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Introduction

Embryonic stem (ES) cells are derived from early pre-
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implantation embryos [1, 2]. These cells have the capacity 
to give rise to differentiated progeny that represent all three 
embryonic germ layers and can proliferate indefinitely in 
vitro. Therefore, these cells provide a unique tool for study-
ing both biological and medical issues. The establishment 
of human ES cell lines and the demonstration of their differ-
entiation potential in vitro have increased our interest in the 
potential use of these cells as a source of differentiated cells 
for repairing human degenerative or damaged tissues [3]. 

Parthenogenetic embryonic stem (pES) cells provide a valuable in vitro model system for studying the molecular 
mechanisms that underlie genomic imprinting. However, the pluripotency of pES cells and the expression profiles of 
paternally expressed imprinted genes have not been fully explored. In this study, three mouse pES cell lines were estab-
lished and the differentiation potential of these cells in extended culture was evaluated. The undifferentiated cells had 
a normal karyotype and homozygous genome, and expressed ES-cell-specific molecular markers. The cells remained 
undifferentiated after more than 50 passages and exhibited pluripotent differentiation capacity. All three lines of the 
established ES cells produced teratomas; two lines of ES cells produced chimeras and germline transmission. Further-
more, activation of the paternally expressed imprinted genes Snrpn, U2af1-rs1, Peg3, Impact, Zfp127, Dlk1 and Mest in 
these cells was detected. Some paternally expressed imprinted genes were found to be expressed in the blastocyst stage 
of parthenogenetically activated embryos in vitro and their expression level increased with extended pES cell culture. 
Furthermore, our data show that the activation of these paternally expressed imprinted genes in pES cells was associated 
with a change in the methylation of the related differentially methylated regions. These findings provide direct evidence 
for the pluripotency of pES cells and demonstrate the association between the DNA methylation pattern and the activa-
tion of paternally expressed imprinted genes in pES cells. Thus, the established ES cell lines provide a valuable model 
for studying epigenetic regulation in mammalian development.
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However, there are many obstacles that hinder the devel-
opment of these cell-based transplantation therapies. One 
such obstacle is immune rejection [4]. Immune rejection 
results from the expression of the major histocompatibility 
complex (MHC) genes. Although it is possible to reduce 
immune-mediated rejection by carefully matching MHC 
genes between donor and recipient, finding a perfect match 
between them in the general population is very difficult, if 
not impossible, considering the high level of polymorphism 
for each MHC gene, which is made even more unlikely by 
heterozygosity. Creating genetically matched ES cells could 
be a strategy to overcome immunorejection. Unfertilized 
mammalian MII oocytes can be artificially activated to 
develop into blastocysts, from which the inner cell mass 
(ICM) can be isolated and parthenogenetic embryonic stem 
(pES) cells can be derived. In contrast to ES cells that are 
derived from fertilized embryos (with heterozygous MHC 
genes), pES cells are either uniformly homozygous or have 
minimal crossover-associated heterozygosity. With such 
a procedure, there is a greater likelihood of obtaining a 
match between the differentiated cells and the recipient. 
Recently, Kim et al. [5] demonstrated that selected pES 
cells can serve as a source of histocompatible tissues for 
transplantation. Although both mouse and primate pES cells 
have been demonstrated to undergo extensive differentia-
tion in vitro [6, 7], and to contribute to a variety of adult 
tissues in chimeric mice [8], there are some discrepancies 
regarding the proliferation capacities of pES cells [7, 9-11]. 
Therefore, it is necessary to fully explore the developmental 
potential of pES cells both in vitro and in vivo.

Both parental genomes are required for the successful 
development of mammals [12]. This is due to genomic 
imprinting, an epigenetic phenomenon that results in some 
genes being expressed according to their parental origin. 
It is established in the germ line and is stably inherited 
throughout somatic cell division [13, 14]. Approximately 
50 known imprinted genes have been identified in humans 
[15]. These genes have been shown to play important roles 
in the control of pre- and postnatal growth, and in the de-
velopment of particular lineages and certain diseases [16, 
17]. Theoretically, paternally expressed imprinting genes 
should not be transcribed in pES cells. However, there have 
been reports about the disrupted expression of some of these 
genes [18]. In addition, it has been reported that expres-
sion of some imprinted genes in mouse ES cells becomes 
unstable during in vitro culture [19]. Therefore, it is very 
important to examine the integrity of imprinting in ES cells, 
especially by investigating the underlying mechanisms that 
regulate expression of imprinted genes. 

In the current study, three mouse pES cell lines were 
established from chemically activated MII oocytes in 
order to investigate the developmental capacity of pES 

cells and to use these cells to study imprinted genes. The 
established cell lines remained undifferentiated after more 
than 50 passages. Meanwhile, the cells retain pluripotent 
differentiation potential both in vitro and in vivo. They are 
germline-competent. To our knowledge, these are the most 
extensively cultured and systemically characterized mouse 
pES cell lines. The expression patterns of several paternally 
expressed imprinting genes were also studied. More im-
portantly, the study establishes the correlation between the 
activation of imprinting genes and the alteration of genome 
methylation in pES cells and reports for the first time that 
the activation of some of paternally expressed genes can be 
detected at the blastocyst state of parthenogenetic embryos. 
The established cell lines can be used as models for inves-
tigating the mechanisms of genome imprinting regulation 
and they are free for academic researchers. 

Materials and Methods

Oocyte collection and parthenogenetic activation
C57BL/6, DBA/2J and CBA mice were purchased from Shanghai 

laboratory animal center and care of the mice was in accordance with 
the Guidelines of Shanghai Second Medical University for the Use 
of Animals in Research. Four-week-old female mice, C57BL/6 × 
DBA/2J F1 and C57BL/6 × CBA F1, were super-ovulated by intra-
peritoneal injection of 5 units of the pregnant mares’ serum (PMS) 
gonadotropin, followed 48 h later by intraperitoneal injection of 5 
units of human chorionic gonadotropin (HCG). Mature oocytes were 
collected from oviducts 17 h after HCG injection. They were freed 
from the cumulus cells by treatment with 0.1% hyaluronidase for 1 
min (Sigma). Oocytes were washed with MHTF (Irvine Scientific), 
followed by exposure for 2 min to 5 mM ionomycin (Calbiochem) 
at room temperature and incubation for 4 h with 2 mM 6-dimeth-
ylaminopurine (6-DMAP, Sigma) at 5% CO2 and 37 oC to inhibit 
formation of the second polar body [20, 21].

Derivation of mouse pES cell lines
The treated oocytes were washed extensively in MHTF and 

cultured in P1 medium (Irvine Scientific; supplemented with a 10% 
serum substitute). Embryos were transferred to a BM medium (Irvine 
Scientific; supplemented with a 10% serum substitute) at day 3 and 
cultured to expanded blastocysts. Zona pelucidae were removed by 
pronase (5 mg/ml, Sigma) digestion for 2 min. Blastocysts were 
transferred to mitomycin C-treated ICR mouse feeder cells in gela-
tinized tissue culture wells (one embryo per well) and cultured for 
4 days in an ES-cell medium as described [22]. ICM outgrowths 
were mechanically dissociated into clumps with a finely drawn glass 
capillary and re-plated on fresh feeder cells. The propagating colonies 
were further passaged following exposure to 0.05% trypsin/EDTA.

Mouse ES cells derived from normally fertilized embryos
The ES cells derived from normally fertilized embryos that were 

used in the current study include D3 (purchased from ATCC) and 
WT (derived from C57BL/6 × DBA/2J blastocysts in our labora-
tory) cell lines. 
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Characterization of mouse pES cell lines
To confirm homozygosity in established lines, polymerase chain 

reaction (PCR)-based haplotype analyses were carried out using the 
microsatellite markers D16mit9, D1mit295, D3mit149, D4mit152, 
D6mit159, D5mit345 and D7mit267 (primer sequences can be ob-
tained at http://www.informatics.jax.org/; the M13 19 bp sequence 
5′-CAC GAC GTT GTA AAA CGA C-3′ was added to a 5′ primer as 
a fluorescent tag). Cytogenetic analysis of all ES cell lines was carried 
out using the standard protocol. At least 100 metaphases from each 
of the cell lines were studied in order to establish their chromosome 
number. Alkaline phosphatase (AKP) activity was detected with the 
vector blue substrate kit (Vector Laboratories). Telomerase activity 
was measured with the TRAPeze Telomerase Detection kit (Intergen) 
as recommended by the manufacturer. Oct-4 was detected by im-
munocytochemistry with rabbit affinity-purified polyclonal antibody 
generated in our laboratory [22] and localized with biotinylated 
secondary antibodies and then an avidin/biotinylated horseradish 
peroxidase complex (Vectastain ABC system, Vector Laboratories). 
Anti-stage-specific embryonic antigen-1 (SSEA-1, MC480, Chemi-
con) and fluorescein isothiocyanate (FITC)-conjugated secondary 
antibodies were used to detect SSEA-1.

In vitro differentiation
To generate embryoid bodies (EBs), ES cells were trypsinized, dis-

persed into a single-cell suspension, and then transferred to standard 
gelatinized 10 cm tissue culture dishes. They were incubated at 37 oC 
for 30 min to allow for removal of feeder cells by differential adher-
ence. Then, the fibroblast-free suspension was diluted with ES cell 
medium without LIF to a concentration of 2.5 × 104 cells/ml. Hanging 
drops containing approximately 500 cells in 20 µl were maintained 
for 2-3 days on the lids of dishes filled with PBS. The resulting cell 
aggregates were denoted as EBs [23]. For in vitro spontaneous dif-
ferentiation, the formed EBs were transferred into four-well plates 
and cultivated in ES medium without LIF for 10 to 20 days and the 
spontaneously differentiated EBs were processed for immunocyto-
chemical analysis. For in vitro induced neural differentiation, the 
EBs from hanging drops were transferred into dishes and cultivated 
for 3 days in medium without LIF, followed by being induced with 
10-6 to 10-5 M retinoic acid (RA, Sigma) for an additional 3 days. The 
medium was then exchanged for a RA-free fresh medium. After 3 to 
5 days, the differentiated EBs were fixed in 4% paraformaldehyde 
at room temperature for 15 min, followed by permeabilization for 
10 min in 0.2% Triton X-100 in PBS. Then, the cells were blocked 
with 2.5% BSA in PBS at room temperature for 30 min, followed 
by incubation at 4 oC overnight with GATA4 antibody (1:100; Santa 
Cruz), Desmin antibody (1:50; DAKO), Map2 antibody (1:500; Santa 
Cruz), Nestin antibody (1:100; Chemicon), GFAP antibody (1:1 000; 
DAKO) and TuJ-1(1:200; Sigma) in PBS. After washing, cells were 
incubated with the appropriate secondary antibodies conjugated to 
Cy3 (1:100; Sigma) or FITC (1:100; Jackson) at room temperature 
for 1 h. The cell nucleus was labeled by DAPI (1:2000; Sigma). 
Cells were then washed in PBS and mounted for examination under 
a fluorescence microscope.

In vivo differentiation
To form teratomas approximately 5 × 106cells were injected into 

the rear leg muscles of 5-week-old male SCID-Beige mice (two 
mice per cell line). Four to six weeks after cell injection, the result-
ing teratomas were examined histologically. Sections were stained 

with hematoxylin/eosin.

Chimera generation and germline transmission
Sp3 and Sp6 ES cells were trypsinized and feeder cells were re-

moved. For microinjection, 10 blastocysts of ICR mice were placed 
in a drop of DMEM-HEPES with 15% FCS under mineral oil. The 
injection pipette containing 15 ES cells was pressed against the zona 
opposite the inner-cell mass. A brief pulse of the Piezo (Primetech, 
Ibaraki, Japan) was applied, and the injection needle was simulta-
neously pushed through the zona and trophectoderm layer into the 
blastocyst cavity. The ES cells then were expelled from the injection 
pipette and pushed against the inner-cell mass of the blastocyst. 
After the entire group was injected, the blastocysts were returned to 
the DMEM with 15% FCS and placed at 37 °C until their transfer 
to recipient females. Seven injected blastocysts were transferred to 
each uterine horn of the 2.5-d.p.c. pseudopregnant C57BL/6 × CBA 
F1 female mice. To produce germline transmitted mice, the chimeras 
were back crossed with wild-type (WT) ICR mice. 

RT-PCR
At each passage, the trypsin-digested cells were incubated in the 

dish for 30 min to allow feeder cells to attach to the plates; then ES 
cells were then harvested carefully. D3 and Sp3 ES cells that were 
passaged in this way for 6, 7 and 8 times were used for analyzing 
imprinted genes. The first strand of cDNA was synthesized using 2 
mg of total RNA from pES cells and D3 mouse ES cells by M-MLV 
reverse transcriptase (Promega). 1/25 of the reverse transaction 
product was used in RT-PCR. Several primer sets were used. These 
include Snrpn forward: TTC TTA GCT GAG ACA CCA AGA and 
Snrpn reverse: GAA GGT GCC AAT GAA GAT TCT C; U2af1-rs1 
forward: GAT CAG ACA TAC TGC GGA TA and U2af1-rs1 reverse: 
GT GGT ACG GCC AGC CTA TG; H19 forward: TGC CTG ACC 
CGG GAG ACC ACC AC and H19 reverse: GCT ATC TCC GGG 
ACT CCA AAC CAG; and Hprt forward: TCA GTC AAC GGG GGA 
CAT AAA and Hprt reverse :TCA GTC AAC GGG GGA CAT AAA. 
The same procedure was carried out with Sp34 (p8) and Sp6 (p8) 
cDNA to detect expression of the imprinted genes in these lines. 

Genomic DNA PCR
Genomic DNA was extracted with the UNIQ-10 column (Sengon) 

according to the manufacturer’s instruction. The forward PCR primer 
for the Zfy gene is AAG ATA AGC TTA CAT AAT CAC ATG GA 
and the reverse primer is CCT ATG AAA TCC TTT GCT GCA CAT 
GT. The forward primer Gapdh is AAG CCA AAC TAG CAG CTA 
GG and the reverse primer for Gapdh is GGG CTA GTC TAT CAT 
TGC AG. The Zfy PCR was cycled for 35 times to ascertain the 
presence or absence of Y chromosomal DNA.

Quantitative RT-PCR
The primers were designed using the Primer Express 2 software 

(ABI) and are shown in the Supplementary information, Table 2. 
Real-time PCR was performed with water blank negative controls 
and each sample was analyzed in triplicate with β-actin as the inner 
control. The final PCR reaction volume of 10 ml contained 5 ml of 
SYBR® Green PCR Master Mix (ABI), 2 ml of 1:4 diluted cDNA 
template and 3 ml of primer mixture (containing 250 nM of each 
primer). Thermal cycling was carried out with a 10-min denaturation 
step at 95 °C, followed by 40 two-step cycles of 15 s at 95 °C and 
60 s at 60 °C. Amplification data were collected by the ABI PRISM 
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7900 and analyzed by the Sequence Detection System 2.0 software 
(ABI). The expression level of each imprinted gene was normalized 
by the inner control, and the expression ratio of parthenogenetic Sp3 
to D3 or the WT was presented. 

Nest-PCR 
The primers used for transcriptional analysis in mouse pre-im-

plantation embryos were all designed across introns to rule out the 
expansion of genomic DNA. The sequences of the primers are listed 
in Supplementary information, Table 1. Single blastocysts (C57BL/6 
× DBA/2J) that were collected from either E3.5 fertilized female mice 
or developed in in vitro culture by the parthenogenetic activation 
of MII oocytes (from C57BL/6 × DBA/2J F1 6-8-week-old-female 
mice) were lysed in DEPC water, then reversely transcribed with 
Super Script II Kit (Invitrogen) using the outer 3′ primers for Hprt, 
Snrpn, Peg1 and Peg3, following the manufacturer’s protocol. 1/15 
of the product of reverse transcription was used as a template for 
the 1st PCR (25 ml, Tm = 58 °C, 30 cycle), and 1ìl of the 1st PCR 
product was used for the 2nd PCR with inner primers (25 ml, Tm = 
60 °C, 30 cycle).

Genome methylation assay
Bisulfate-treatment based genomic DNA methylation analysis 

was conducted following the method described [24]. The WT and 
pES cells of relatively early passage (WT p11, Sp3 p12) that were 
grown without feeder were harvested and the genomic DNA was 
extracted using a Genomic DNA Extract Kit (BioDev Biotechnol-
ogy). Two hundred nanograms of genomic DNA from each sample 
was digested with HindIII for fragmentation and embedded in low 
melting point agarose micro-beads (for each sample, 6 beads were 
formed) for bisulfate treatment to convert the unmethylated C to U. 
Two-round PCR with treated micro-beads was applied to expand the 
differentially methylated regions (DMRs) of Gtl2, H19 and Snrpn 
from the treated genomic DNA. The PCR product was gel purified 
and digested with restriction enzymes: TaqI (site T/CGA, Takara) for 

Gtl2 DMR and H19 5′-DMR, and BstUI (site CG/CG, New England 
Biotechnology) for Snrpn DMR. 

Results

Establishment and characterization of mouse pES cell 
lines

Three mouse diploid pES cell lines were established 
by super-ovulation of C57BL/6 × DBA/2J or C57BL/6 × 
CBA F1 female mice, following administration of PMS 
and HCG and activation of MII oocytes with ionomycin. 
6-DMAP was used to suppress the final meiotic reduction 
division. Therefore, embryos with only one polar body were 
used to derive the ES cell lines. Two lines (Sp3 and Sp6) 
were from C57BL/6 × DBA/2J and one line (Sp34) was 
from C57BL/6 × CBA F1 MII oocytes. For Sp3 and Sp6 
lines, 20 activated embryos were used. Sp34 was derived 
from 15 activated embryos. All three lines formed typical 
mouse ES cell colonies and the colonies were morphologi-
cally indistinguishable from the ES cell colonies that were 
derived from fertilized blastocysts (Figure 1A). These cells 
had a high relative nuclear/cytoplasmic ratio and prominent 
nucleoli. The cultured cells were passed after 2 or 3 days 
and had a growth rate similar to that of WT mouse ES 
cells (data not shown). Each of the cell lines was success-
fully cryopreserved and thawed and has been propagated 
continuously for more than 50 passages, maintaining their 
undifferentiated state. Karyotype analysis revealed 40 XX 
chromosomes, in accordance with their species of origin, 
when examined at passage 10 (Figure 1B).

Theoretically, pES cells that are derived from chemi-

Table 1 Genotype analysis of mouse pES cell lines
Microsatellite marker C56BL/6 mouse DBA/2J mouse C57BL/6×DBA/2J F1 mouse SP3 SP6 
      D1mit295      209 bp      197 bp             197/209 bp 209 bp 209 bp
      D3mit149      144 bp      164 bp             144/164 bp 164 bp 144 bp
      D4mit152      162 bp      180 bp             162/180 bp 162 bp 180 bp
      D5mit345      119 bp      135 bp             119/135 bp 135 bp 135 bp
      D6mit159      135 bp      159 bp             135/159 bp 135 bp 159 bp
      D7mit267      215 bp      201 bp             201/215 bp 215 bp 201 bp
      D16mit9      165 bp      145 bp             145/165 bp 145 bp 145 bp

Table 2 Results of chimera-generating experiments     
pES cells×blastocysts of                    Embryos transferred Newborns               Chimeras  
mouse strains   Male Female 
        SP3×ICR           56 15(26.8%) 5(8.9%) 5(8.9%) 
        SP6×ICR           42 18(42.9%) 7(16.7%) 1(2.4%) 



 Cell Research | www.cell-research.com 

Imprinting genes in pES cells
796
npg

cally activated MII oocytes with the extrusion of the first 
polar body contain one set of duplicated homologous 
chromosomes and are homozygous, with perhaps minimal 
heterozygosity on crossover. To confirm the homozygosity 
of the established pES cells, their genotype was validated 
on the basis of the analysis of seven microsatellite markers. 
The results are summarized in Table 1. Figure 1C illustrates 
PCR results for the marker D7mit267. The PCR product 
had two bands for C57BL/6 × DBA/2J F1 female mice. 
However, a single band was detected from both Sp3 and 
Sp6 pES cell lines, indicating that the ES cells carried one 
homologous chromosome from F1 female mice. Similar 
experiments were also performed with the Sp34 ES cell 
line and the results were similar to those with Sp3 and 
Sp6 (data not shown). These observations verify that the 
genotype of the established pES cell lines is homozygous 
at the loci examined and the cells are indeed derived from 
MII oocytes. 

Furthermore, expression of Oct-4, AKP and SSEA-1 was 
examined by immunohistochemistry at passage 11 and after 
passage 52.. Similar to undifferentiated fES cells, our pES 
cells expressed high levels of AKP (Figure 1D) and Oct-4 
(Figure1E). SSEA-1 expression was positive (not shown). 
In addition, telomerase activities in the cell extracts of 
three lines were measured. All three lines had high levels 

of tolemerase activity even after passage 50. As shown in 
Figure 1F, the pattern was similar to that of the positive 
control (lane 3) provided with the manufacturer’s kit. The 
PCR products seen in lanes 5, 7 and 9 form a ladder that is 
indicative of the repeated addition of 6 bp to a template by 
telomerase in the cell extracts obtained from the pES cell 
lines Sp3, Sp6 and Sp34, respectively. In contrast, there was 
no detectable telomerase activity in the negative control 
groups (lane 1 for the buffer and lane 2 for mouse feeder 
cells; cell extracts in lanes 4, 6, 8 and 10 were inactivated 
by heat). Moreover, the PCR products from 36 bp internal 
controls could be detected in all negative control groups, 
providing evidence that the failure to produce a ladder from 
products in the negative group was not due to any variations 
in PCR conditions per se; instead, it was due to a lack of 
telomerase activity in these samples. On the other hand, the 
results confirm that the ladder profile of the formed products 
is reflective of the telomerase activity present in the pES 
cells. Taken together, the data indicate that our pES cells 
have the capacity to proliferate and remain undifferentiated 
for a long period of time in vitro.

In vitro and in vivo differentiation of pES cells
The established pES cell lines were examined for their 

ability to spontaneously differentiate in vitro. EB forma-

Figure 1 Establishment and characterization of mouse parthenogenetic ES cell lines. (A) Typical mouse parthenogenetic ES cell 
colonies. (B) A representative euploid karyotype observed in mouse parthenogenetic ES cells. (C) Genotypic analysis of Sp3 and 
Sp6 pES cell lines. (D) AKP positive staining of a pES cell colony. (E) Oct-4 positive staining. (F) Telomerase activity assay. Lane 
1: buffer; lane 2: mouse feeder cells; lane 3: telomerase positive control cells; lane 4, 6, 8 and 10: heat-inactivated cell extracts for 
positive control cells, Sp3, Sp6 and Sp34, respectively; lane 5, 7 and 9: ES cell extracts for Sp3, Sp6 and Sp34, respectively.

A C E

B D F
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C57 DBA  F1  Sp3 Sp6
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tion is an important requirement for validating the in vitro 
differentiation of ES cells. When our ES cells (Sp3 cells 
shown representatively) were cultured in suspension, they 
spontaneously formed sphere-shaped, simple EBs in 2 
days (Figure 2A), and formed cavitated EBs after around 
4 days (Figure 2B). After about 10 days in suspension 
culture, the cystic EBs developed one or more balloon-like 
structures (Figure 2C). Spontaneous rhythmic beating was 
detected in some areas of the balloon-like structure, sug-
gesting that the cells have the ability to differentiate into 
cardiomyocyte-like muscle. As with fertilized ES cells, 2 
days after plating and attaching the EBs to 0.1% gelatin-
coated glass cover slips, they spontaneously differentiated 
into cell types with specific shapes, including neuron-like 
cells, muscle-like cells and hepatocyte-like cells (data not 
shown). Furthermore, expression of markers for the three 
germ layers was examined by immunofluorescence stain-
ing. Positive staining for Map2 (Figure 2D, marker for 
ectoderm), Desmin (Figure 2E, marker for mesoderm) and 
GATA4 (Figure 2F, marker for endoderm) was observed, 
demonstrating that the cells have the capacity to differenti-
ate into the cell types of all three germ layers in vitro. It 
has been reported that retinoic acid (RA) can induce ES 
cells to differentiate into neural cells. The pES cells were 
further examined for their ability to differentiate in vitro 
in the presence of RA. As expected, in the presence of RA 
the cells were induced to differentiate into neural lineage 
cells, as demonstrated by the immunofluorescence staining 
positive for the neural precursor marker Nestin (Figure 2G), 
the neuronal marker Tuj-1 (Figure 2H) and the marker for 
astrocytes GFAP (Figure 2I).  This result indicated that the 
established cell lines could respond to the RA induction of 
differentiation.

The pluripotency of established mouse pES cell lines 
was evaluated on the basis of their capacity to elicit 
teratomatous development after sub-muscular injection at 
one side of the rear limb in immunodeficient mice (Scid-
Beige). All mice developed tumors in 2 weeks. There was 
intact membrane around the tumors and no evidence of 
metastatic spread to other tissues was found. Histologi-
cal examination revealed that all the teratomas contained 
tissues representative of all three germ layers (Figure 3). 
The differentiated tissues detected include gut epithelium, 
glandular epithelium (endoderm), skeletal muscle, smooth 
muscle, cartilage, fatty tissue (mesoderm), hair follicles, 
neural tubular epithelium and stratified squamous epithe-
lium (ectoderm). In contrast, only skeletal muscle was 
found in the contralateral limb where no pES cells were 
injected. The results demonstrate that pES cells could dif-
ferentiate into cell types that are derived from ectoderm, 
mesoderm and endoderm in vivo. Meanwhile, teratomas 
derived from fertilized ES cells (established in our labora-

tory) were analyzed in order to compare their differentiation 
capacity with that of pES cells (data not shown). There was 
no significant difference in the differentiation of the cell 
types found between the two teratomas, suggesting that 
pES cells exhibit a pluripotent differentiation potential that 
is comparable to fertilized ES cells.

Chimera generation and germline transmssion
To truly demonstrate the developmental pluripotency of 

established ES cell lines, ES cells from Sp3 and Sp6 lines 
were injected into blastocyts of ICR mice and the injected 
embryos were transferred to the uterus of pseudopregnant 
C57BL/6 × CBA F1 female mice. As summarized in Table 
2, the production of chimeric offspring was 67% and 44% 
for the Sp3 and Sp6 lines, respectively, relative to the num-
ber of newborn. Furthermore, germline transmitted mice 
were produced when chimeric mice were back crossed to 
WT ICR mice. As shown in Table 2, one female derived 
from Sp3 ES cells with 80% chimerism produced one 
male offspring with a gray coat color in her third delivery 
(1/5) and one female derived from Sp6 ES cells with 10% 
chimerism produced two male offspring with a black coat 
color in her fourth (1/6) and fifth (1/10) deliveries. Figure 
4A shows chimeric mice  obtained by blastocyst injection 
of Sp3 ES cells, and Figure 4B shows a germline-transmit-
ted mouse from Sp3 ES cells (mouse in gray coat). The 
result provides a clear demonstration that our pES cells 
can proliferate and differentiate in vivo. 

Expression of imprinted genes in pES cells
To explore the underlying mechanisms for our pES cells 

to display normal features of proliferation and differentia-
tion, we determined whether the parental expression of 
imprinted genes was altered in pES cells. The expression of 
two paternally expressed genes, Snrpn and U2af1-rs1, and 
one maternally expressed gene, H19, was first examined 
by semi-quantitative RT-PCR in an Sp3 ES cell line and 
a D3 ES cell line (Figure 5A and 5B). As expected, H19 
was present in both Sp3 and D3 cell lines, with a higher 
expression level in the Sp3 line than in D3 ES cells. The 
absence of the signal in control lanes (without reverse 
transcriptase in the reaction for the synthesis of first chain 
cDNA) precludes the possibility of genomic DNA contami-
nation in the reaction. However, the Snrpn and U2af1-rs1 
genes were unexpectedly detected in the Sp3 cell line as 
well as in the D3 cell line. The experiments were repeated 
three times using D3 and Sp3 ES cells of three different 
passages and the same result was obtained. In order to 
exclude the possibility of feeder cell contamination, the 
presence of the Zfy gene (only present in Y chromosome) 
in feeder, D3 and Sp3 ES cells was examined. As shown 
in Figure 5C, the Zfy gene was found in both feeder and 
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Figure 2 Differentiation of parthenogenetic ES cells in vitro. Cells of all three germ layers were detected in the spontaneous differ-
entiation of pES cells through embryoid bodies (EBs). (A) Simple EBs of pES cells. (B) Cavitated EBs. (C) Cystic EBs. (D) Immu-
nofluorescence staining for ectoderm cells positive for Map2. (E) Mesoderm cells positive for Desmin. (F) Endoderm cells positive 
for GATA4. (G) Neural precursor cells stained positive for Nestin. (H) Neurons stained positive for Tuj-1. (I) Astrocytes stained 
positive for GFAP. DAPI was used to label the cell nucleus. Scale bar, 50 mm in all immunofluorescent staining micrographs.
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Figure 3 Histological analysis of teratomas derived from mouse pES cells. (A) Ciliated columnar epithelium. (B) Glandular tissues. 
(C) Striated muscle. (D) Fatty tissue. (E) Cartilage. (F) Skin. (G) Neural epithelium. (H) Hair follicle. Scale bar, 50 µm.
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D3 cell lines, but was not detectable in Sp3 ES cells. This 
rules out the possibility that the positive signal for Snrpn 
and U2af1-rs1 genes found in the Sp3 cell line was due to 
the contamination of feeder cells. 

Furthermore, to determine whether the activation of 
paternally expressed imprinted genes found in our cell 
lines can be applied to other imprinted genes, expression 

of six more developmentally related imprinted genes, 
Peg3, Zfp127, Ndn, Impact, Dlk1 and Mest, was examined 
by quantitative real time RT-PCR. The primers used are 
shown in Supplementary information, Table 2. As shown 
in Figure 5D, expression of all six paternally expressed 
imprinted genes was found in Sp3(p21) ES cells, although 
the expression levels of Dlk1 and Mest in Sp3 cells were 
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much lower than in D3(p21) cells. Expression of these 
genes in Sp6 and Sp34 was also detected (see Supplemen-
tary information, Figure S1). These observations suggest 
that some of the paternally expressed imprinted genes were 
activated in our pES cell lines and this may contribute to 
their developmental competence.

We were interested in how these paternally expressed 
imprinted genes are activated in pES cells. It has been 
reported that the deregulation in expression of imprinted 
genes in ES cells is frequently associated with in vitro 
manipulation [25]. To analyze the effect of in vitro culture 
on expression of imprinting genes, expression of paternally 
expressed imprinted genes at p10 and p20 of Sp3 ES cells 
was analyzed in comparison with expression of the genes 
in a WT ES cell line (WT ES cell line) at the same pas-
sage. The WT ES cell line was established in our labora-
tory from mice that have the same genetic background as 
Sp3 and Sp6. As shown in Figure 5E, expression of all 
six imprinted genes was detectable but was much lower, 
except for Impact, in Sp3 cells than in WT ES cells at p10. 
However, the ratio of expression between Sp3 and WT ES 
cells for these genes increased substantially after the cells 
were passaged for another 10 times (at p20). This finding 
suggests that culturing pES cells influences expression of 
paternally expressed imprinted genes. On the other hand, it 
is unclear when the activation of paternal gene expression 
commences. Does it initiate after derivation and culture 
of ES cells from the blastocyst or does it exist before the 
derivation? To answer this question, the transcription of 
three paternally expressed imprinted genes, Snrpn, Mest 
and Peg3, in the parthenogenetically activated and fertilized 
blastocysts was analyzed using nest-PCR. To our surprise, 
expression of these three imprinted genes was found not 
only in fertilized blastocysts but also in parthenogeneti-
cally activated blastocysts (Figure 5F), indicating that the 
activation of some paternally expressed imprinted genes 

initiates before the derivation of pES cells. Therefore, both 
in vitro manipulation of embryos and extended culture of 
pES cells play a role in deregulating the imprinting status 
detected in this study.

Activating paternally expressed imprinted genes is associ-
ated with altered methylation patterns

DNA methylation is an important mechanism for 
genomic imprinting, and epigenetic instability has been 
reported in DMRs of some imprinted genes [25]. There-
fore, we examined whether the activation of the imprinted 
genes in our study was associated with altered methylation 
of the related DMRs. To this end, bisulfate nest PCR and 
restricted fragment length polymorphism techniques were 
applied to analyze the methylation of Dlk1-Gtl2, H19-Igf2 
and Snrpn DMRs. It is known that Gtl2 and H19 DMRs 
should be completely unmethylated in order to silence 
paternally expressed Dlk1 and Igf2 genes, while the Snrpn 
DMR should be entirely methylated in order to suppress 
transcription from the maternal genome [24]. As was to be 
expected, we found that about half of the PCR products 
were digested by methylation-sensitive restriction enzymes 
for Gtl2 and Snrpn DMRs in the WT ES cells, suggesting 
that both paternal and maternal genomes are present and 
half the genomic DNA is methylated. However, it seems 
that the DMR for H19 was heavily methylated, resulting 
in the majority of DMRs being digested (Figure 6A). 
Interestingly, partial methylation was also found at Gtl2 
and H19 DMRs of Sp3 ES cells. In addition, incomplete 
methylation at the Snrpn DMR was detected in these cells. 
The results demonstrate that the methylation patterns at 
DMRs were altered in our pES cells. The contamination of 
feeder genomic DNA was excluded by the absence of Zfy 
genomic DNA in an Sp3 genomic DNA preparation (see 
Supplementary information, Figure S2). To further confirm 
the results from Sp3 pES cells, we derived additional pES 
cell lines without feeder layers (Sp1 and Sp2). The cells 
of Sp1 at passage 5 and the cells of Sp2 at passage 6 were 
used for methylation analysis. Similar results were obtained 
(Figure 6B), confirming that the altered methylation found 
in Sp3 ES cells is not a result of feeder contamination, but 
is a general phenomenon in pES cell lines. 

Discussion

Parthenogenesis is the process by which an egg is in-
duced to develop without the contribution of sperm [26]. 
Some lower organisms routinely reproduce in this manner 
[27]. In mammals, an egg can be activated artificially. 
However, the embryos cannot survive to term. Mouse 
parthenogenetic embryos die by day 10 of development 
[28]. It has been reported that parthenotes fail to develop 

Figure 4 Generation of chimeras and germline transmssion of pES 
cells. (A) Chimeric mice obtained by blastocyst injection of Sp3 pES 
cells. (B) Germline-transmitted mouse from Sp3 pES cells (mouse 
with gray coat). 
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a trophectoderm and primitive endoderm-extra embryonic 
tissues [26]. The reason for this failure in mammalian 
development is believed to be the disruption of genomic 
imprinting [8]. Obviously, both parental genomes are re-
quired for the successful development of mammals [12]. 
Although the stem cell lines from mouse homozygous 
embryos have been established and studied since 1983, 

there are still controversies regarding the pluripotency of 
pES cells [29]. Park et al. [11] found that EBs derived from 
pES cells were retarded in growth and showed restricted 
differentiation compared to their fertilized counterpart. It 
was also reported that pES cells showed a restricted tissue 
distribution in chimeras with normal host cells. However, 
the classic phenotype of growth retardation was not seen in 
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Figure 5 Analysis of expression of imprinted genes in pES cells. (A) Semi-quantitative RT-PCR analysis of three imprinted genes 
was performed with D3 and Sp3 ES cells. Feeder cells were removed from D3 and Sp3 ES cells for 6, 7 and 8 times; the cells 
from different passages were labeled as D1, D2, D3 and S1, S2, S3, respectively. Hprt was used for loading control. (B) Relative 
expression level of the imprinted genes. The density of specific bands in RT-PCR data from (A) was measured by densitometer and 
normalized by Hprt. The expression level of D3 was designated as 1.0 and the ratio of Sp3 to D3 was presented. (C) Genomic PCR 
of the Zfy gene. β-Actin was used for loading control. (D) Determination of the expression level of imprinted genes in Sp3 and D3 
ES cell lines by real time RT-PCR. The tests were performed in three independent experiments. The results were presented as a ratio 
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the chimeras [8]. Contrary to the above finding, Lin et al. 
[7] demonstrated that homozygous mouse ES cells derived 
from MII oocytes have multilineage differentiation poten-
tial. However, the study did not demonstrate whether these 
homogzygous stem cells could produce chimeras and make 
germline transmissions, which is considered to be the most 
robust demonstration for pluripotency of any established 
ES cell lines. Furthermore, a non-human primate pES cell 
line was established recently. It was maintained in vitro in 
an undifferentiated state for extended periods of time and 
differentiated into dopaminergic and serotonergic neurons, 
contractile cardiomyocyte-like cells, smooth muscle, cili-
ated epithelia and adipocytes. When the cells were injected 
into the peritoneal cavity of immunocompromised severe 
combined immunodeficient mice, derivatives of all three 
germ layers were observed [6]. In this study, the pluripotent 
differentiation capacities of mouse pES cells were demon-
strated by their ability to produce multi-lineages of cells 
derived from all three germ layers both in vitro and in vivo, 
and more importantly by their ability to produce chimeras 
and make germline transmissions that are comparable to 
those of fertilized mouse ES cells. Moreover, these cells 
remained undifferentiated after more than 50 passages in 

culture. This characteristic makes it practical to obtain as 
many cells as needed. 

The recent birth of a parthenogenetic mouse using non-
growing oocyte with a 13-kilobase deletion in the H19 gene 
as donor provides direct evidence that genomic imprinting 
is a major barrier to parthenogenetic development [30]. The 
mechanisms of genomic imprinting are largely unknown 
at present, although substantial progress has been made in 
improving our understanding of genomic imprinting over 
the past few years. It is generally believed that germline-
specific epigenetic modifications, including allele-specific 
DNA methylation and chromatin structural remodeling, 
are possible imprinting mechanisms. pES cells have two 
sets of maternal genomes, but lack the paternal genome. If 
parental allele-specific expressions of imprinted genes were 
maintained in pES cells, their proliferation or differentiation 
capacities would be expected to be abnormal. However, 
we did not find any differences regarding growth rate or 
differentiation potential between parthenogenetic mouse 
ES cells and fertilized ES cells. Therefore, expression of 
nine known imprinted genes in pES cells was analyzed in 
comparison with their expression in D3 fertilized mouse ES 
cells. These nine genes were chosen because expression of 

Figure 6 Overall methylation status of the DMRs in mouse pES cells. The bisulfite-treated DNA was amplified by PCR and digested 
by enzymes that cut only if the site was methylated. (A) The methylation pattern of wild-type (WT) ES cells and Sp3 pES cells at 
Gtl2, H19 and Snrpn DMRs. (B) The methylation pattern of two additional pES cell lines, Sp1 and Sp2. The enzyme used for DNA 
digestion is shown and - or + indicates the undigested or digested DNA. Sizes of digested fragments are indicated on the right.
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these genes is developmentally regulated and they play an 
important role in embryonic or disease development. For 
example, H19 is activated during ES cell differentiation 
in vitro and at the time of implantation in the developing 
embryo [31]. In contrast, our previous study showed that 
SNRPN was significantly downregulated during hES cell 
differentiation in vitro [32]. In addition, it has been sug-
gested that PEG3 functions as a tumor suppressor [4]. The 
necdin gene NDN is known to be maternally imprinted and 
expressed only from the paternal allele. Its deficiency is 
involved in the pathogenesis of the neurodevelopmental 
disorder Prader-Willi syndrome [33]. In this study, as ex-
pected, the maternally expressed imprinted gene, H19, was 
expressed in the Sp3 cell line at a higher level than in the 
D3 cell line. The paternally expressed imprinted genes were 
also found to be expressed in the Sp3 cell line and in the 
D3 cell line. This observation is consistent with the report 
from Szabo and Mann, who found that Snrpn was expressed 
in pES derived EBs [34]. In addition, the disrupted expres-
sion of U2af1-rs1 was also observed in maternal alleles 
in parthenogenetic fetuses [18]. However, the disrupted 
expression of Peg3, Impact, Zfp127, Ndn, Dlk1 and Mest in 
pES cells has not been reported. These genes are critical for 
regulating cell proliferation, differentiation and cell death 
during early mammalian development. For example, the 
expression pattern of Ndn is involved with the etiology of 
PWS [33]. Mice with a deletion involving both Snrpn and 
the putative PWS-Imprinting Center lack expression of the 
genes Zfp127 and Ndn and manifest several phenotypes 
common to PWS infants [35]. In addition, it was reported 
that abnormal maternal behavior and growth retardation 
is associated with loss of the imprinted gene Mest [36]. 
Therefore, the disrupted expression of these maternally 
imprinted genes may explain why our pES cells exhibit 
normal growth and differentiation properties. In addition to 
the genes mentioned above, there are other reports about the 
disruption of specific expression of imprinted genes in uni-
parental fetuses and embryonic stem cells [37]. However, 
the mechanisms for the disruption remain largely unknown. 
One possibility is that paternal expression is necessary for 
establishing and/or maintaining the maternal repression 
of some imprinted genes. An alternative is that there is 
an underlying dose-compensation mechanism to establish 
and/or maintain parental allele-specific expression of im-
printed genes. In addition, there may be some adaptation to 
culture conditions during the derivation and amplification 
of pES cells, involving certain changes in the epigenetic 
modification of genes. Our findings provide experimen-
tal evidence for the influence of in vitro culture on the 
epigenetic stability and genomic imprinting in pES cells. 
Furthermore, we show here that deregulation of imprint-
ing is initiated before derivation of pES cells and extended 

culture also plays a role in the activation of expression of 
paternal genes. More importantly, we demonstrate that the 
activation of paternally expressed imprinted genes in pES 
cells is associated with an alteration in methylation patterns 
of related DMRs. It is worthy to note that the methylation 
pattern of these DMRs is consistent with the mRNA level of 
related imprinted genes. For example, the methylation level 
of Gtl2 DMRs in pES cells was much lower than in WT ES 
cells (Figure 5A, left column). In line with this, expression 
of Dlk1 in p10 pES cells was about half that of the WT ES 
cells (Figure 4D and 4E). Taken together, our observations 
indicate that the disruption of genomic methylation might 
be a premise for the parthenogenetically activated oocytes 
to develop into the blastocyst stage and thus allow success-
ful pES cell derivation. The above results also implicate 
that the presence of the paternal genome is important for 
the imprinting stability of the maternal genome. Obviously, 
a detailed and systematic analysis is required to fully ex-
plore the relationship between the molecular regulation of 
expression of imprinted genes and the phenotypic features 
of both biparental and uniparental fetuses and ES cells. 
Further investigation of the molecular mechanisms under-
lying the disruption of imprinted status in parthenogenetic 
embryos and/or ES cells would provide greater insight into 
the characteristics of imprinted genes.
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