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Abstract

Pluripotent stem cells can be created successfully through the inner cell mass (ICM), nuclear transfer, and
defined-factor induction. Unfortunately, the epigenetic characteristics of the cells produced are poorly under-
stood. In this article, we compared expression levels of enzymes involved in epigenetic modifications across six
pluripotent stem cell lines. Six of the 11 genes evaluated here (Dnmt3a, Dnmt3b, Tetl, Ezh2, MIl1, and Lsd1)
showed abnormally low levels of expression in the two germ-line chimeric induced pluripotent stem cell (iPSC)
lines. We also conducted locus-specific analysis of DNA methylation at 9 loci. Although iPSCs did express Oct4,
the Oct4 promoter region was shown to have a higher level of DNA methylation. The Xist and Line-1 repeating
sequences differed relatively little in methylation level across the cell lines, but Peg3, Peg10, and H19 exhibited
high degrees of variation in the pattern of DNA methylation. Meg3 in the Dlk1-Dio3 imprinting cluster was
incompletely methylated in embryonic stem cells (ESCs) and nuclear transfer (nt) ESCs. However, in germ-line
chimeric iPSCs, Meg3 was almost entirely methylated. ESC and ntESC lines showed twice as much Meg3
expression than in the iPSC lines. The genomic 5mC contents detected by reverse-phase high-performance liquid
chromatography (HPLC) indicated that, despite their germ-line chimeric abilities, iPSCs remained incompletely
reprogrammed, even though no direct evidence is shown here.

Introduction Daley, 2012). Previous research has shown that both ntESCs
and iPSCs are transcriptionally and functionally equivalent
PLURIPOTENT STEM CELLS CAN differentiate into any type of ~ to normal ESCs. However, several recent studies that com-
cell or tissue in the body. They have a myriad of potential ~ pared iPSCs to normal ESCs with respect to gene transcrip-
applications in organ regeneration and repair and in the tion, copy number variation, DNA methylation, and
treatment of diseases (Chien, 2008). Years ago, these cells chromatin modification showed iPSCs reprogrammed from
could be obtained only from human and mouse embryos, somatic cells to have abnormal demethylation and retain
which raised ethical concerns in many circles (Evans and residual the genomic imprinting status of the donor cells
Kaufman, 1981; Thomson et al., 1998). In recent years, how- (Chin et al., 2009; De Carvalho et al., 2010; Polo et al., 2010;
ever, biologists have derived controversy-free stem cells via ~Gaspar-Maia et al., 2011; Hussein et al. 2011; Lister et al. 2011;
somatic cell reprogramming (Hochedlinger and Jaenisch, Nishino et al. 2011).
2006). There are two types of reprogrammed somatic cells that Recent studies have evaluated the quality of pluripotent
can self-renew and generate any type of cell in the body in vivo  stem cells (Kim et al., 2010). Some iPSCs retain epigenetic
and in culture: (1) nuclear transfer embryonic stem cells imprints of their parental cell types. The selection of certain
(ntESCs) and defined-factor induced pluripotent stem cells donor cell types can used to facilitate erasure of methylation
(iPSCs) (Hochedlinger and Jaenisch, 2003). Nuclear transfer status and avoid aberrant methylation reprogramming (Kim
technology can be used to reprogram somatic cells after injec- et al., 2011). These studies showed ntESCs and iPSCs to have
tion into an enucleated oocyte. This can be used to derive epigenetic states similar to that of normal ESCs rather than
patient-specific pluripotent cells, and it is called therapeutic those of somatic cells. The activation of the imprinted DIk1-
cloning (Hochedlinger and Jaenisch, 2003). Mouse iPSCs canbe ~ Dio3 region has been shown to be positively correlated with
generated by co-expression of three or four transcription fac-  the level of pluripotency of iPSCs generated by tetraploid
tors directly from fibroblasts. They hold great promise in re- complementation. Researchers remain unsure about the extent
search and cell therapy (Takahashi et al., 2007; Robinton and  to which the three pluripotent stem cell lines (ESCs, ntESCs,
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and iPSCs) differ from each other with respect to genomic
imprinting at specific DNA methylation loci.

To evaluate the differences in epigenetic modification
among the three pluripotent stem cell types and determine the
epigenetic characteristics of germ-line chimeric iPSCs, we
quantified the transcription levels of several enzymes in-
volved in epigenetic modification using real-time PCR with a
focus on differences of DNA methylation (5mC) at the geno-
mic level. We evaluated the methylation status of maternally
imprinted loci (Peg3, Peg10) and two paternally imprinted loci
(H19 and IGF2R) using bisulfite sequencing. The iPSCs
showed incomplete reprogramming in this respect.

Materials and Methods
Culture of ESCs or iPSCs

Blastocyst-derived ESCs (IVPE1, IVPE2), ntESCs (ntES1,
ntES2) derived from cloned embryos, and germ-line chimeric
iPSCs lines (IP2-19, IP2-33) were purchased from Beijing Stem
Cell Bank, P.R. China. These cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 15%
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ESC-qualified fetal bovine serum (FBS), 1 X nonessential amino
acids (NEAA), 1xr-glutamine, 5.5 mM 2-mercaptoethanol,
and 1,000 units/mL of leukemia inhibitory factor (LIF)
(Millipore). All of the materials used for ESC culture and
passage were purchased from Gibco or Invitrogen.

Eight-cell blastocyst injection

iPSCs were digested and dispersed into single cells using
trypsin. iPSCs with green fluorescence were picked out under
a Olympus X71 (U-RFL-T) fluorescence microscope. A hypo-
dermic needle was then used to transfer these cells into zonae
pellucidae of the eight-cell stage blastocysts, ensuring direct
contact between the iPSCs and the embryonic blastomeres.
The embryos were cultivated in vitro for 48h and then ob-
served under the Olympus X71 (U-RFL-T) microscope.

RNA extraction and quantitative real-time RT-PCR

Total RNA was isolated using TRIzol reagent (Invitro-
gen). Two micrograms of RNA was reverse-transcribed
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FIG.1. Characterization of ESCs, ntESCs, and iPSCs. The purchased ES, ntES, and iPS cell lines were cultured for five or six
generations before being used for experiments. The six pluripotent cell lines underwent 25-30 generations. Cell morphology
resembled that of the ESCs. The expression of pluripotency markers was observed. (A) ESC-like cloned cells. (B) Re-
presententive AP staining of iPSCs. (C) SSEA-1. (D) Eight-cell blastocyst injection of iPSCs. The iPSCs were delivered into
embryos at the eight-cell stage and cultured in vitro for 48 h. The chimeric rate of the ICM blastocyst was 86.0+8.4% (n=10),
where chimeric rate=ICM fluorescence area/ICM total area (the analysis was carried out with OLYMPUS cellSens Standard
Versl.5). (E) iPSCs were GFP positive, indicating successful expression of Oct4-GFP. (F) Karyotype analysis. The iPS2-19 and
iPS2-33 cells at passage 30 showed a normal 40 XY karyotype.
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using Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Promega) and dT18 primer according to the
manufacturer’s instructions. Real-time quantitative PCR
(qPCR) reactions were set up in triplicate using Brilliant II
SYBR Green QPCR Master Mix (Toyobo) and run on an
Mx3000P QPCR System (Stratagene). Table S1 summa-
rizes primer sequences and amplification conditions. (Sup-
plementary Data are available at www.liebertpub.com/
cell/.)

High-performance liquid chromatography

For determination of genomic 5 mC content, DNA solu-
tion (10 ug) was mixed with hydrofluoric acid at a 1:9 ratio
by volume. The mixture was hydrolyzed at 85°C for 24h,
dried completely using a Concentrator Plus (Eppendorf AG),
dissolved in the mixed mobile phase (PICB7, 6.8 mM, pH 4)
of high-performance liquid chromatography (HPLC), and
then filtered through a 0.22-um filtration membrane. The
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sample was divided into three 20-uL subsamples, each of
which was passed through a HPLC column (150x2.1 mm, 5
um, Hypersil BDS C18 Thermo) at a flow rate of 0.3 mL/min.
A built-in A280 UV detector (Agilent 1100) was used to de-
termine the characteristic absorption curve. Each subsample
was tested three times. SPSS 19.0 was used to calculate 5mC
content using to the area of the absorption curve 5mC/
(bmC+C).

Determination of genomic 5mC content

Bisulfite genomic DNA was extracted using the proce-
dures previously described. One microgram of DNA solu-
tion was treated with an EZ DNA Methylation-Gold Kit
(Zymo Research) according to the manufacturer’s Instruc-
tions. Amplified products were purified using a gel extrac-
tion kit, then cloned into the PMD19-T vector (Takara) and
sequenced with M13 primers. Table S2 summarizes primer
sequences and amplification conditions.
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FIG. 2. Real-time PCR detection of enzymes pertaining to epigenetic modifications. All samples were normalized against
the internal control (f-actin), gene expression value of sample IVPE1 was set to 1, and the other cell lines were compared to
sample IVPE1 to produce quantitative values. Each sample was analyzed three times.
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Karyotype analysis

Karyotype analysis was carried out using standard mouse
chromosome analysis protocols.

Results

Confirmation of the pluripotent state
of ntESCs and iPSCs

The purchased ESC, ntESC, and iPSC lines were cultured
for five or six generations before being used in experiments.
Six pluripotent stem cell lines were cultured in ESC standard
medium with the CF1 mouse-derived feeder for at least 25
passages. The two germ-line chimeric iPSC lines went
through 30 passages and retained normal ESC-like mor-
phology with a high nucleus-to-cytoplasm ratio and promi-
nent nucleoli (Fig. 1A) (Zhao et al. 2009). All six lines of
pluripotent cells expressed the cell-surface markers alkaline
phosphatase (Fig. 1B), and stage-specific embryonic antigen-
1 (SSEA-1) (Fig. 1C), exactly like standard mouse ESCs do.
Both of the iPSC lines also expressed the Oct4 green fluo-
rescent protein (GFP) (Fig. 1E). We made further observa-
tions on iPSC chimeric blastocysts. Individual cell lines were
injected into blastocysts at the eight-cell stage, yielding high
chimeric rates (86.0£8.4%) (n=10) in the inner cell mass
(ICM) of the blastocyst (Fig. 1D). Two iPSC lines exhibited
the normal XY karyotype (Fig. 1F). We also examined the
mRNA expression of pluripotency markers Oct4 and Nanog
as well (Fig. 2). These experiments suggest that these plu-
ripotent cell lines retained their pluripotency despite five to
six extra in vitro passages postpurchase.

Quantification of genes involved in epigenetic modification

Real-time PCR detection of enzymes involved with epi-
genetic modifications was performed. To compare epigenetic
differences among the six pluripotent cell lines, we assigned
numeric values to the enzymes involved with epigenetic
modifications. Dnmtl, Dnmt3a, Dnmt3b, and Dnmt3l are
involved with DNA methylation (Okano et al., 1999). Tetl
was involved in DNA demethylation (Tahiliani et al., 2009).
Ezh2, Kdmé6b, and Kdmé6a are associated with H3K27me3
(Greer and Shi, 2012). mlll and LSDI are connected to
H3K4me (Whyte et al.,, 2012). Kat2a is associated with his-
tone Ac (Smith and Shilatifard, 2010). Samples were nor-
malized against the internal control (f-actin), and the gene
expression value of sample IVPE1 was set to 1. The results of
this analysis are shown in Figure 2. As indicated by the
concentration of relevant mRNA sequences, all enzymes
exhibited differences in expression across the different cell
lines. ntES2 cells showed higher levels of expression of the
examined epigenetic modification enzymes. For example,
LSD1 encodes a flavin-dependent monoamine oxidase,
which can demethylate mono- and dimethylated lysines,
specifically histone 3 and lysines 4 and 9 (H3K4 and H3K9)
(Adamo et al., 2011). MIl1 encodes a multiprotein complex
that mediates both methylation of Lys-4, which is part of the
histone H3 (H3K4me) complex. It also mediates the acety-
lation of Lys-16, which is part of histone H4 (H4Kl6ac)
(Tahiliani et al., 2009). The ntES2 cell line had LSD1 and MII1
expression levels at least three times higher than the other
five cell lines. However, some genes showed similar ex-
pression levels across all six cell lines. For example, Kdméb, a

demethylation enzyme of histone H3 K27me3 modification,
showed the least amount of intercell line variations in the
level of expression (Kooistra and Helin, 2012). Kat2a, asso-
ciated with histone Ac, also appeared to be more or less
equally expressed in all six cell lines.

Genomic cytosine methylation content
detected by reverse-phase HPLC

We examined differences in DNA methylation across six
pluripotent cell lines. Extracted DNA molecules were
dissolved in hydrofluoric acid and then passed through
reverse-phase HPLC columns to determine genomic 5mC
concentrations (Tahiliani et al., 2009). The results are shown
in Figure 3. The degree of DNA methylation differed sig-
nificantly between the two IVP cell lines (8.9% and 11.7%).
The ntESC lines showed similar levels of methylation (10.3%
and 9.5%). The iPSC lines showed the highest levels of
methylation (10.9% and 12.4%).

Locus-specific analysis of DNA methylation
by bisulfite sequencing

To further investigate differences in DNA methylation
among the six pluripotent cell lines, we analyzed nine spe-
cific loci of eight genes within the genome: Oct4, Peg3, Peg10,
H19, Igf2r, and Meg3 from the Dlk1-Dio3 imprinting cluster,
the R1 and R2 loci of the Xist gene, and the repeating se-
quence Line 1. The POU domain transcription factor Oct4 is a
critical regulator of pluripotency in the mammalian embryo.
It is highly expressed in the ICM of the blastocyst (Lavial al.,
2007). The two iPSC lines showed higher degrees of meth-
ylation (24% and 30%) in the Oct4 region than the other four
cell lines, suggesting that levels of Oct4 expression might
have been low in the iPSC lines. Bisulfite sequencing showed
that methylation levels of Peg3 and Pegl10 differed signifi-
cantly among the six cell lines, ranging from 0% to 59%. H19
and Meg3 of Dlk1-Dio3 showed vastly different levels of
DNA methylation.

Content of 5mc(%)

DY REERRE
IVPE1 IVPE2 ntES1 ntES2 IP2-19 IP2-33
Genome-wide Methylation Status by HPLC

FIG. 3. Genomic cytosine methylation content detected by
reverse-phase HPLC: Genomic 5mC content of the six plu-
ripotent cell lines. The 5mC content was calculated according
to the area of the absorption curve 5mC/(5mC+C). Each
sample was analyzed three times.
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FIG. 4. Bisulfite analysis of locus-specific DNA methylation. Genes detected include Oct4, H19, Igf2r, and Peg3. Methylation

profiles of their CpG dinucleotides were generated. Scores for the methylation of each CpG were obtained by sequencing PCR
clones derived from bisulfite-treated genomic DNAs. (Filled circles) Methylated CpGs; (open circles) unmethylated CpGs.

83%
Each row in each cell line represents each sequenced clone of each cell line.

30%

Xist transcription contributes to inactivation of the X Discussion

chromosome (Young et al.,, 2012). This chromosome is
controlled by methylation of the Xist gene’s minimal pro-

ICM-derived ESCs are universally recognized as the best
pluripotent stem cells currently available (Robinton and

Daley, 2012). Application of and further research on these

moter. X chromosome reactivation has been found to be an
important event in successful reprogramming (Maherali

et al., 2007). Long interspersed nuclear element-1 (Line-1 or

cells, however, are severely constrained for security reasons,
specifically the fact that they can be obtained only from the

ICM of developing blastocysts. Scientists have endeavored to

L1) retrotransposons account for nearly 17% of human ge-

nomic DNA. They are a major evolutionary force and have

create substitutes for ESCs in the form of reprogrammed

reshaped the structure and function of the mammalian ge-

This led to the invention of two vital

techniques—ntESCs and iPSCs (Yamanaka and Blau, 2010).

somatic cells.

nome (Beck et al., 2010). Neither the R1 and R2 loci of the

Xist gene nor repeating sequence Line-1 differed signifi-
cantly with respect to the degree of DNA methylation

among the six cell lines.

Both techniques are capable of reprogramming somatic cells

into pluripotent stem cells that can develop into viable
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FIG. 5. Bisulfate analysis of locus-specific DNA methylation. Meg3, Peg10, R1, and the R2 loci of Xist, repetive sequence Line
1 were detected. (Filled circles) Methylated CpGs; (open circles) unmethylated CpGs. Each row in each cell line represents
each sequenced clone of each cell line. Percentage of methylation is an average of 10 clones for each cell line.

individuals. Mouse iPSCs do not require the use any oocytes,
thereby circumventing ethical restrictions, which makes
them an asset in the field of regenerative biology (Yamanaka,
2008). Unfortunately, the epigenetic characteristics of these
cell types are poorly understood, so comparing epigenetic
differences among iPSCs, ntESCs, and ESCs is of critical
importance to the identification and development of suitable
applications for iPSCs.

In this article, we have compared expression levels of
enzymes involved in epigenetic modifications across six
pluripotent stem cell lines. Real-time PCR showed that all
examined enzymes had different levels of expression in these
six cell lines. Out of the 11 genes evaluated, six (Dnmt3a,
Dnmt3b, Tet1, Ezh2, MIl1, and Lsd1) showed abnormally low
levels of expression in the two iPSC lines. To explain these
results, we used reverse-phase HPLC to analyze methylation
levels of genomic DNA. This analysis showed that the ntESC
lines to have lower genomic 5mC content than the iPSC lines,
indicating that ntESCs had been reprogrammed more suc-
cessfully than iPSCs.

After evaluating the results of the quantitative PCR and
reverse-phase HPLC analyses, we tried to discern a correla-
tion between genomic 5mC content and the expression levels

of DNA methylation and demethylation enzymes. No such
correlations were apparent. Although iPS-19 and of iPS-33
showed high levels of genomic 5mC, they also showed rel-
atively low degrees of expression of demethylation-related
enzymes Dnmtl, Dnmt3a, and Dnmt3b. The level of Tetl
expression varied wildly across different strains, but Tet3
and Aid/Aicda were hardly expressed at all. These results
are consistent with those of previous studies (data not
shown). This shows that incomplete reprogramming of so-
matic cells caused abnormally high levels of genomic 5mC in
the iPSC lines, although no direct evidence was collected
here. Because the iPSCs were from chimeric mice, these re-
sults also suggest that the iPSCs remained incompletely re-
programmed despite their germ-line chimeric abilities.

To determine where the incomplete reprogramming of the
iPSCs was concentrated, we conducted locus-specific analy-
sis of DNA methylation on nine loci. Green fluorescence
encoded by GFP in the promoter region of Oct4 (ie., the
expression of GFP driven by the Oct4 promoter) indicated
that Oct4 was expressed in germ-line chimeric iPSCs (Fig.
1E), even though the expression levels were relatively low
compared to those of the ESCs and ntESCs (Fig. 2). The in-
complete reprogramming of Oct4 promoter region DNA
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methylation was reflected in the low methylation levels,
specifically 24% and 30.0%. The Xist and Line-1 repeating
sequences differed relatively little in methylation levels,
but Peg3, Pegl10, and H19 exhibited high degrees of varia-
tion in methylation levels. The Meg3 Dlk1-Dio3 imprinting
cluster was incompletely methylated in ESCs and ntESCs,
suggesting maternal expression of the Meg3 gene in these cell
lines. In germ-line chimeric iPSCs, Meg3 was almost entirely
methylated. In the ESC and ntESC lines, expression of Meg 3
was at least twice as high as in the iPSC lines (Fig. 2). This is
consistent with previously published studies, which showed
the DIk1-Dio3 region to be activated in fully pluripotent
mouse stem cells but almost completely repressed in par-
tially pluripotent cells (Stadtfeld et al., 2010; Ito et al., 2011;
Stadtfeld et al., 2012).

Previous studies show that continuous passaging of iPSCs
abrogates transcriptional, epigenetic, and functional differ-
ences (Nishino et al., 2011). However, our study indicates
that, after 30 passages in vitro, the two iPSC lines still differed
significantly from the other pluripotent cell lines with respect
to epigenetic modification.

The results of this study indicate that germ-line chimeric
iPSCs remain incompletely reprogrammed and that Oct4
gene expression might be not the best indicator of complete
reprogramming of somatic cells. Therefore, it is necessary to
conduct further studies that evaluate the epigenetic differ-
ences of germ-line chimeric iPSCs and iPSCs with successful
tetraploid complementation.
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