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Cellular pluripotency is associated with expression of the homeobox transcription factor genes NANOG, SOX2,
and POU5F1 (OCT3/4 protein). Some reports suggest that mesenchymal progenitor cells (MPCs) may express
increased quantities of these genes, creating the possibility that MPCs are more ‘‘pluripotent’’ than other adult
cell types. The objective of this study was to determine whether equine bone marrow–derived MPCs had gene
expression or DNA methylation patterns that differed from either early fetal-derived or terminally differentiated
adult cells. Specifically, this study compared DNA methylation of the NANOG and SOX2 promoter regions and
concurrent gene expression of NANOG, SOX2, and POU5F1 in equine induced pluripotent stem (iPS) cells, fetal
fibroblasts, fetal brain cells, adult chondrocytes, and MPCs. Results indicate that NANOG and POU5F1 were not
detectable in appreciable quantities in tissues other than the equine iPS cell lines. Equine iPS cells expressed large
quantities of all three genes examined. Significantly increased quantities of SOX2 were noted in iPS cells and
both fetal-derived cell types compared with adult cells. MPCs and adult chondrocytes expressed equivalent, low
quantities of SOX2. Further, NANOG and SOX2 expression inversely correlated with the DNA methylation
pattern in the promoter region, such that as gene expression increased, DNA methylation decreased. The equine
iPS cell lines examined demonstrated DNA methylation and gene expression patterns that were consistent with
pluripotency features described in other species. Results do not support previous reports that NANOG, SOX2,
and POU5F1 are poised for increased activity in MPCs compared with other adult cells.

Introduction

Pluripotency is defined as the ability of a cell line to give
rise to differentiated cells of all three primary germ layers.

Pluripotency is associated with expression of the homeobox
transcription factor genes NANOG, SOX2, and POU5F1 (the
gene that codes for OCT3 and OCT4 proteins) [1–6]. These
transcription factors are involved in sustaining pluripotency
through transcriptional regulatory networks that function by
repression of genes associated with differentiation [5–8].
Through complex signaling pathways, transcription factors
repress or activate a subset of target genes to either maintain
pluripotency or activate differentiation programs.

Analyses of SOX2, NANOG, and OCT3 and OCT4 indicate
it is the relative quantities of these proteins which determine
cell fate [1,9–15]. Although these factors play a role in main-
tenance of pluripotency, one of these factors alone cannot be
regarded as the ‘‘Master’’ pluripotency regulator, as each
cannot solely sustain self-renewal and prevent differentiation
[16]. Pluripotency is dependent on nonlinear interactions,
where molecular cues exert their effects dependent on the

magnitude, combination, and duration of exposure to many
different factors, such as leukemia inhibitory factor (LIF) and
bone morphogenetic proteins (BMPs) [17].

Several epigenetic control mechanisms are used to regu-
late gene expression including DNA methylation and post-
translational modifications of histone proteins to affect
remodeling of the chromatin structure. DNA methylation is
one mechanism that controls DNA accessibility to tran-
scriptional machinery. Previous work has demonstrated that
increased gene expression is inversely correlated with DNA
methylation [18–20]. Hypermethylation of cytosine preced-
ing guanine (CpG)s in the promoter region recruits enzymes
that downregulate transcription through inhibition of tran-
scription machinery binding either directly or indirectly
through modification of the chromatin structure. The exact
mechanism is not fully understood but seems to be depen-
dent on the density of CpG dinucleotides, the presence or
absence of various histone modifications such as the addition
or hydroxylation of a methyl group to the 5 position of the
cytosine pyrimidine ring or the number 6 nitrogen of the
adenine purine ring, and protein complex binding with
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polypeptides such as histone deacetylases and other chro-
matin remodeling proteins near CpGs [20–23].

DNA methylation can be utilized as a biomarker to deter-
mine whether cells are in an epigenetic state poised for acti-
vation of developmental regulatory genes [24–26]. For
example, hypomethylation of the NANOG promoter has been
demonstrated in fully validated pluripotent stem cells [27]. The
epigenetic state of mouse and human embryonic stem (ES) and
adult-derived cells have been investigated in several studies
[28–31]. To date, no epigenetic studies have been reported
using any type of equine somatic cells. An improved under-
standing of the basic biology of equine somatic cells is needed
because the horse has emerged as an important species of
interest in the field of regenerative and pluripotency research.

Clinically, equine ‘‘stem cell’’ therapies are being used ex-
tensively with very little understanding of the biologic prop-
erties of cells being implanted. Many companies (e.g., VetStem
and VetCell) and universities (e.g., University of California,
Davis) are commercializing the application of equine cells to
regenerate muscle, tendon and ligament, and enhance cartilage
healing in equine patients. Promotional promises are being
made for great success based on little knowledge of how cells
are contributing to the repair. Lack of information about the
behavior of these cells has created both confusion and unreal-
istic expectations for horse owners who elect these unproven
therapies for their animals. Due to similarities between equine
and human athletes in the types and severity of injuries, the
horse is an important model organism for musculoskeletal
research. Further, the horse can provide large quantities of
multiple tissue types in a nonlethal, minimally invasive man-
ner for use in experimental studies, so repeated sampling from
or multiple implantations into the same animal are possible.
We sought to investigate the epigenetic state of an equine bone
marrow–derived ‘‘stem cell’’ source frequently used for clinical
applications to expand our knowledge about the pluripotency
of these cells, with potential implications in validation of their
use for both veterinary and comparable human therapies.

Although pluripotency has been attributed primarily to ES
cell lines, some studies have suggested that mesenchymal
progenitor cells (MPCs) may have increased gene expression
of NANOG and POU5F1 [32] or potential for in vitro dif-
ferentiation of MPCs into nonmesenchymal tissues [33]. The
aim of this study was to evaluate the expression of the
pluripotency genes (NANOG, SOX2, and POU5F1) using an
epigenetic approach. We aimed to determine whether these
genes were expressed in appreciable quantities in MPCs,
with corresponding patterns of decreased DNA methylation
compared with other equine cell types. Since there are no
fully validated equine ES cell lines available, equine induced
pluripotent stem (iPS) cells lines capable of forming terato-
mas were selected for use as control cells in this experiment
[34]. For comparison, samples from equine iPS cells, fetal
brain, fetal fibroblasts, adult bone marrow–derived MPCs,
and adult chondrocytes were used. Our hypothesis was that
since MPCs are of adult tissue origin, progenitor cells de-
rived from adult equine bone marrow would have little to no
expression of NANOG, SOX2, and POU5F1 and would be in
an epigenetic state similar to terminally differentiated chon-
drocytes (another adult stromal tissue). In contrast, equine
iPS and possibly other early fetal-derived cell types would
have increased expression of these pluripotency markers
with concomitant evidence of decreased DNA methylation.

Samples were evaluated using quantitative real-time
reverse-transcription polymerase chain reaction (qRT-PCR)
with concurrent evaluation of DNA methylation patterns in
the promoter regions of NANOG and SOX2. NANOG was
selected for analysis of DNA methylation based on previous
work suggesting it was likely to be highly methylated in
adult tissues [35]. SOX2 was selected as a transcription factor
that, while important in combination with other factors, is
less specific for pluripotency maintenance, and therefore
would likely have less promoter DNA methylation. Eva-
luation of the relationship between DNA methylation and
gene expression of the pluripotency genes used in this study
could improve our understanding of MPC biology and
contribute to broader knowledge of differentiation-associ-
ated epigenetic changes.

Materials and Methods

Experimental overview

Samples of fetal brain, fetal fibroblasts, adult chon-
drocytes, and adult bone marrow–derived MPCs were col-
lected. RNA and genomic DNA were isolated from each
sample type. RNA and genomic DNA isolated from recently
developed equine iPS cell lines generously donated by the
Dr. Andras Nagy laboratory were used as a positive control
tissue, since a fully validated equine ES cell line has not been
reported [34]. Samples were assayed using qRT-PCR and
MALDI-TOF mass spectrometry. All procedures were per-
formed in compliance with institutional guidelines for re-
search on animals.

Isolation of fetal brain

Brain tissue was harvested from a normal 180-day-gestation
fetus (normal equine gestation is 340 days). The tissue was
rinsed in phosphate buffered saline (PBS), rapidly frozen in
liquid nitrogen, and stored as part of a tissue bank at - 80�C
until needed. A portion of the fetal brain tissue was used for
genomic DNA and RNA isolation.

Isolation of equine fetal fibroblasts

An equine 34-day conceptus was collected by uterine la-
vage. A segment of body wall was harvested for fibroblast
isolation. The tissue sample was gently homogenized in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM;
4,500 mg/L) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), streptomycin (100 U/mL), and
2 mM L-glutamine. The resultant mixture was pipetted to
suspend the sample in media, transferred to 100-mm-diameter
tissue culture plates, and incubated at 37�C, with 5% CO2 and
a humidified atmosphere. At 24 h, the plates were rinsed
with PBS and the culture media were exchanged. After 48 h of
culture, the adherent fetal fibroblasts were trypsinized and
the harvested cells were used for genomic DNA and RNA
isolation.

Isolation of equine chondrocytes

Cartilage was aseptically harvested from the metacarpo-
phalangeal joints from 3 horses (age range 5–6 years) eu-
thanized for an unrelated study. Horses had no evidence of
musculoskeletal abnormalities in the metacarpophalangeal
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joints. Chondrocytes were isolated using an overnight matrix
digestion in 0.075% type II collagenase as previously de-
scribed [36]. Chondrocytes were cryopreserved until needed.
Prior to DNA and RNA isolation, chondrocytes were thawed
and cultured overnight using Ham’s F-12 medium supple-
mented with 10% FBS, penicillin (100 U/mL), streptomycin
(100 U/mL), 25 mM HEPES, 2 mM L-glutamine, 50 mg/mL
ascorbic acid, and 30 mg/mL a-ketoglutaric acid. Samples
were cultured in 100-mm-diameter tissue culture plates, in-
cubated at 37�C, with 5% CO2 and a humidified atmosphere.
The following day, adherent chondrocytes were trypsinized
and the harvested cells were used for genomic DNA and
RNA isolation.

Collection of bone marrow aspirates and isolation
of mononuclear cells

Bone marrow mononuclear cells were isolated from bone
marrow aspirated from the sternum of 7 horses (age range 5–
17 years). The aspirate (60 mL) from each horse was collected
into a final concentration of 33 U/mL of preservative-free
heparin (American Pharmaceutical Partners Inc.). Samples
were diluted to 180 mL total volume using PBS and 0.5%
bovine serum albumin. Samples were layered over Ficoll-
Plaque Plus (GE Healthcare Biosciences) for density gradient
centrifugation and collection of the enriched nucleated cell
fraction as previously described [37,38].

MPC culture isolation and expansion

The nucleated cell fraction was cultured in a monolayer at
a density of *300,000 cells/cm2 (*20 · 106 cells/plate) on
100-mm-diameter tissue culture plates. Cells were propa-
gated in low glucose (DMEM 1,000 mg/L) supplemented
with 10% FBS, penicillin (100 U/mL), streptomycin (100 U/
mL), 2 mM L-glutamine, and 1 ng/mL basic fibroblast
growth factor (bFGF). This media is subsequently referred to
as BM-media. The BM-media was exchanged every 72–96 h.
Samples were cultured in a humidified atmosphere of 37�C
and 5% CO2. The cells reached subconfluence of 70%–90% as
determined by microscopic evaluation after 10–12 days and
were passaged using Accumax� cell dissociation solution
(Innovative Cell Technologies Inc.) to avoid damage to the
cell surface proteins. The cells were replated at a density of
4,000–8,000 cells/cm2.

Genomic DNA isolation

The DNeasy� blood and tissue kit (Qiagen GmbH) was
used for isolation and purification of genomic DNA from
equine iPS cells, fetal fibroblasts, fetal brain tissue, adult bone
marrow–derived MPCs, and adult chondrocytes according
to the manufacturer’s recommendations. Quality and quan-
tity of DNA was determined using a Nanodrop� ND-1000
Spectrophotometer (NanoDrop Technologies Inc.). DNA
purity was verified using gel electrophoresis. Isolated geno-
mic DNA was sheared by passage through a 27-gauge needle
in preparation for subsequent treatments.

DNA methylation primer design

Candidate primers for NANOG and SOX2 were designed
using the EpiDesigner-Program� software (www.epidesigner
.com) with DNA sequences published in Genbank. Primers
were selected based on the density of CpG dinucleotides
and their proximity to the promoter region (Table 1). By
searching the DNA coding sequence and the sequence
2,000 kb upstream, 4 CpG islands were identified in both
NANOG and SOX2 that fit the definition of CpG islands as
described by Takai and Jones [39]. One primer set was de-
signed for each transcription factor to cover as many CpG
dinucleotides as possible. Primers were designed to bind
just outside CpG-rich areas to avoid bias due to the exis-
tence of both methylated and nonmethylated cytosines in
CpG islands. For NANOG, all 13 CpG dinucleotides de-
tected in the promoter region were covered by the primer
set. For SOX2, the resultant primer set covered 27 of the 37
CpG dinucleotides identified in the promoter region. Primer
sets were validated for specificity using fetal brain tissue,
since no other positive control tissue was available at the
time of initial primer selection. When genomic DNA from
equine iPS cells was obtained, primer sets underwent fur-
ther validation to confirm specificity for the gene of interest.
Following PCR amplification (GeneAmp� PCR System
9600; Applied Biosystems), products were run on a 0.8%
agarose gel. UV transillumination confirmed the correct size
of PCR product for each gene.

DNA methylation analysis

Quantitative determination of DNA methylation in the
CpG promoter regions of NANOG and SOX2 in the samples

Table 1. Sequence of Primers Employed for the DNA Methylation Assay

Gene name NANOG SOX2

Genomic regiona EquCab2-6-35481584-35487923 EquCab2-19-20356019-20359070
Analyzed sequence Coding sequence and 2 kb upstream size: 6344 bp Coding sequence and 2 kb upstream size:

3053 bp
Primer design Product size: 478 bp, 1.4 kb upstream

of transcription start site; CpG dinucleotides
included: 13

Product size: 497 bp, 0.88 kb upstream
of transcription start site; CpG dinucleotides
included: 27

Primerb Sequence F:5¢-TAATTTAGGGTAAGTTAGGATGGGG-3¢ F:5¢-AATTTTTTTTGGAGGGAGGTTTAG-3¢
R:5¢-AACACCTAAACTAACAACTTACCAATTC-3¢ R:5¢-TATCCTACTAAAATTTCAAAAACCC-3¢

aUCSC genome browser on horse September 2007 (Broad/EquCab2) assembly.
bPrimers were ordered with the standard Sequenom MassCLEAVE tails (F: AGGAAGAGAG; R: CAGTAATACGACTCATAGGGA

GAAGGCT).
bp, base pairs; F, forward; R, reverse.
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required several steps prior to mass spectrometry analysis.
Bisulfite treatment was performed to convert nonmethylated
cytosine nucleotides to uracil, while leaving the 5-methyl-
cytosine residues of the sample undisturbed. Bisulfite treat-
ment was performed using the EZ-96 DNA Methylation Kit
(Zymo Research) according to manufacturer’s recommen-
dations. Next, gene specific primers were added to amplify
the template, while preserving the bisulfite sequence
changes using PCR. All PCRs were carried out in the
GeneAmp PCR System 9600 (Applied Biosystems) accord-
ing to EpiTYPER’s recommendations using AccuPrime�
Taq Polymerase and 10 · AccuPrime buffer II (Invitrogen).
The PCR products were run on a 2% agarose gel to verify
specific amplification of the respective SOX2 and NANOG
sequences. Following amplification of the target region,
samples were cleaved in a base-specific manner to create
fragments of differing sizes dependent on the sequence
changes generated through bisulfite treatment. Samples
were then assayed using MALDI-TOF mass spectrometry to
determine what CpGs in the promoter region of the sample
were originally methylated.

SssI methylase treatment

Prior to bisulfite treatment, DNA from a portion of the cell
lysates was treated with SssI methylase (Cat. #M0226; New
England BioLabs� Inc.) according to the manufacturer’s
recommendations. This enzyme induces DNA hypermethy-
lation and helps confirm the bisulfite treatment reaction is
complete in later analysis. SssI methylase–treated samples
were utilized as positive controls, as the resultant samples
should be fully methylated and can be used for comparison
with untreated samples.

RNA extraction and one-step reverse transcription
and qRT-PCR

Gene expression analysis was performed to evaluate the
quantity of NANOG, SOX2, and POU5F1 in cells derived
from equine iPS, fetal, and adult tissue sources. RNA was
extracted from approximately 1 to 3 · 106 cells of the corre-
sponding samples collected for DNA methylation assays
using the 5 Prime Perfect Pure RNA� extraction kit (5 Prime
Inc.) according to the manufacturer’s recommendations.
RNA quantity and quality were determined using a Nano-
drop spectrophotometer (NanoDrop Technologies, Inc.) and
visualization of the 18 and 28S bands on 0.8% agarose gels.

RNA samples were diluted to a concentration of 100 ng/
well; two replicate wells were used for quantitative gene
expression assays. Total RNA was reverse transcribed and
amplified using the one-step RT-PCR technique and the ABI
PRISM 7900 HT Sequence Detection System (Applied Bio-
systems). The primers and dual-labeled fluorescent probe [6-
FAM as the 5¢ label (reporter dye) and TAMRA as the 3¢ label
(quenching dye)] were designed using Primer Express Soft-
ware Version 2.0b8a (Applied Biosystems). The NANOG,
SOX2, and POU5F1 probes and primers were designed using
predicted equine-specific sequences published in Genbank
and the sequences obtained in our laboratory. Portions of the
genes were cloned and gene sequences agreed with previ-
ously reported data (NANOG: XM_001498808; SOX2:
NM_001143799; POU5F1: XM_001490108).

NANOG had the following primers and probe:
Forward 5¢-ACAGCCCCGATTCATCCA-3¢
Probe FAM (5¢)-CAGTCCCAGAGTAAAACCGCTGCCC-

TAMRA (3¢)
Reverse 5¢-TCTTTGCCTCGCTCGTCTCT-3¢

SOX2 had the following primers and probe:
Forward 5¢-TGCGAGCGCTGCACAT-3¢
Probe FAM (5¢)-ATAAATACCGTCCTCGGCGGAAAAC

CAA-TAMRA (3¢)
Reverse 5¢-AGCGTGTACTTATCCTTCTTCATGAG-3¢

POU5F1 had the following primers and probe:
Forward 5¢-CGGGCACTGCAGGAACAT-3¢
Probe FAM (5¢)-TTCTCCAGGTTGCCTCTCACTCGGT

TC-TAMRA (3¢)
Reverse 5¢-CCGAAAGAGAAAGCGAACTAGTATTG-3¢

Statistical analysis

Gene expression data and DNA methylation data were
categorized into four tissue types: (1) equine iPS cells; (2)
fetal brain or fibroblasts; (3) bone marrow–derived MPCs; (4)
adult chondrocytes. Groups were compared using a one-way
ANOVA with a Tukey all-pairwise comparisons post hoc
test to determine whether there were differences in gene
expression or DNA methylation of pluripotency genes be-
tween the different tissue types. A P-value of < 0.05 was
considered significant.

Results

Validation of bisulfite treatment

Treatment of genomic DNA with SssI methylase resulted
in 90%–100% methylation of all CpG dinucleotides for NA-
NOG and up to 80% methylation of all CpG dinucleotides of
SOX2 (Fig. 1). SssI methylase treatment resulted in increased
DNA methylation compared with untreated samples but did
not cause full methylation in all samples.

DNA methylation analysis of NANOG

At least 75% of the CpG dinucleotides in the promoter
region of NANOG were methylated in most samples exam-
ined (Fig. 2). The exceptions were the equine iPS cell lines,
where there was a significant (P £ 0.005) decrease in DNA
methylation at all NANOG CpG dinucleotide sites analyzed
compared with the other sample types. The high degree of
DNA methylation across all of the CpG dinucleotides ex-
amined did not allow for clear distinction between the re-
maining tissue types. Although several CpG dinucleotides
had statistical differences detected between the non-iPS
groups, there was no apparent correlation to NANOG ex-
pression in these samples.

DNA CpG methylation analysis of SOX2

The DNA methylation of SOX2 across the promoter region
was very low for all samples (Fig. 3). Although the overall
percentage of DNA methylation was low, differences in
DNA methylation in the promoter region of SOX2 between
tissue types were evident. Significant differences (P £ 0.02)
were noted between tissue types for the majority of CpG
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dinucleotides. Interestingly, the DNA methylation pattern of
equine iPS samples was the highest of all of the groups ex-
amined. Fetal tissues had significantly less DNA methylation
than MPCs at most CpG dinucleotides and chondrocytes had
less methylation than MPCs when a statistical difference was
noted.

Gene expression analysis of NANOG

NANOG expression was significantly (P £ 0.005) increased
in equine iPS cell lines with over 160 copies/ng of RNA

compared with the other groups examined. The expression
of NANOG was very low in all remaining samples analyzed,
with less than 1 gene copies/ng of RNA observed in all
samples. Significant differences (P £ 0.005) in NANOG ex-
pression were noted between tissue types (Fig. 4). Fetal cells
had significantly (P £ 0.005) more NANOG expression than
either adult MPCs or chondrocytes. There was no difference
(P = 0.50) in NANOG expression between adult MPCs and
chondrocytes.

Gene expression analysis of SOX2

In contrast to the very low copy numbers of NANOG, gene
expression of SOX2 was much higher in some tissues (Fig. 4).
For example, over 500 gene copies/ng of RNA were detected
in the fetal brain sample. There was a significant increase in
SOX2 expression in fetal cells compared with all other tissue
types (P £ 0.005). Equine iPS cells had significantly higher
(P £ 0.005) amounts of SOX2 expression than adult tissues.
There was no significant difference noted when MPCs were
compared with adult chondrocytes (P = 0.56).

Gene expression analysis of POU5F1

Similar to the pattern seen for NANOG, the gene expres-
sion of POU5F1 was very low in all samples aside from the
equine iPS cells (Fig. 4). Equine iPS cells had significantly
(P £ 0.005) increased quantities of POU5F1, with over 120
copies/ng of RNA. Less than 3 gene copies/ng of RNA were
observed in all remaining samples. Significant differences
(P £ 0.005) were noted between the remaining tissue types
with fetal cells having significantly more POU5F1 expression
than either adult MPCs or chondrocytes. There was no dif-
ference (P = 0.25) in POU5F1 expression between MPCs and
chondrocytes.

FIG. 2. NANOG DNA methylation pattern at individual
CpG sites. Lines reflect sample type. MSssi-treated samples
are included for comparison. Letters (A, B, C) denote statis-
tical differences (P £ 0.05) between (A) iPS cells, fetal cells,
MPCs, or chondrocytes; (B) fetal cells, MPCs, or chon-
drocytes; (C) MPCs versus chondrocytes. iPS, induced plu-
ripotent stem.

FIG. 1. Epigrams of the overall DNA methylation of NANOG and SOX2 promoter regions. Circles represent the examined
CpG dinucleotides upstream of the coding sequences of NANOG and SOX2. The degree of filling of the circles represents the
degree of DNA methylation from 0% to 100% in the various sample types. Incomplete, unfilled circles represent dinucleotide
sites that did not have results.
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FIG. 3. SOX2 DNA methyl-
ation pattern at individual
CpG sites. Lines reflect sample
type. MSssi-treated samples
are included for comparison.
Letters (A, B, C) denote statis-
tical differences (P £ 0.05) be-
tween (A) iPS cells, fetal cells,
MPCs, or chondrocytes; (B)
fetal cells, MPCs, or chon-
drocytes; (C) MPCs versus
chondrocytes.

FIG. 4. Quantitative gene expression of NANOG, SOX2, and POU5F1. (A) Representative amplification plots for (1) equine
iPS cell lines, (2) fetal cells, (3) MPC samples, and (4) chondrocytes. (B) Gene expression comparison between the four sample
types. (C) Gene expression comparison between three remaining sample types when the group expressing the highest
quantity of the gene of interest was omitted from the analysis. (D) Gene expression comparison between MPCs and chon-
drocytes. The Y-axis represents mean normalized gene copy numbers in 100 ng of RNA; bars on the X-axis represent sample
types ( – SEM). Letters (A, B) denote statistical differences (P £ 0.05) between groups. SEM, standard error of the mean.
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Discussion

In this study, DNA methylation analysis suggests that
NANOG is a more specific marker of pluripotency than
SOX2, as NANOG was far less methylated in equine iPS cells
than any other cell type examined. The remaining samples
were not in an epigenetic state poised for transcriptional
activation in any of the cell types analyzed, including tissues
from early development. Our data support previous reports
that the NANOG promoter region becomes hypermethylated
very early during development to avoid overexpression in
neonatal cells [40–42]. SOX2 was less specific for pluripotent
cells, as all tissues examined had low levels of DNA meth-
ylation and expressed variable quantities of SOX2 dependent
on the tissue of origin.

Gene expression data provided additional information in
at least one part of the mechanism of transcriptional regu-
lation to support the DNA methylation results. Based solely
on the DNA methylation results, we anticipated that NA-
NOG would have very little gene expression in all tissues
other than the iPS cell lines. This was supported by our
results. For both NANOG and POU5F1, it is likely the low
copy numbers (less than 3 gene copies/ng of RNA) detected
in the adult and fetal samples had an insignificant, if any,
biological role. These low gene quantities more likely re-
presented detection of background noise. This is consistent
with results of NANOG expression in cultured MPCs from
other species, where gene copies have been detected via
RT-PCR, but not by Northern blot [43] or microarray
[44–47]. In addition, NANOG and POU5F1 have pseudo-
genes that may further complicate accurate detection of
gene expression [35,43].

The molecular regulation of mammalian development,
lineage commitment, and cellular specification involves
transcriptional mechanisms governed through environmen-
tal signaling with molecules such as LIF, BMP, and Wnt
signaling pathways, combined with epigenetic and transla-
tional mechanisms [40,48–53]. It is likely that epigenetic
modifications play a dual role by stabilizing cellular lineage
commitment and providing cues to promote differentiation
[50]. Our results suggest that fetal-derived cells, MPCs, and
chondrocytes are not comparable with equine iPS cells. The
non-iPS cell types examined in this study appear to be in an
epigenetic state committed to an established cellular line-
age. Human iPS cell lines have shown significant repro-
gramming variability, aberrant reprogramming, incomplete
reprogramming, and other differences from human ES cell
lines [54]. Had it been available, the ideal control cell to
demonstrate pluripotency in this study would have been a
fully validated equine ES cell line. The choice to use equine
iPS cell lines capable of forming teratomas as the positive
control, while imperfect, was the most stringent control cell
type currently available. In support of our findings, results
from a previous study demonstrated that reprogrammed
cells hold an epigenetic memory reflecting their tissue of
origin [55].

A few studies have suggested that established MPCs from
other species hold differentiation abilities comparable to ES
cells and express transcription factors associated with plur-
ipotency such as NANOG, SOX2, and OCT3 and OCT4
[33,56–58]. We had no evidence of increased expression of
these transcription factors in adult MPCs compared with

either adult-derived or fetal-derived cell types and signifi-
cantly decreased expression of these genes compared with
validated iPS cells. It is possible that the increased gene ex-
pression reported previously in bone marrow–derived MPCs
represents a response to the in vitro culture environment.
Several studies that reported pluripotent-like characteristics
in MPCs used LIF as a culture media supplement [33,56–58].
This is in contrast to our study, where MPC cultures were
derived and expanded in medium that had been enriched
with only bFGF. Other studies verified that LIF in the pres-
ence of serum is capable of changing cell fate without genetic
manipulation [41]. In addition, a recent publication demon-
strated that adding trypsin to cell culture medium mimics a
stress situation, as occurs during injury and disease [59].
Trypsin-treated cells undergoing subsequent suspension
culture conditions could be induced to mimic cell types from
all germ layers in vitro and in vivo but were still unable to
form teratomas in testes in immunodeficient mice [59]. From
these studies we can conclude that evaluation of potency
of established MPC cultures necessitates uniform culture
conditions.

Highly conserved regulatory regions have been identified
in the 5¢ flanking region upstream of the transcription start
site of NANOG in mice, humans, and nonhuman primates.
Octamer elements, Sox elements, and other transcription
factor binding motifs with both repressive and activating
effects on NANOG have been documented [51–53]. Epige-
netic studies using undifferentiated human ES cells identified
a hypomethylated CpG island near the transcription start site
that extends as far as 1.7 kb upstream of the 5¢ flanking re-
gion [25]. This region was included in the primers designed
for NANOG in this study. DNA methylation of the upstream
5¢ flanking region of NANOG is a well-conserved epigenetic
regulatory mechanism among species that contributes to
gene repression and lineage restriction.

In this study, we have reported the DNA methylation
pattern in the NANOG or SOX2 promoter regions and gene
expression of NANOG, SOX2, and POU5F1 in a number of
equine iPS, fetal-derived, and adult-derived cell types. Sev-
eral differences in gene expression and DNA methylation
patterns were demonstrated between the cell types. The data
did not support that equine bone marrow–derived MPCs
were in an epigenetic state different from adult chon-
drocytes, confirming our hypothesis that MPCs derived from
equine bone marrow would have little to no expression of
NANOG, SOX2, and POU5F1 and would be in an epigenetic
state similar to terminally differentiated chondrocytes. Fur-
ther, gene expression correlated with DNA methylation
pattern in the promoter regions of both transcription factors
examined, with increased methylation correlating with de-
creased gene expression. Our results did not support that
equine bone marrow–derived MPCs are in an epigenetic
state poised for activation of NANOG, SOX2, and POU5F1.
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