Northwest A&F University. Pig
embryonic fibroblasts (PEFs) were derived from a 35-day-old
fetal pig. Cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco, USA) supplemented with 15 %
FBS, 2 mM L-glutamine, 50 U/mL penicillin and 50 pg/mL
streptomycin at 38.5 °C and in 5 % CO, for 72 h. The piPS
cells (PS24 and 30 ACS5) were maintained on mitotically
inactive mouse embryonic fibroblast (MEF) feeder layers
derived from ICR mice, and passaged using 1 mg/mL type
IV Collagenase (Invitrogen, USA) and 0.05 % Trypsin
(Invitrogen, USA) every 2 to 3 days. Other pig iPSC
lines were obtained from different labs and were cul-
tured in conditions based on previously established pro-
tocols (Table 1) [6, 9].

Alkaline Phosphatase Assay

The alkaline phosphatase (AP) activity of infected cells was
detected by an alkaline phosphatase substrate AST Fast Red
TR and a-Naphthol AS-MX Phosphate (Sigma Aldrich) ac-
cording to the manufacturer’s instructions. Briefly, cells were
washed twice with phosphate-buffered saline (PBS), and then
fixed with 4 % paraformaldehyde in PBS (pH 7.4) for 15 min
at room temperature, followed by three washes with PBS.
Cells were incubated with the mixture (Fast Red TR 1.0 mg/
mL, Naphthol AS-MX 0.4 mg/mL in 0.1 M Tris buffer) at
room temperature. After incubating for 10-20 min, AP posi-
tive cells became red in color. Images were documented by
microscopy (Leica).

Cytogenetic Analysis

The karyotype of pig iPSCs was analyzed following the
standard procedure described in Cell Biology Laboratory
Manual at http://homepages.gac.edu/*cellab/chpts/
chpt10/ex10-6.html/.
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Table 1 The iPS and ES cell lines from different laboratories

Human

Mouse

Mouse

Pig Pig Pig Pig Mouse Mouse

Pig

Name

MRCS5

dH1f, dH1cf16,
dH1£iPS,

Epiblast

MEF

MEF

PEF PPF PEF ICM MEF1
MEF2

PEF

Recipient cell

pESK 4F-iPS Induced cells in IP14D-1, Naive ES

piPS-w

IC1, ID4, ID6

iPF4-2

PS24, 30 AC5

Pluripotent

dH1cf16-iPS,
MRC5-iPS

ES-R1

IP14D-

Day 4, 8, 12,
and 16

Cells

101, ES-R1

BGO1 ES H1

ES
hOSKM

SB431542 JAK

mOSKM

mOSKM

mOSK

mOSKM hOSKM hOSKM hOSKMNL hKLF4/0K

Transcription

inhibitor I
Small-molecule

Factors
Vectors

retrovirus

DOX-inducible retrovirus

lentivirus lentivirus retrovirus

DOX-inducible lentivirus

retrovirus

treatment
Agilent-014868

lentivirus
Mouse Genome

lentivirus
Pig Genome

Human Genome

Mouse

Mouse

Pig Genome Pig Genome

Pig Genome

Pig Genome

Affymetrix

ul33 plus 2.0

Whole Mouse
Genome

Array Array Array Array Array Genome 430 2.0 Array Genome

Platform

430 2.0
Array
GSE21515

[22]

430 2.0
Array

GSE15267
[20]

Microarray
GSE15603
[23]

GSE9832
[24]

GSE10871

[21]

GSE26369

[19]

GSE48434

[9]

GSE15472

GSE48434
(5]

GSE48434

GEO Number

Reference

All of the microarray data can be retrieved through the corresponding GEO number

Immunocytochemical Analysis

For immunocytochemical analysis, cells were fixed with 4 %
paraformaldehyde in PBS (pH 7.4) for 15 min at room tem-
perature. The fixed cells were washed twice with ice-cold
PBS, then incubated with PBS containing 0.1 % Triton X-
100 for 10 min, and washed three times with PBS again. After
blocking in BSA-blotting buffer for 30 min, cells were incu-
bated in BSA-blotting buffer with primary antibodies in a
humidified chamber for 1 h at 37 °C or overnight at 4 °C.
The antibodies include anti-Nanog (1:200, Abcam #ab80892),
anti-SSEA1 (1:50, Millipore #90230), anti-SSEA4 (1:50,
Millipore #90231), anti-TRA-1-60 (1:50, Millipore #90232),
and anti-TRA-1-81 (1:50, Millipore #90233). The negative
control was conducted by incubating cells without primary
antibody to eliminate nonspecific reactions. Cells were
washed and stained for 1 h in secondary anti-mouse (1:200,
Abcam #ab6787) or anti-rabbit (1:200, Abcam #ab6702) an-
tibody conjugated with FITC or TRITC. For nuclear staining,
fixed cells were incubated for 2 min with 10 mg/mL fluores-
cent dye of Hochest33342. The images were documented on a
Leica fluorescence microscope.

Microarray Analysis

The total RNAs were extracted from pig iPSC lines using
RNeasy Mini Kits (QIAGEN). RNA labeling (IVT Labeling
Kit, Affymetrix), hybridization with GeneChip (Affymetrix
GeneChip Pig Genome Array, containing 23,937 probes,
representing 20,201 genes), scanning (GeneChip Scanner
3000, Affymetrix) and quantification were conducted by
CapitalBio Corporation (Beijing, China). The data were proc-
essed with the Robust Multiarray Analysis (RMA) algorithm
in GeneSpring for background adjustment, normalization and
log2-transformation of perfect match values. By applying the
GeneSpring normalization algorithms, the data were subjected
to per chip and per gene normalization. By taking the median
expression value of all probe sets on a chip and dividing each
gene expression value by this median value, samples were
subjected to a per chip normalization. In a second step, a
transformation followed as a per gene normalization in which
the median expression value of a given gene across all arrays
was calculated and used to divide all gene expression values
of'that particular gene across all arrays. Because pig arrays are
poorly annotated, the Affymetrix Pig Annotation Revision 5
(http://www4.ncsu.edu/~stsai2/annotation/) was used for the
annotation information of pig probes [25]. Probe sets with
gene-level normalized intensities greater than log (base-2.0) of
5.0 in a minimum of one sample were excluded from
ANOVA. The data were then filtered based on their flag
values P (present) and A (absent) to remove probe sets for
which the signal intensities for all the treatment groups were in
the lowest 20 percentile of all intensity values. ANOVA
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incorporating the Benjamini—-Hochberg FDR multiple testing
correction, with a significance level of p-value<0.05 to be
performed get the differentially expressed genes between
different groups. Hierarchical cluster analysis was performed
to assess correlations among samples for each identified gene
set with Euclidean distance and average linkage statistical
methods. The principal component analysis which highlights
the group of iPSCs far from the starting cell type is an
unsupervised clustering and visualization approach for ana-
lyzing data derived from gene expression array. The unbiased
PCA algorithm in GeneSpring was applied to all samples of
pig iPSCs and fibroblasts, using all 23,937 probes on the Pig
Genomechip to look for underlying cluster structures. The
microarray data were deposited in GEO database, and the
accession codes are: GSM1178697 for PEF; GSM1178698
for pAFSC; GSM1178699 for PS24; GSM1178700 for 30
ACS; GSM1178701 for iPF4-2; and GSM1178702 for
iPSCs-w.

Database for Annotation, Visualization, and Integrated
Discovery

The function of the up- or down-regulated genes in iPSCs
versus somatic cells both significantly (» <0.001) and numer-
ically (£ 2-fold change) were investigated by using the Data-
base for Annotation, Visualization and Integrated Discovery
(DAVID) v6.7 [26] based on the GO annotations [27]. In
addition, groups of genes associated with specific pathways,
based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG), were analyzed together to assess pathway regulation
during the reprogramming process.

Genes were grouped into specific ontology functional
groups by the core analysis of Ingenuity Pathways Analysis
software (IPA, www.ingenuity.com). To visualize and explore
the molecular interaction networks of the differentially
expressed genes between iPSCs and fibroblasts, subsequent
data were uploaded into IPA to organize the differentially
expressed genes into networks based on the Ingenuity
Knowledge Database (IKB), an extensive, manually created
database of functional direct and indirect interactions between
genes from peer-reviewed publications. Networks are rated
based on the probability of finding the interested genes in a
given network as compared to a set of randomly selected
genes. The network’s score (p score) is the exponent of the P
value determined using Fisher’s exact test. Gene lists were
analyzed and networks, pathways and lists of associated mo-
lecular functions were produced.

Oocyte in Vitro Maturation and Parthenogenesis Activation
Pig oocytes were aspirated from follicles (2—6 mm in diame-

ter) using a 10 mL syringe with an 18 gauge needle. The
oocytes matured in vitro were performed as previously
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described [28]. Briefly, oocytes were matured in modified
Medium 199 supplemented with 10 ng/mL epidermal growth
factor, 10 IU/mL Pregnant mare’s serum gonadotropin
(PMSG, Sigma, USA), 10 IU/mL Human chorionic gonado-
tropin (hCG, Sigma, USA), 2.5 IU/mL Follicle-stimulating
hormone (FSH, Sigma, USA), 1 % Insulin-transferrin-
selenium (ITS, Gibco, USA) at 38.5 °C and in 5 % CO, and
saturated humidity in air for 42 h. Oocyte maturation was
determined based on the protrusion of the first polar body.
To obtain parthenogenetically activated embryos, the denuded
oocytes were incubated in an activation medium from Cyto
Pulse Sciences Company (MA, USA) for 5 min. The oocytes
were then transferred into two 0.2-mm-diameter platinum
electrodes with a 1 mm gap covered with the activation
medium in a chamber connected to an electrical pulsing
machine (PA-4000S, Cyto Pulse Sciences). The activation
was conducted with a single DC pulse of 1.5 kV/cm for
30 ms. After culturing for 3 h in TCM 199 medium containing
2 mM 6-dimethylaminopurine (Sigma, USA), embryos were
washed in the embryo culture medium (PZM-3 medium with
0.3 % (w/v) BSA) and cultured for 7 days at 38.5 °C and in
5 % CO,. Blastocysts were harvested 7 days post-activation
and frozen in embryo lysis buffer (5 mM Dithiothreitol, 20 U/
mL RNase inhibitor, 1 % NP-40) for the preparation of RNA.

RT-PCR Analysis

Total cellular RNAs from pig fibroblasts, piPSCs and embryos
were extracted using the TRIzol Reagent (Invitrogen, USA)
according to the manufacturer’s procedure. The RNA samples
were examined by the measurement of OD260/280 ratio and
the samples with a ratio of 2.0 were used for reverse transcrip-
tion. One pg of RNA was reverse-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) following manufactures instructions.
Semi-quantitative RT-PCR reactions were performed for
32 cycles at 94 °C 30 s, 54 °C 30 s, and 72 °C 30 s. PCR
products were confirmed by DNA sequencing and agarose gel
electrophoresis. A 10-fold dilution of cDNA products was
used as a template to perform qRT-PCR with SYBR Green
PCR master mix. After 10 min of denaturation of cDNA
template at 95 °C, the reactions were performed for 40 cycles
at 95 °C 15 s, 56 °C 30 s, and 72 °C 30 s. qRT-PCR
measurements were performed on three unique biological
replicates and each reaction was performed in triplicate. Melt-
ing curve analysis was conducted after each cycle to confirm
the specificity. The glyceraldehydes 3-phosphate dehydroge-
nase (GAPDH) was used as internal control for all reactions.
The threshold cycle (Ct) formula was used to calculate chang-
es in gene expression. Primers were designed with Primer 5.0
software and synthesized by Shengong Biotechnology Cor-
poration (Shanghai, China). The primers used in this study are
listed in Table S7.
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Phase AP
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PS24 30AC5

iPF4-2

piPS-w

Fig. 1 Morphology of pig iPSCs derived from different labs and the
description of gene signature analysis. a piPSCs from different laborato-
ries showed both flattened (30 ACS, iPF4-2 and piPS-W) and dome-
shaped (PS24) morphology and were positive for AP staining. b

Statistical Analysis

All values are presented as mean + SD, unless indicated
otherwise. Statistical significance was accepted at p-value<
0.05 and determined using the two-tailed ¢-test with equal
variance by SPSS 16.0.

Results
Gene Expression Profiling of piPSCs

To determine the pluripotency gene expression signature in
pigs, we compared 7 unique piPSC lines, a pig embryonic
stem cell (pESK) line, a pig amniotic fluid derived multipotent
stem cell (pAFSC) line, a pig embryonic fibroblast (PEF) line
and a pig fetal fibroblast (PFF) line. The detailed information
of these lines are summarized in Table 1. The bFGF-
dependent piPSC line piPS-w [9], 30 ACS [7] and iPF4-2
[6] showed flat and compact colony morphology which are
similar to human ESCs and mouse EpiSCs (Fig. 1a). The
piPSC lines IC1, ID4 and ID6 reported by the Roberts’ Lab
also showed the flattened morphology [5]. Only the LIF-
dependent piPSC line PS24 displayed the dome-shaped mor-
phology characteristic of mouse ESCs [7]. Pig amniotic fluid
derived multipotent stem cells (pAFSCs) showed

Public databases

Pig fibroblasts

(GEO)
Ib: Octdg .,
Klif4
Microarray Microarray Ii Ii Myc
datasets of datasets of
mouse iPS human iPS @

\ /o

Differential expression
of genes in human,
mouse and pig iPSCs

Affymetrix
GeneChip Pig
Genome Array

Schematic of the analytical process by A ffymetrix GeneChip Pig Genome
Array. The microarray data of human and mouse iPSCs were acquired
from GEO database

fibroblastoid morphology and retaining self-renewal capabil-
ity and multi-lineage differentiation potentials as previously
determined in our lab [29].

Genome-wide transcriptome profiling using the
Affymetrix pig microarray (the analytical pathway is summa-
rized in a schematic diagram; Fig. 1b) indicated that piPSC
lines clustered differently from somatic cell lines, in which
there were three groups: PS24 and 30 ACS (Fig. 2a, a); piPS-
w and iPF4-2 (Fig. 2a, b); and IC1, ID4 and ID6 (Fig. 2a, c).
The principal component analysis (PCA) of global gene ex-
pression patterns showed transcriptome-scale similarities
among piPSC lines, but highlighted global differences be-
tween piPSC lines and pAFSCs, pESKs and fibroblasts. The
pAFSCs, which did not form teratoma when injected into
immunodeficiency mice [29], were clustered individually,
indicating that pAFSCs are multipotent stem cells and likely
not pluripotent stem cells. The cell lines that retained the
developmental abilities to generate cloned piglets (iPF4-2
[10]), chimera (piPS-w [9]) and rod photoreceptors (ID6
[30]) were cluster closely (Fig. 2b). The Pearson correlation
analysis showed that piPS-w line retained strong tran-
scriptome similarity with other piPS cell lines, but cell lines
of PS24 and 30 ACS had less correlation with other lines
(Fig. 2c). These observations indicated that piPSC lines de-
rived from different laboratories were reprogrammed, but
possess a broad range in transcriptome profiles.
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Pluripotent Markers for piPSCs

The comparative analysis of global gene expression patterns
in different piPSC lines was conducted by plotting 30 ACS5
(fold change >2, p <0.05) and PS24 (fold change >2, p <0.05)
against other piPSC lines (Fig. 3a). Since NANOG and SOX2
genes were not included in the Affymetrix Pig GeneChipe, we
monitored the expression levels of OCT4 and LIN28, which
were highly expressed in lines of iPS-w, ID6 and iPF4-2
compared to 30 AC5 and PS24 lines. In addition, it was
noted that EpCAM expression was highly upregulated in
piPSC lines that retained in vivo developmental poten-
tial, but was lowly expressed in somatic cells (PEF) or
piPSCs (PS24 and 30 ACS5) that displayed limited
in vivo developmental potential (Fig. 3b). EpCAM had
previously been found to be highly up-regulated in
mouse iPSCs (mouse microarray, GEO database, access
number GSE15267, GSE10871 and GSE21515;
Fig. S3C). Gene ZFP42 (also called REXI) is a key
landmark for pluripotent cells in human and mouse. The

A

L
w L
a o

pAFSC
PS24
30AC5
piPS-w
iPF4-2
IC1
ID4
ID6
pESK

Fig. 2 Hierarchical clustering and gene expression signature of piPSCs.
a Hierarchical clustering and heatmap of global gene expression patterns
include pig embryo fibroblast (PEF), pig fetal fibroblast (PFF), pig
amniotic fluid stem cell (pAFSC), pig iPSC lines PS24, 30 ACS, piPS-
w, iPF4-2, IC1, ID4 and ID6, and pig ESC line pESK show significant
similarities between piPSC lines. b Principal component analysis (PCA)
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pairwise scatter plots of three cell lines that were de-
rived from the same lab showed that ZFP42 was highly
expressed in ID6 compared with IC1 and ID4 [5]
(Fig. 3c). However, it was noted that only the ID6
piPSC line showed up regulation of the ZFP42 gene.
These results suggest that EpCAM and ZFP42 could be
suitable markers to evaluate the pluripotent state of
piPSCs.

Comparative Analysis of Pathways in iPSCs

We identified 1846, 2596 and 1246 genes that were upregu-
lated in pig, mouse and human iPSCs compared to fibroblasts
(Fig. 4a). There were 253 genes that were upregulated in all
three species (Table S1). Large numbers of upregulated genes
were classified into the downstream targets of transcription
regulators (Table S2). For instance, there are 11 upregulated
genes that are regulated by Oct4. Venn diagram of upregulated
genes in iPF4-2, ID6 and piPS-w cells showed that 2651,

piPS-w
B eEsk

of global gene expression patterns of piPSCs, pAFSC, pESK, and fibro-
blasts. Values indicate the contribution of principal component 1 (PC1), 2
(PC2) and 3 (PC3), which denote the transcriptome similarities between
samples. ¢ Pearson correlation analysis of piPSC lines. The correlations
among piPSC lines ranged from +1 to —1
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A

iPF4-2

ID6

piPS-W

30AC5

PS24

Fig. 3 Comparative analysis of global gene expression patterns in dif-
ferent piPSC lines. a Pairwise scatter plots of piPSC lines 30 AC5 and
PS24 lines vs. iPF4-2, ID6 and iPS-w showed iPF4-2, ID6 and iPS-w
possessed higher expression levels of OCT4, LIN28 and EpCAM. b
Quantitative RT-PCR analysis demonstrated higher EpCAM expression
in iPF4-2 than piPSC lines PS24 and 30 AC5 and PEFs. mRNA levels

2489 and 2942 genes were upregulated compared with fibro-
blast, respectively (Table S3). Of these genes, 1217 genes
were commonly upregulated in all three piPSC lines
(Fig. 4b). The top ten upregulated genes in piPSCs were listed
in Table 2. Ingenuity network analyses of 1217 genes were
performed, and identified 13 networks (Table S4). The biolog-
ical relationship between genes and identified network is graph-
ically represented. The biological function of these genes is
closely associated with “cellular movement, cancer and repro-
ductive system disease”, which contained 35 focus molecules
(Fig. S2). Ingenuity pathway analysis (IPA) of the top ten
significantly enriched functional pathways in iPSCs of pig,
mouse and human showed that several canonical pathways
including “Oct4 in Mammalian Embryonic stem cell”, “ESC
Differentiation into Cardiac Lineages” and “Mouse ESC
Pluripotency” were found to be highly upregulated in all three
species, demonstrating that piPSCs share the core transcription-
al network (Fig. 4c). However, some pathways such as “Goa12/
13 signaling pathway” and “BMP signaling pathway” were
dominant in piPSCs, but not in mouse and human iPSCs, while
“Transcriptional Regulatory Network in ESC” and “Tight Junc-
tion Signal pathway” seen in mouse and human were not

£33

-

Fold change
(2]
S

204
104 * *
0
PEF PS24 30AC5 iPF4-2
C
[Te]
=]

IC1 ' - ID4

> >
OCT4 LIN28 EpCAM ZFP42

were normalized to GAPDH internal control. *p< 0.05, **p< 0.01 (mean
+ SD, n=3). ¢ Pairwise scatter plots of IC1 and ID4 lines vs. ID6 line
show Rex! is upregulated in ID6 compared with IC1 and ID4 [5]. Gene
expression levels are depicted on logl0 raw intensity value; the green
lines delineate the boundaries of 2-fold difference in gene expression
levels; R? values (<1) indicate similarity in global gene expression

dominant in piPSCs. This result further supported key similar-
ities but also highlighted critical species specific differences.
We next closely examined five pluripotency signaling path-
ways including JAK-STAT, NOTCH, LIF, TGFB1 and WNT
pathways in pig, mouse and human iPSCs. Heat map analysis
of gene expression showed that none of the key components in
the JAK-STAT and NOTCH pathways were active in pig and
human iPSCs (Fig. 4d). Conversely, the downstream LIF
signaling factors, such as Jak3, Tk2, Ptprn and Stat3, were
significantly upregulated in mouse pluripotent cells. The ex-
pression levels of components in JAK-STAT and NOTCH
pathways were different among piPSC lines, indicating
that these cell lines were in diverse states of
reprogramming. Most TGFB1 and WNT pathways genes
were not upregulated in piPSCs relative to mouse and
human cells, whereas, only transcription regulators of
the WNT pathways Lefl and Myc are upregulated in
mouse cells. One of the notable exceptions was CTBP2,
which was up regulated in pig cells (Fig. 4d). The
species-specific pathways and alternative routes of sig-
naling transduction that modulate stem cell self-renewal
are different in pig compared to human and mouse.
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Comparative Analysis of Pluripotent Gene Expressions
in iPSCs

The comparison of the bFGF-dependent piPSC line piPS-w
with human iPSCs and mouse EpiSCs [23] showed that there
147 upregulated genes that overlapped (Fig. 5a, a). This data
showed limited conservation of the transcriptome between pig
and human iPSCs and mouse EpiSCs. One gene of significant
interest is methyl-CpG-binding domain protein 2 (MBD2),
which blocks the complete reprogramming of human somatic
cells to iPSCs [31], which was not silenced in piPCs. This
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Pig

e e =2 =~ hMN
o v o & o o
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ESC Differentiation into
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Fig. 4 Comparative analysis of pathways in different species. a Venn
Diagram of up-regulated genes in iPSCs derived from pig, mouse, and
human. b Venn Diagram of up-regulated genes in iPF4-2, ID6, and piPS-
w cells. ¢ Ingenuity Pathway Analysis of top ten significantly enriched
functional pathways in iPSCs of pig, mouse, and human. Columns
represent the p-value in logarithmic scale for each pathway. Blue line
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suggests that this gene may have inhibited the complete
reprogramming of piPSCs. The EpiSC markers Ox2 and
Fabp7, genes expressed in mouse EpiSCs and play a role in
fatty acid uptake, transport and metabolism, were also signif-
icantly upregulated in piPSCs (Table S5). The expressions of
Otx2 and Fabp7 were confirmed by microarray and qRT-PCR
(Fig. 5b, c). We also compared the LIF-dependent piPSC line
PS24 with human iPSCs and mouse ESCs. There were only
42 upregulated genes that overlapped among these three cell
populations (Fig. Sa, b; Table S6). On the other hand, three
Kriippel-like factor (KIf) family genes were upregulated in
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indicates the significant threshold. Ratio (orange line) indicates the
percentage of genes from the pathway vs. the total number of genes
assigned to that pathway. d Heatmaps of genes with given roles in five
signaling pathways in pig (left), mouse (center), and human (right). The
signal values of up-regulation (red) and down-regulation (green) range
from 2 to -2 folds
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iPS

Fb

mouse iPS and ES cells, but not coordinately upregulated in
pig and human iPSCs (Fig. 5b, c). The analysis of Hanna J’
data [23] also showed that KLF2/4/5 highly expressed in

Table 2 Top ten upregulated genes in piPSCs

Probe Set ID Fold Change Gene Symbol
D6 iPF4-2  piPS-w
Ssc.24982.1.S1_at 219.7 178.1 13.1 FABP7
Ssc.9272.1.S1_at 205.0 354 123.7 EpCAM
Ssc.7538.1.S1_at 156.0 582 178.8 CDHI1
Ssc.22207.1.A1_at 112.7 139.6 115.9 MAP2K1
Ssc.14081.1.A1_at 111.6 177.3 413.7 Clorf59
Ssc.24382.1.S1_at 108.4 78.5 35.6 TMEM163
Ssc.16718.1.A1 _at 88.3 36.7 27.1 CTBS
Ssc.23959.1.51_at 86.6 734 90.1 NFE2L3
Ssc.26067.1.S1_at 85.1 64.0 375 PODXL
Ssc.8004.1.A1_at 81.3 449 42 SLC16A12

iPS ES Fb iPS ES

mouse naive type ESCs, but downregulated in EpiSCs
(Fig. 5b, middle panel). Further investigation may be needed
to reveal the core regulatory module of KLF2/4/5 transcrip-
tion factors in pig pluripotent cells. We also noted that the
Thx3 gene that has been shown to significantly improve the
quality of iPSCs was upregulated in mouse pluripotent cells,
but not in pig and human cells (Fig. 5b).

TROP? is the tumor-associated calcium signal transducer
gene (also called TACSTD?2) and is expressed in immature
stem/progenitor-like cells with high levels of plasticity [32].
We determined that the TROP2 gene was upregulated more
than five folds in piPSCs, but not in any of the human and
mouse cells tested (Fig. 5b, ¢). Semi-quantitative RT-PCR
analysis also confirmed the expression of TROP2 as well as
OCT4 in pig oocyte and parthenogenetic embryo (Fig. 5d).

The microRNAs miR302/367 cluster that is located in
intron 8 of LARP7 genome is far less abundant in mESCs
than in hESCs, and is also highly upregulated in mouse
EpiSCs rather than in mESCs. This suggests that mir302/
367 is differentially expressed between ESCs and EpiSCs
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Fig. 5 Gene expression profiles of pig, mouse and human pluripotent
cells. a Venn Diagrams show up-regulated genes in piPS-w cells vs.
human iPS cells and mEpiSC cells (a), and in PS24 vs. human iPS cells
and mES cells (»). b Heatmaps of selected genes expressed in fibroblast
(Fb), iPS, EpiSC (Epi) and ES cells. Day/4, Day/8, Day/12, and Day/16
indicate the cell reprogramming date during mouse iPSC induction [21].
The signal values of up-regulation (red) and down-regulation (green)
range from 2 to —2 folds. ¢ Quantitative RT-PCR analysis of pluripotent

[33, 34]. Two probes of Ssc.21436.2.S1 and Ssc.21436.3.A1
for Affymetrix Pig Genechip Microarray are located in exon
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markers of KLF2, KLF4, KLF5, FABP7, OTX2, and TROP2 in piPSCs.
mRNA levels were normalized by internal control GAPDH. *p< 0.05,
**p<0.01 (mean £ SD, n=3). d Semi-quantitative RT-PCR analysis
showed the expressions of OCT4 and TROP2 in pig oocytes and parthe-
nogenetic pre-implantation embryos. GAPDH was used as internal con-
trol. GV Germinal vesicle stage oocyte, MII Metaphase II stage oocyte,
mo morula, bl blastocyst

4-5 and exon 6—7 of LARP7 gene (Fig. 6a). We found that
LARP7 gene was strongly upregulated in piPSCs compared
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Fig. 6 Signal value of LARP7 gene in piPSCs. a The locations of miR-
302 cluster in red box and two LARP7 probes of Ssc.21436.1.A1 and
Ssc.21436.3.S1 in blue boxes are indicated in pig genome. b Affymetrix
Pig Genome Array analysis of LARP7 gene expression in piPSCs. ¢

with other animal species and somatic cells (Figs. 5b and 6b).
The quantitative RT-PCR analysis had confirmed the increas-
ing expression of LARP7 in 30 ACS and iPF4-2 cells
(Fig. 6¢). These results indicated that miR302/367 cluster
and LARP7 might have functional coordination or regulatory
interaction in pig pluripotent cells. Further evidence of parallel
transcription will be required to test this phenomenon on a
larger scale.

Aberrant Silencing of Imprinted Genes in piPSCs

Imprinted genes are epigenetically regulated and expressed
only from the maternally or paternally inherited chromosome.
Differences in expression of imprinted genes have been di-
rectly linked to changes in developmental plasticity. For ex-
ample, the cluster of DLK/-DIO3 imprinted domain is located
on distal regions of pig chromosome 7, human chromosome

Quantitative RT-PCR analysis showed significant up-regulation of
LARP7 gene expression in 30 ACS and iPF4-2 piPSCs relative to PEF.
**p<0.01 (mean + SD, n=3)

14 and mouse chromosome 12, and its emergence is associ-
ated with the evolution of the placenta [34]. A recent study
showed that imprinted DLK/-DIO3 gene domain was aber-
rantly silenced in most mouse iPSC lines with limited devel-
opmental potential [35]. In our study, the expression level of
maternal imprinted gene G7L2 in pig iPSCs was strongly
down regulated comparing with original somatic cells, while
the expression of paternal imprinted gene DIO3 was not
significantly different after reprogramming (Fig. 7a). The
real-time RT-PCR results confirmed G7L2 gene silencing
(Fig. 7c). Furthermore, we analyzed an additional 16 maternal
imprinted and 3 paternal imprinted genes. Most tested mater-
nal imprinted genes were down regulated in piPSCs including
those cell lines that were reported to have the ability to
generate chimera and cloned pigs, while the expression levels
of 3 paternal imprinted genes were unchanged (Fig. 7b). We
previous demonstrated that the aberrant silencing of DLKI-
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DIO3 domain was an early event in pig iPSC reprogramming
[36]. Further studies are needed to uncover evidences that the
aberrant silencing of imprinted genes in piPSCs correlates
with the ability to produce live animals.

Discussion

Our results indicated that specific gene expression signatures
existed among piPSC lines and that there is significant varia-
tion between piPSC lines derived from different laboratories
suggesting variation in reprogramming and potentially plurip-
otent states. EpCAM has been previously identified as a
surface marker to monitor the reprogramming progression of
iPSCs in human [37] and mouse [38, 39]. We found that
EpCAM was highly expressed in piPSC lines piPS-w, iPF4-
2 and ID6 that had proven to be capable of significant in vivo
development, including generating live offspring and differ-
entiate into rod photoreceptors, but lowly expressed in other
piPSC lines that were more developmentally restricted. Thus,
the upregulation of endogenous EpCAM gene expression in
pig cells was correlated with the pluripotent state. This result
may provide an effective means for purification of fully
reprogrammed piPSCs.

In this study, we found that piPSCs generally possessed a
primed pluripotent state similar to that of mEpiSCs and
hESCs, rather than naive mESCs. Kriippel-like factor (KLF)
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family, including KLF2, KLF4 and KLFS5, is an evolutionarily
conserved zinc finger transcription factor family that regulate
cell proliferation, differentiation, development and apoptosis
[40]. KLF4 plays a pivotal role in inhibiting the differentiation
of mouse ESCs into EpiSCs and maintaining the plasticity of
mouse ESCs [41]. We found that similar to human iPSCs the
expression of KLF2/4/5 transcription factors was low in all
tested piPSC lines. In addition, the pluripotent gene 7BX3,
which was previously shown to enhance the ability of mouse
iPSCs to form chimeric animals [42], was also shown to be
inactive in piPSCs as well as human cells (Fig. 5b). Converse-
ly, EpiSC markers OTX2 [43] and FABP7 were significantly
upregulated in piPSCs relative to fibroblasts. Abundance of
MBD?2, which is key component of the NuRD complex and
inhibits the complete reprogramming of mouse somatic cells
into iPSCs [44], was found to be expressed in piPSCs and
might potentially inhibit these cells from reaching a naive
state. The similarities between piPSCs, hiPSCs and
mEpiSCs underscore the possibilities that either current
markers are not sufficient to define piPSCs as naive or
primed, piPSCs mostly exist in a primed state, or even that
naive piPSCs are derived yet they are unable to be main-
tained long term using current human or rodent stem cell
culture systems. Recent report of derivation of human naive
state pluripotent stem cells [45] provides an approach that
may help to define culture conditions that facilitate the
derivation of pig naive pluripotent stem cells.
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Our study indicates that differences in pluripotency path-
ways likely exist between species. The top ten significantly
enriched functional pathways in piPSCs varied from that in
human and mouse cells. However several signaling pathway
components likely play key roles in piPSC growth and differ-
entiation including the Gal2/13 and BMP signaling pathways.
In mouse pluripotent cells, the LIF signaling pathway is
integrated into the core regulatory circuitry of pluripotency
via two parallel pathways: Jak-Stat3 and PI3K-Akt [46]. Al-
though the conditions that support the naive state in pigs are
not well known, we have shown in a previous report that
piPSCs are unable to maintain self-renewal soon after LIF
withdrawal [7]. The current transcriptome data further con-
firmed that the Jak-Stat3 signaling pathways were not fully
activated in piPSCs using multiple unique lines. Promotion of
LIF and bFGF signaling pathways could be conducive to that
maintain piPSCs self-renewal. Inhibition of MEK signaling
combined with GSK3f inhibition and LIF supplementation
was used to modulate pluripotency in piPSCs and segre-
gation of pig epiblasts [47]. Elucidation of mechanisms
governing pluripotent pathways in the pig would deepen
our fundamental understanding of early embryogenesis
and germline development, and could help to identify
conditions adequate to support self-renewal requirements
in ungulate species.

Altering dosage of imprinted genes is critically important
for a number of developmental factors including prenatal
growth, postnatal metabolism, and neurodevelopment [48].
The results of aberrant silencing of DLK/-DIO3 domain in
piPSCs are a likely explanation of the rare successful birth of
chimeric offspring and limited ability to generate cloned ani-
mals from piPSCs. Loss of DLKI-DIO3 imprinting could
potentially be corrected by using serum replacement (SR)
medium instead of fetal bovine serum (FBS)-containing me-
dium [49], and supplementation with ascorbic acid as previ-
ously demonstrated [50].

In conclusion, utilizing a comparative gene expression
approach between piPSCs and human and mouse iPSCs, we
identified a unique pig pluripotent gene expression signature
and common elements within species. We identified key
markers and pathways that could serve as molecular markers
and were important for maintaining piPSCs. The tran-
scriptome of pig iPSCs will add insight to the core regulatory
network of mammalian iPSCs and facilitate investigation on
“stemness’ in pig cells and core molecular components shared
with mouse and human cells [51-54].
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