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Parthenogenetic embryonic stem cells with H19 siRNA-mediated
knockdown as a potential resource for cell therapy
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Abstract. Embryonic stem (ES) cells are used in cell therapy
and tissue engineering due to their ability to produce different
cells types. However, studies of ES cells that are derived from
fertilized embryos have raised concerns about the limitations
imposed by ethical and political considerations. Therefore,
many studies of stem cells use the stem cells that are derived
from unfertilized oocytes and adult tissue. Although parthe-
nogenetic embryonic stem (ESP) cells also avoid ethical and
political dilemmas and can be used in cell-based therapy, the
ESP cells exhibit growth retardation problems. Therefore, to
investigate the potential for muscle growth from genetically
modified ESP cells, we established four ES cell types, including
normal embryonic stem (ESN) cells, ESP cells, ESP cells that
overexpress the insulin-like growth factor 2 (Igf2) gene (ESI)
and ESP cells with down-regulated H19 gene expression (ESH).
Using these cells, we examined the expression profiles of genes
that were related to imprinting and muscle using microarrays.
The gene expression patterns of ESI and ESH cells were similar
and were more closely related to the ESN pattern than that of
the ESP cells. Differentiated ESH cells exhibited increased
expression of bone morphologic protein 4 (BMP4), which is a
mesoderm marker, compared with the differentiated ESI cells.
We showed that Igf2 expression was induced by H19 silencing in
the ESP cells via hypermethylation of the H19 imprinting control
region 1 (ICR1). Moreover, the proportion of ESH-derived
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chimera was slightly higher than those produced from the ESP
cells. In addition, we detected increased cell proliferation in the
MEEF cells following H19 knock-down. These results indicate
that the ESH cells may be a source of cell-based therapy for
conditions such as muscular atrophy.

Introduction

Embryonic stem (ES) cells are utilized in a wide range of
cell therapy and tissue engineering applications due to their
pluripotency, being able to differentiate into all types of adult
cells (1). However, the destruction of embryos involved in ES
cell research has raised inevitable ethical, legal, religious and
political concerns. The numbers of studies evaluating induced
pluripotent stem (iPS) cells that are derived from adult somatic
cells have recently increased to compensate for the restricted
use of ES cells. However, there are serious safety concerns
because iPS cells can enter tumorigenesis at a faster rate than
the ES cells (2). Parthenogenetic embryonic stem (ESP) cells
have been considered as a resource for cell therapy and may
reduce immune rejection due to the homozygosity of the major
histocompatibility complex (MHC) alleles (3,4). The ESP
cells that are derived from unfertilized oocytes have a similar
differentiation profiles as the ES cells in many animals,
including humans (5), and may avoid the ethical and political
concerns encountered when using ES cells that are derived
from fertilized oocytes.

Duchenne and Becker muscular dystrophies (DMD and
BMD) are genetic disorders that affect males and are char-
acterized by decreased expression of the dystrophin gene
located at Xp21 in muscle, and subsequent muscle weak-
ness and atrophy from the loss of muscle mass (6). Many
researchers are developing cell-based therapies using ES, iPS
and adult stem cells to induce skeletal muscle regeneration
(7). Bhagavati and Xu (8) have demonstrated that transplanted
ES cells in dystrophic mice (mdx) generated skeletal muscle.
Moreover, Kamochi et al (9) have suggested that myocyte
precursors that are derived from insulin-like growth factor 2
(Igf2)-tranfected ES cells were more effective in the repair of
damaged muscle and myopathy compared with those derived
from untransfected ES cells. Cell therapies using ES cells have
problems concerning immune rejection responses. In diseases
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with X-linked recessive inheritance such as DMD, females
are asymptomatic when only one X-chromosome is defective.
Therefore, pluripotent ESP cells may be used as a candidate
for cell-based therapies to treat X-linked disorders. The use
of ESP cells is limited by lack of the expression of paternally
imprinted genes that are associated with fetal and placental
growth due to the absence of the paternal genome. Therefore,
parthenotes cannot develop to term (10,11). Kono ez al (12) have
demonstrated that parthenogenetic mice with a 13-kb deletion
in the maternal imprinting gene H19, which is located on the
same chromosome as the Igf2 gene, could develop to term.
However, this molecular mechanism is poorly understood.

The Igf2 gene plays an important role in the development
of mesoderm-derived bone, muscle and skin (13-15). In addi-
tion, the overexpression and expression of the maternal copy of
Igf2 may contribute to ovarian cancer (16).

Therefore, we established and characterized genetically
modified ESP cell lines, Igf2 over-expressing (ESI) and H19
down-regulated (ESH) ESP cells, to investigate their potential
use in the cell-based therapies for muscular atrophy.

Materials and methods

Animals. C5TBL/6J and DBA mice (Jackson Laboratory, USA)
were purchased and cared for in accordance with the Guidelines
for the Care and Use of Lab Animals. All procedures were
performed aseptically and were approved by the Experimental
Animal Committee of the Seoul National University in Korea.

Lentiviral vector construction. The 1gf2 over-expressing
lentiviral vector was constructed by inserting Igf2 cDNA into
the Xbal and EcoRlI restriction sites of the shLenti2.4G lenti-
viral vector (Macrogen Inc., Korea). The shRNA-expressing
lentiviral vector that was used for RNAi targeting of H19
mRNA was constructed by inserting the synthetic double-
strand oligonucleotides (5'-CGGAATTCGTCCGTCTCGTT
CTGAATCAAttcaagagaTTGATTCAGAACGAGACGGAC
TTTTTGATATCTAGACA-3") into the EcoRI and Xbal restric-
tion sites of the shLenti2.4G lentiviral vector (Macrogen Inc.).
These constructed lentivial vectors were verified by nucleotide
sequencing.

Derivation of parthenogenetic embryonic stem cells and cell
culture. Oocytes were collected from B6D2F1 hybrid mice and
treated for 6 h in Ca**-free CZB media containing 10 mM SrCl,
(Sigma, USA) and 5 ug/ml cytochalasin B (Sigma) to induce
oocyte activation. After activation, the oocytes were washed and
cultured in KSOM media in an incubator with 5% CO, at 37°C.
AILES cell lines were established as previously described (17). To
construct ESP cells that overexpress Igf2 (ESI) and that express
a reduced level of H19 (ESH), the ESP cells were infected with
a lentivirus containing the appropriate shLenti2.4G lentiviral
vectors (Macrogen Inc.). To select transfectants, the colonies
were treated using selection media containing puromycin
(DMEM/10%FBS/1,000 ng/ml puromycin) for 7 days.

In vitro differentiation of ES cells. To induce spontaneous
differentiation of the ES cells in vitro, undifferentiated ES cells
were trypsinized, and cultured in suspension on petri dishes
containing differentiation media [DMEM supplemented with
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20% FBS, penicillin (100 U/ml)/streptomycin (100 pg/ml),
1X nonessential amino acids and 100 pM [-mercaptoethanol
without LIF]. The aggregated embryonic bodies (EB) were
transferred to new petri dishes containing fresh differentiation
media, which was replaced every day. The cells were harvested
for RNA extraction after 10 days in culture.

RNA isolation. Total-RNA was extracted with TRIzol reagent
(Invitrogen, USA) according to the supplier's instructions.
RNA was stored at -70°C until analysis. For quality control, the
purity and integrity of the isolated RNA were evaluated using
denaturing gel electrophoresis, a spectrophotometer to deter-
mine the OD 260/280 ratio, and an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA).

DNA microarray hybridization and statistical analysis of
microarray results.Illumina microarray analysis was performed
according to the instructions that were provided for the [llumina
Bead station 500X (Illumina, USA). Biotinylated cRNA was
generated using the Illumina amplification kit (Ambion, USA)
according to the manufacturer's protocol. Briefly, 550 ng of
total-RNA was reverse-transcribed to synthesized cDNA
using a T7 oligo(dt) primer. Second-strand cDNA was synthe-
sized, in vitro transcribed, and labeled with biotin-NTP. The
resulting cCRNA was purified using the RNeasy kit (Qiagen,
USA) according to manufacturer's protocol, and hybridized
to the Sentrix Mouse Ref-8 Expression BeadChip (Illumina)
for 16-18 h at 58°C. Amersham fluorolink streptavidin-Cy3
(GE Healthcare Bio-Sciences, UK) was used for signal. The
[llumina BeadArray Reader confocal scanner was also used.
The scanned images were analyzed using [llumina BeadStudio
(v. 2.1.12). The microarray experiments on independent ES
samples were performed in duplicate.

For data analysis, a filtering criterion was applied to minimize
the effect of random and systematic variations. Data were filtered
using a detection P-value <0.05 in =50% samples. Selected
gene signal values were transformed and normalized using the
logarithmic and quantile methods, respectively. Hierarchical
clustering was performed using the Multi Experiment Viewer
(18) (http://www.tm4.org/). The comparative analysis was
performed using the LPE-test (19) and the fold changes were
determined (fold >2 or <2). To prevent potential increases in the
error rate of multiple tests, the P-value was adjusted using the
Benjamini-Hochberg false discovery rate (FDR) (20). The data
discussed in this publication have been deposited in NCBI gene
expression omnibus (GEO) and are accessible through GEO
series accession number GSE31031 (http:/www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE31031).

RT-PCR and quantitative reverse transcription-polymerase
chain reaction (qRT-PCR). Reverse transcription was performed
with Maxime RT PreMix kit (iNtRON, Korea) to verify ES cell
differentiation. For cDNA synthesis, 1 pg of total-RNA was
added to a premix containing oligo(dt) primer in a final volume
of 20 pl. The prepared mixture was further incubated at 45°C for
1 h, and at 95°C for 5 min. The following primers were used
neurofilament (NF) (forward) 5'-GCAGACATTGCCTCCT
ACC-3' and (reverse) 5-TCACTCCTTCCG TCACCC-3"; bone
morphologic protein 4 (BMP4) (forward) 5-ACTGCCGTCGCC
ATTCAC-3' and (reverse) 5'-CACCACCTTGTCATACTCAT
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CC-3'; a-fetoprotein (AFP) (forward) 5'-ATTCCTCCCAGTG
CGTGAC-3' and (reverse) 5-GCAGTCTTCTTGCGTGCC-3,
and B-actin (forward) 5"TGGAATCCTGTGGCATCCATGAA
AC-3" and (reverse) 5'-TAAAACGCAGCTCAGTAACAGT
CCG-3".

For qRT-PCR, the samples were analyzed using the
Applied Biosystems 7900HT Fast Real-Time PCR system
(Applied Biosystems, UK) with the QuantiTect SYBR-Green
PCR kit (Qiagen). Data were analyzed using the 2-4°* method
to obtain the relative expression level, which was normalized
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression in each sample.

Restriction-PCR methylation analysis. Genomic DNA was
prepared from ESN, ESP and ESH cells using the Gentra
Puregene DNA purification kit (Qiagen). All DNA samples
were cleaved with BamHI to reduce their size and facilitate
Hhal, Hpall or Mspl digestion and PCR. A total of 600 ng of
this DNA was split between two reaction tubes, one of which
was incubated with an appropriate methyl-sensitive enzyme at
37°C for 12 h. The DNA was then analyzed by quantitative
real-time PCR using the Applied Biosystems 7900HT Fast
Real-Time PCR System (Applied Biosystems) with the
QuantiTect SYBR-Green PCR kit (Qiagen). The following
primers were used Hh2 (forward) 5'-CCATAGTCATGGGCT
TCA-3' and (reverse) 5'-GGTCAGGTGTCCTCATAG-3"; Hh3
(forward) 5'-CATCTATGAGGACACCTGAC-3' and (reverse)
5'-GGCTTGATGTAGGATTCCTC-3'"; Hh4 (forward) 5'-CTG
GCTGGTTTGTGGCAGATA-3' and (reverse) 5'-ACTTTGGC
TGTCTCTGGAAC-3";Hh5 (forward) 5'-GGCATAGAAGCTG
TTATGTGC-3' and (reverse) 5'-GGTTCAGTGTGTAAGGGA
ACC-3'; Hh7 (forward) 5'-CTTGGGTAGCTCCTTCAGTC-3'
and (reverse) 5'-CTCCTAGTCTCTAATCTCAGC-3'; Hp7
(forward) 5'-CTTTCAACAGAAGCTAAGAGCAAT-3" and
(reverse) 5'-GGGCACTCCTCACCGTCCCT-3'; and Hp8
(forward) 5'-AGCAGGCTACGGGGCTATATG-3' and (reverse)
5-CTCTGTCAACCAATCAGTACATG-3'. Each PCR cycle
consisted of 1 min at 94°C, 1 min at 56°C (for sites Hh2 and Hh3)
or 60°C, and 1 min at 72°C. Data were analyzed using the 244
method to determine the digestion level of DNA that was treated
with the methylation-sensitive enzyme relative to that of the
uncut DNA.

Generation of chimeric mice using the ESP and ESH cells
and growth assays of mouse embryonic fibroblast (MEF) cells
derived from chimeric fetuses. To generate chimeric mice
using the ESP and ESH cells, approximately 15-20 ES cells
were injected into the blastocoels of host blastocysts using a
Piezo microinjector (Nikon Instruments Inc., USA). Injected
blastocysts were transferred into the uterine horns of 2.5 day
postcoitum (d.p.c) recipient mice at 1-4 h after ES cell injec-
tion. Chimeras were identified by coat color.

Primary MEF cells were established from 13.5 d.p.c.
chimera fetuses and immediately cultured in a selection media
containing 1,000 ng/ml puromycin to isolate the ES cell with
integrated lentiviral vectors. The purity of the H19 knockdown
MEEF cultures was evaluated based on relative GFP expression
and the imprinted gene expression. For the MEF growth assay,
puromycin-selected MEFs were plated at concentrations of 10*
cells per well and counted every other day in triplicate.
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Statistical analysis. All graphed data were calculated as the
means + SD, unless otherwise stated, and from a minimum
of three separate experiments. Results were analyzed using an
unpaired t-test.

Results and Discussion

Alteration of the expression of muscle generating and
imprinting genes through Igf2 overexpression and HI19 down-
regulation in parthenogenetic stem cells. ESN, ESP, ESI and
ESH cells were established and used to identify differences
in the expression of muscle generating and imprinting genes
(Fig. 1A). Two ESI and three ESH cell lines were selected from
among the ESP cell lines using selection media with puro-
mycin, and these cells were propagated for >50 passages. The
established ESP cell lines had normal diploid chromosomes
and showed typical ES cell surface marker expression and a
high level of alkaline phosphatase activity (data not shown).
We performed microarray analysis to evaluate the gene
expression patterns of imprinting and muscle-generating
genes in each type of ES cell line. Hierarchical clustering
analysis was applied to 57 imprinting and 9 muscle-generating
genes such as myogenic differentiation antigen 1 (MyoD1),
myogenic factor 4 (MYOG), myogenic factor 5 (MYF5),
myogenic factor 6 (MYF6) and paired box gene 3 (PAX3). The
expression patterns of ESI and ESH cells were similar to and
more closely grouped with those of ESN than to the ESP cell
(Fig. 1B). In addition, after 10 days of EB formation, the differ-
entiated state of the ES cell lines was confirmed using germ
layer specific markers including NF for ectoderm, BMP4 for
mesoderm and AFP for endoderm. The ESH cells displayed
increased expression of BMP4 compared with the ESI and
ESP cells (Fig. 1C). The Igf2 and H19 genes may participate in
embryonic development that is associated with the mesoderm
(13,15). However, Igf2 expression induces tumorigenesis, and
transgenic mice that have been produced from ES cells with
the transgene for Igf2 overexpression display symptoms of
Beckwith-Wiedemann syndrome (BWS) (21,22). Moreover,
the HI19 gene is a non-coding RNA of unknown function
that is highly expressed in mesoderm- and endoderm-derived
tissues during embryonic development (23) and is a trans-
regulator of the imprinted gene network (IGN), which in
involved in embryonic development in mice (24). Recently,
Ragian er al (25) suggested that teratomas derived from down-
regulation of H19 in ESP cells increased mesoderm-derived
muscle and endoderm similar to that derived from ESN cells.
Therefore, we suggest that the ESP cells have the potential to
be used in cell-based therapies to treat muscular atrophy and
that the ESH cells may be more effective than the ESI cells.

H19 silencing revealed linked expression of HI9 and Igf2-
imprinted genes and HI19 imprinting control region (ICRI1) DNA
methylation. To confirm the relationship between the H19 and
Igf2 expression levels and the dose-dependent influence of H19
expression on Igf2 expression, the ESN, ESP and ESH cells with
different levels of H19 expression were differentiated using an EB
formation protocol for 10 days. The differentiated ES cells were
simultaneously analyzed by qRT-PCR (Fig. 2A). All of the ESH
cell lines showed an increased Igf2 expression and decreased
H19 expression compared with the ESP cells. Mice that have
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Figure 1. Development of ESI and ESH cell lines. (A) Lentiviral vector
construction to establish ESI and ESH cell lines. Igf2 and puromycin expres-
sion in the ESI lentiviral vector was controlled by the hCMV promoter. The
ESH lentiviral vector was a self-inactivating lentiviral vector containing the
cPPT gene and a central termination sequence followed by the U6 promoter,
which mediated shH19 expression, and the hCMV promoter, which medi-
ated eGFP and puromycin expression. (B) The expression profiles of 57
imprinting genes and 9 genes that were associated with muscle generation
in the established ESN, ESP, ESI and ESH cell lines. (C) RT-PCR results of
germline-specific genes [neurofilament (NF), bone morphologic protein 4
(BMP4) and o-fetoprotein (AFP)].

a deletion in the H19 transcribed region show an overgrowth
phenotype that is concomitant with increased Igf2 expression in
mesoderm-derived tissues including muscle, tongue, diaphragm
and heart; this deletion also significantly affected six imprinting
genes including IGN (24,26). Among these genes, the HI9 RNA
has inhibitory effects on Igf2 transcription. In this study, we
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observed a similar phenomenon, even with siRNA-mediated
H19 silencing. In addition, the expression of the Igf2/H19 locus is
controlled by the methylation status of differentially-methylated
region 2 (DMR?2), ICR1 and the H19 promoter (27). Methylated
ICR1 binds to the CCCTC binding factor (CTCF), which is the
major insulator protein in vertebrates, and CTCF that has bound
to ICRI prevents Igf2 transcription (28). Therefore, to under-
stand the effect of H19 silencing on the regulation of H19-ICR1
methylation, we analyzed the methylation state of the 2-kb
H19-ICR1 region, which is located in the 5' flank of the mouse
H19 gene. The methylation of the H19-ICR1 region is increased
in the paternal chromosome compared to that in the maternal
chromosome in post-implantation embryos (29) and modulates
the enhancer activity of H19, which regulates Igf2 expression.

To determine whether the methylation state of H19-ICR1
was altered, methylation changes at 7 CpG sites within the
HI19-ICR1 region [Hh2, Hh3, Hh4, Hh5, Hh7, Hp7 and Hp8
(30)] were studied using a methylation-sensitive restriction
enzyme-PCR assay (Fig. 2B and C). The ESN, ESP and ESH
cells were differentiated for 10 days using the EB formation
protocol, because the undifferentiated ES cells exhibit only a
basal level of methylation throughout the genomic DNA. Using
quantitative PCR analysis of each differential methylation site
(Hh2-Hp8) of differentiated cells, we demonstrated that the
methylation level was lower at each site in the ESP cells than
in the ESN cells. However, the ESH cells had a significantly
elevated level of methylation compared with the ESP cells in
all of the analyzed sites. At many of the sites (Hh2, Hh3, Hh7,
Hp7 and Hp8), the methylation levels of the ESH cells were
higher than those of the ESN cells. After cutting the Hp7 or
Hp8 sites with Mspl (an isoschizomer of Hpall) as a control,
no differences were detected between the three cell lines, indi-
cating that the sites were efficiently cut (this result is difficult
to see in the graph because of the extremely low values). These
results indicate that H19 silencing influences the methylation
recovery of the HI19-ICR1 region, which prevents CTCF from
binding to the ICR1. In this case, the enhancers downstream of
the H19 locus may activate the Igf2 gene, a mechanism similar
to that of the paternal allele in the ESN cells.

The exact mechanism by which the H19 RNA regulates the
methylation state of the H19-ICR1 region is not yet understood.
However, it was recently discovered the H19 RNA functions
as a primary microRNA transcript (31). The H19 RNA may
regulate DNA methylation mechanisms as a microRNA.
Therefore, it would be valuable to determined whether the
H19-derived microRNA target transcripts are involved in
DNA methylation.

Generation of chimeric mice and enhanced growth rates of
the MEF cells resulting from H19 silencing. To functionally
validate the up-regulation of Igf2 in the ESH cells, chimeric
mice were produced by injecting the ESP and ESH cells and
were identified chimerism rate by coat color (Table I). The
proportion of chimeras that were produced from the ESH cells
was slightly higher than that of chimeras that were produced
from the ESP cells. The MEF cells were isolated from
GFP-expressing chimeric fetuses because the contribution of
ESH and ESP cells to skeletal muscle was approximately 5%
and was similar in each group (data not shown). To separate
the chimeric fetus-derived MEFs, isolated MEF cells were
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Figure 2. Linked expression of the H19 and Igf2 imprinting genes and H19-ICR1 methylation recovery by H19 silencing. (A) Quantitative RT-PCR analysis
revealed increased H19 expression and decreased Igf2 expression in the ESP cell derivatives (EB cells after 10 days of differentiation). All of the ESH cell
derivatives exhibited Igf2 up-regulation and H19 down-regulation. (B) A map of the region and positions of methylation-sensitive enzyme sites. The Hhal
(Hh) and Hpall (Hp) sites are indicated above and below the line, respectively, and are numbered according to the convention of Ueda et al (33). (C) The
restriction-PCR methylation assays for the Hhal and Hpall sites were performed using a real-time PCR method after 10 days of EB differentiation using ESN,
ESP and ESH cells. All of the analyzed sites were re-methylated after H19 silencing (left panel, n=3, P<0.01). Hp7 sites were analyzed after the Mspl digestion
as control for an enzymatic digestion (right panel).

Table I. Production of chimeric mice using ESP and ESH cells.

Type of parthenogenetic Live births Chimeric pups Female chimeras
stem cell n n (%) n
ESP* 72 18 (25) 8
ESH® 46 15 (32.6) 7

*Samples were parthenogenetic stem cells. "Samples were parthenogenetic stem cells with down-regulated H19 expression.
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Figure 3. Enhanced growth of H19 down-regulated MEF cells. (A) The ESH cell-derived MEFs showed significant down-regulation of H19 and up-regulation
of Igf2 compared with GFP-ESP cell-derived control MEFs. (B) The ESH cell-derived MEEF cells grew faster than GFP-ESP cell-derived MEF cells (n=4).
("P<0.05; "P<0.01).

cultured using selection media containing puromycin. The  expression (data not shown). Second, the H19 and Igf2 gene
purity of the ES-derived MEFs was determined using two  expression levels of the selected MEF cells were analyzed by
methods. First, the GFP expression levels of the ESP and qRT-PCR to confirm whether the selected MEF cells were
ESH cell lines were measured by RT-PCR analysis because  representative of the typical gene expression pattern (Fig. 3A).
the puromycin-selected MEF cells showed intense GFP  The ESH-derived MEF cells showed H19 down-regulation
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and Igf2 up-regulation due to H19 silencing effects. Therefore,
we assumed that the differences in the actual expression levels
of H19 and Igf2 were due to the differences in the cell types.
Igf2 is an important mitogen during normal fetal growth (32).
Therefore, to identify changes in cell proliferation that were
induced by increased Igf2 expression via the H19 silencing,
the proliferation of the ESP-MEF and ESH-MEF cell lines
was measured using cells at the third passage. The two lines
of ESH-MEF cells consistently proliferated at a faster rate
than the two lines of ESP-MEF cells (Fig. 3B). Increased
Igf2 expression enhanced the growth rate of the cells, which
confirmed the role of Igf2 as a functional and effective mitogen.
Consequently, our results suggest that the muscle of patients
with muscular atrophy may be restored using parthenogenetic
stem cells that overexpress Igf2 due to H19 silencing.
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