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Mouse cloning from fertilized eggs can assist development of approaches for the production of “genetically tai-
lored” human embryonic stem (ES) cell lines that are not constrained by the limitations of oocyte availability. Howev-
er, to date only zygotes have been successfully used as recipients of nuclei from terminally differentiated somatic cell 
donors leading to ES cell lines. In fertility clinics, embryos of advanced embryonic stages are usually stored for future 
use, but their ability to support the derivation of ES cell lines via somatic nuclear transfer has not yet been proved. 
Here, we report that two-cell stage electrofused mouse embryos, arrested in mitosis, can support developmental re-
programming of nuclei from donor cells ranging from blastomeres to somatic cells. Live, full-term cloned pups from 
embryonic donors, as well as pluripotent ES cell lines from embryonic or somatic donors, were successfully gener-
ated from these reconstructed embryos. Advanced stage pre-implantation embryos were unable to develop normally 
to term after electrofusion and transfer of a somatic cell nucleus, indicating that discarded pre-implantation human 
embryos could be an important resource for research that minimizes the ethical concerns for human therapeutic 
cloning. Our approach provides an attractive and practical alternative to therapeutic cloning using donated oocytes 
for the generation of patient-specific human ES cell lines.
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Introduction

Studies conducted 50 years ago demonstrated that 
nuclei from differentiated cells could be successfully 
injected into unfertilized frog eggs resulting in cloned 
amphibians [1]. These studies repudiated views of pio-
neering nuclear transfer scientists that the differentiated 
state would be irreversible following nuclear transfer 
[2]. Initially, the field of mammalian cloning was also 
believed to be impossible based on repeated reprogram-
ming failures using zygotic cytoplast [3]; and the success 
of reprogrammed development remained confined only 
to exchange of pronuclei between two one-cell embryos 

[4]. However, the discovery that the cytoplasm of oo-
cytes is adequate to support reprogramming of donor 
nuclei revived the field of mammalian cloning.

To avoid technical and ethical concerns, Wakayama et 
al. [5] tried to use zygotes as recipients for somatic cell 
nuclei as done by Solter [6]. This work showed zygotes 
are inappropriate recipients of nuclei for reprogram-
ming. Recently Egli et al. [7] demonstrated that mouse 
metaphase zygotes were capable of supporting nuclear 
reprogramming after chromosome transfer. The authors 
concluded that during metaphase stage the nuclear en-
velope breaks down and factors present inside pronuclei 
spread throughout the cytoplasm, making them available 
to support early embryonic development of reconstructed 
embryos. Egli et al. [8] further showed that one blasto-
mere from two-cell embryos could also reprogram em-
bryonic stem (ES) nuclei to blastocyst stage, and this can 
produce chimeric mice with contributions from both the 
ES nuclei and the fertilized eggs. Whether the cytoplast 
of cleaved embryos, even after electrofusion, could also 
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support the reprogramming of somatic cell nuclei to pro-
duce competent ES cells remained unknown. 

Since the first mammal was cloned from an adult so-
matic cell [9], it has been expected that one day therapeu-
tic cloning will become a useful tool to produce human 
ES cells derived from embryos reconstructed from donor 
cells of specific adult patients. These personalized stem 
cells were thought to be advantageous by minimizing 
the possibility of immune-rejection, a serious problem in 
transplantation medicine. The field of stem cell research 
and therapeutic cloning has since advanced rapidly. Suc-
cessful derivation of stem cells from in vitro fertilized 
(IVF) human embryos has been reported [10]. However, 
it is still a significant challenge to obtain competent re-
constructed embryos as the first step toward creating the 
derived stem cells for therapeutic cloning. One of the 
major problems continues to be the relative scarcity of 
biological materials for research and future medical in-
terventions, as the supply of MII oocytes has long been 
the rate-limiting factor for such research. These consid-
erations, along with the procurement of human oocytes/
embryos, raise medical, logistical and ethical questions, 
including most importantly the potential for commercial 
exploitation of women.

In this study, we report that electrofused two-cell stage 
embryos are capable of supporting full-term development 
of cloned embryos using blastomeric and ES cells as 
nuclear donors, but the approach failed to produce full-
term development for somatic cell donors. Nevertheless, 
ES cells can be successfully derived from reconstructed 
somatic donor embryos. To the best of our knowledge, 
no previous reports are available showing utilization 
of cleavage stage embryos for the purpose of ES cell 
derivation from terminally differentiated donor nuclei. 

Moreover, the failure of blastomeres to support full-
term development after fusion and transfer of a somatic 
cell nucleus further reduces the ethical concerns related 
to the potential for producing a cloned human. The use 
of previously discarded preimplant embryos from fertil-
ity clinic repositories would provide an alternative and 
abundant source of biological materials capable of sup-
porting nuclear reprogramming for potential applications 
in human therapeutic cloning and regenerative medicine.

Results

Tetraploid embryo cell cycle synchronization 
The majority of tetraploid mouse embryos were 

cleaved between 48-60 h post human chorionic gonado-
tropin (hCG) injection. The cleavage time of the tetra-
ploid embryos is strongly correlated with diploid embryo 
cleavage time (Supplementary information, Table S1). 
Synchronized tetraploid embryos with two distinct nuclei 
(obtained from blastomeres) were generated in media 
containing demecolcine (DC), a colchicine-related drug 
that depolymerizes microtubules and limits spindle for-
mation during metaphase (Supplementary information, 
Table S2) [11]. This process appeared to be reversible, 
since the tetraploid embryos could regain mitotic activity 
and continue through repeated cell cycles upon release 
from DC exposure (Supplementary information, Table 
S3). The two sets of chromosomes started forming a 
metaphase spindle 30 min after DC withdrawal and were 
organized on the metaphase plate after 15 min. Embryo 
cleavage started 70 min after release from arrest, and we 
thus, determined that the optimal window for enucleation 
is between 40 and 70 min after DC treatment (Supple-
mentary information, Figure S3) and consistent results 

Table 1 Developmental ability of metaphase cell cycle arrested tetraploid embryos reconstructed with chromosome transfer from different 
donor cells
Donor cells        No.  No. cleaved  Morula   Blastocyst  Blastocyst    No. of     No. of  Implantations  Pups
 manipulated       (% of    48 h     48 h      (% of     embryos  pregnant      19.5 dpc
  manipulated)   after     after   cleaved) transferred   recipients
      CT     CT  (recipients)
Tetraploid embryo * 57 48 (84%) 4 42 87.5% 42 (4) 3 23 0
Two-cell embryo 70 49 (70%)  16 23 46.9% 35 (4) 3 __ 11
ESC 865 576 (67%) 247 228 39.6% 306 (26) 11 107 1
Embryonic fibroblast  191 103 (54%) 39‡ 10‡ 9.7% __ __ __ __
(OCT4::GFP)
Adult fibroblast  187 114 (61%) 82‡ 17‡ 9.1% __ __ __ __
(Tail tip)
CT; chromosome transfer; *The genome was transferred back into the same embryo. ‡The number of blastocysts was scored 60 h after chromo-
some transfer.
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were obtained during the enucleation and chromosome 
transfer process (Supplementary information, Figure S4). 
MG-132 was used to allow spindle polymerization, and 
during this period chromosome position could be visual-
ized by differential interference contrast (DIC) (Supple-
mentary information, Figure S2E).

To evaluate the effect of DC-induced cell cycle arrest 
on full-term developmental potential of mouse embryos, 
we temporarily arrested normally fertilized diploid em-
bryos at the same embryonic stage as the tetraploid em-
bryos. Fertilized zygotes, during transition from the one 
to two-cell embryonic stages, were synchronized at mito-
sis. The effect of MG-132 treatment during progression 
from pro-metaphase to metaphase arrest was also evalu-
ated. We found no effect on average body and placenta 
weight by DC or MG-132 treatment (Figure 1L).

Cytoplast of electrofused tetraploid embryos possesses 
full-term developmental potential

To test whether the cytoplast of electrofused tetraploid 
embryos can support normal embryo development, the 
spindles of tetraploid embryos having a double set of 
chromosomes were replaced with spindles carrying a 
normal set of chromosomes from two-cell donor blasto-
meres of the same embryonic and cell cycle stages fol-
lowing DC and MG-132 treatment. Of the reconstructed 
tetraploid embryos using two-cell embryos as nuclear 
donors that successfully cleaved, 46.9% developed into 
blastocyst. 35 embryos were transferred into recipient 
females, and 11 (31.4%) resulted in live born pups (Table 
1). The recipient females delivered the pups normally 
without cesarean section.

Mitosis-arrested tetraploid embryos support nuclear re-
programming for ES donors

The experiments described so far demonstrated that 
the double chromosome content after blastomere fu-
sion could be replaced successfully with a normal set of 
chromosomes to allow the derivation of live born mice. 
To test whether the tetraploid embryos enucleated in 
mitosis are able to reprogram donor nuclei from a dif-
ferent source of cells, a nuclear transfer experiment was 
conducted using nuclei from R1 ESC (Figure 1A) as 
donors. The donor cells were arrested in mitosis with 
demecolcine, and consequently their chromosomes were 
transferred into the enucleated mitotic tetraploid embryos 
without a spindle. After nuclear transfer and release from 
MG-132, the cloned embryos cleaved within 2 h (Figure 
1B) at a rate of 67%; and 39.6% of these cleaved embry-
os developed to the blastocyst stage (Table 1). Embryos 
cleaved rapidly and attained the blastocyst stage within 
48 h after release from the cell cycle arrest (Figure 1B-

Figure 1 Nuclear reprogramming and developmental potential in 
vitro and in vivo after chromosome transfer from ES cells into mi-
totic tetraploid embryos. (A) R1 donor ES cells. (B-E) In vitro devel-
opment of preimplantation embryos after tetraploid embryo chro-
mosome transfer, from two-cell to blastocyst stages. Hours indicate 
time after chromosome transfer. (F-K) In vivo developmental com-
parisons of cloned embryos (produced by chromosome transfer) 
and control embryos (from tetraploid embryos). (F, G) E8.5 embry-
os. (F) Cloned embryo approximately at the same developmental 
stage as normal fertilized embryo; (G) tetraploid embryo resembles 
E7 but possessing much smaller primitive streak. (H, I) E10.5 em-
bryos. (H) Cloned embryo with normal morphology; (I) best control 
embryo, smaller in size and abnormal in shape. (J, K) E19.5. (J) 
Live cloned pup with enlarged placenta; (K) placenta only. (L) Bar 
diagram showing weights of pups (left) and their placenta (right). 
(M) DNA genotyping of ES cell-cloned placenta confirms its ES cell 
provenance.
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1E).
The blastocysts, from the above ES-derived nuclear-

transferred embryos, as well as tetraploid control blasto-
cysts, were transferred to pseudopregnant recipients to 
evaluate their developmental potential in vivo. Embryon-
ic development was compared between ES-derived and 
tetraploid control embryos at E8.5, E10.5 dpc and full-
term development at E19.5 dpc. 4 out of 7 (57.1%) and 
3 out of 10 (30.0%) ES cell-derived embryos developed 
normally at E8.5 and E10.5 dpc, respectively (Figure 1F 
and 1H). Among control tetraploid blastocysts, 12 out of 
35 (34.3%) and 3 out of 130 (2.3%) developed at E8.5 
and E10.5 dpc, respectively (Figure 1G and 1I). Delayed 
developmental stages and smaller primitive streaks were 
noted with the control tetraploid embryos.

One live pup was recovered out of 306 ES-derived 
embryos at E19.5 after cesarean section (Table 1 and Fig-
ure 1J). The neonatal weight of the live pup was in the 
normal range (1.601 g), while the weight of the placenta 
was approximately three times higher (0.327 g), similar 
to what was observed in previous studies of cloned mice 
[12] (Figure 1L). In contrast, neither pups nor degenerat-
ing embryos, but only placentas, were recovered from the 
tetraploid control as expected (Figure 1K). The R1 prov-
enance of the cloned pup was verified by PCR analysis 
for polymorphic markers from genomic DNA extracted 
from the placenta of the ES cell-derived cloned pup (Fig-
ure 1M).

Mitosis-arrested tetraploid embryos support nuclear re-
programming from somatic donors

We next determined whether, and to what extent, the 
mitosis-arrested tetraploid embryo can support nuclear 
reprogramming from a somatic cell donor. For this, we 
used mouse embryonic fibroblasts modified to express a 
green fluorescent protein (GFP) transgene under the con-
trol of Oct4 (Oct4::GFP) [13]. Oct4 plays an important 
role in the establishment and maintenance of the mam-
malian totipotent cell population [14] and its expression 
is detected in early embryos, as well as pluripotent ES 
cells, but not in somatic tissues [15]. Therefore, the re-
activation of Oct4 as reported by GFP expression can be 
used as a reflection of successful reprogramming [16].

Our results showed that in spite of the shorter duration 
of donor nuclei exposure to cytoplast of tetraploid em-
bryos, the Oct4::GFP transgene was reprogrammed prop-
erly and faithfully reproduced the endogenous expression 
pattern of Oct4 in embryos. As shown in Figure 2, GFP 
expression was absent in somatic nuclear donor and two-
cell embryos, but became much stronger with advancing 
embryonic stage; and fluorescence was clearly visible in 
late cleavage stage embryos (Figure 2D-2H) similar to 

normal fertilized embryos [17]. 

Chromosome-transferred embryos give rise to ES cell 
lines

Out of 14 blastocysts cloned from R1 ES cells, we de-
rived eight CTES (chromosome transferred ES) cell lines 
(ES-Tetra 1-8). The efficiency of cell line production 
was somewhat higher than with ICSI embryos (57.1% vs 
40.7%, respectively; Table 2). However, for fibroblast-
cloned blastocysts the success rate is low and only one 
cell line (F-Tetra 1) was derived. Four of these CTES cell 
lines (three ES-derived (ES-Tetra 5-7) and one fibroblast-
derived (F-Tetra 1)), were further evaluated and demon-
strated the same pluripotency as typical ES cells, includ-
ing expression of pluripotent ES markers, such as Oct4, 
Nanog and SSEA1 (Figure 3D-3F). Normal karyotype 
was observed (Figure 3G). PCR analysis of polymorphic 
markers confirmed the genetic origin of the ES cell lines 
by comparing cell line genomic DNA to that of the do-
nor cells (Figure 3H). In vivo differentiation potential of 
these ES cell lines was also confirmed using a teratoma 
assay by injecting cells from these stem cell lines into 
the flanks of SCID mice. Histological examination of the 
resulting teratomas demonstrated differentiated cell types 
representative of all three germ layers (Figure 3J-3L).

The fibroblast-derived CTES cells (F-Tetra 1) could 
contribute to chimera formation after injection into dip-
loid blastocysts (Figure 3I). To further investigate the 
level of pluripotency of the fibroblast-derived CTES cell 
line (F-Tetra 1), we first evaluated the in vitro activation 
of the Dlk1-Dio3 region. The activation of this imprinted 
region positively correlates with pluripotency of ES cells 
[18]. Expression differences for this region were evalu-
ated by quantitative PCR analysis of F-Tetra 1 cells, 
which revealed a pattern similar to that of an ES cell line 
that is tetraploid blastocyst complementation competent 
(Figure 4). The developmental pluripotency of F-Tetra 1 
was further confirmed by in vivo evaluation. The produc-
tion of late gestation chimeric embryos (E14.5), after 4n 
blastocyst complementation, and normal gonad develop-
ment (Figure 3M-3O) proved germ line competence of 
the fibroblast-derived CTES cells [19]. 

Discussion

Using cleavage stage fused embryos as nuclear trans-
fer recipients, we produced live-born cloned mice from 
blastomeres and ES cells, in addition to generating pluri-
potent ES cell lines. We observed that electrofused tetra-
ploid embryos, after chromosome transplantation, pos-
sessed different degrees of developmental potential when 
nuclei from blastomeres, ES cells or somatic cells were 
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used as donors. The fused tetraploid embryo itself lacked 
full-term developmental potential; this is consistent with 
previous findings that transplanting a somatic genome 
into intact cleavage stage embryonic blastomeres fails to 
support any post-implantation development [20]. These 
failures most likely are due to the tetraploid nature of the 
reconstructed embryos [21]. The full-term developmental 
potential of blastomeres has been demonstrated in mouse 
[22-24] or rat [25]; however, whether the electrofusion 
of blastomeres affects the full-term development is still 
not clear. Here, we have shown that if the polyploidy of 
these embryos is rectified, full-term development can be 
recovered, even though the transcripts present in the cy-
toplast of blastomeres are different from zygotes [26].

For many years, unfertilized oocytes were considered 
to be the only source of nuclear transfer recipients to 
support developmental reprogramming of donor nuclei. 
Recent studies, in which pronuclei were punctured before 
enucleation [27] or when enucleation was done before 
pronuclei formation [28], have proved that zygotes can 
also be successfully used as nuclear transfer recipients. In 
addition, Egli et al. [7] showed that mouse zygotes tem-
porarily arrested in mitosis could fully support somatic 
cell reprogramming. Recently Egli et al. [8] implicated 
that blastomeres from two-cell embryos could reprogram 
ES cell nuclei. This technique could be used to generate 
chimeric (fertilized plus NT cloned) animals after trans-
plantation. Our results show that electrofused embryos 
in metaphase stage could support reprogramming of 
blastomeres and ES cells and full-term development of 
the resulting cloned embryos. Thus, early cleavage stage 
embryos can potentially be used as recipients for nuclear 
transfer to support nuclear reprogramming, but the inter-
esting question will be how efficient this process is and 
the extent of this reprogramming as we go further into 
the cleavage stage of the preimplantation embryos. The 
identification of the critical factors that support develop-
mental reprogramming of reconstructed embryos is also 
a priority.

The cell cycle stage of the nuclear transfer recipients, 
especially with electrofused tetraploid embryos where 

Table 2 Derivation of ES cell lines from ES cell and fibroblast-derived blastocysts
Recipient cytoplasm Origin of ES cells No. of blastocysts No. of outgrowths               No. of ES cell lines 
               (%) (% of blastocyst / % of outgrowth)
Tetraploid embryo ES cell derived 14 9 (64.3%) 8 (57.1% / 88.9%) 
 Fibroblast derived 10 6 (60.0%) 1 (10.0% / 16.7%)
MII stage oocyte Fibroblast derived 29 10 (34.5%) 8 (27.6% / 80.0%) 
 Sperm cell derived 27 14 (51.9%) 11 (40.7% / 78.6%)

Figure 2 Oct4 expression pattern after somatic cell chromo-
some transfer into metaphase tetraploid embryos. (A, B) 
Fibroblasts cultured from an E 13.5 mouse embryo carrying 
an Oct4::GFP transgene (A) and arrested in mitosis by deme-
colcine (B). (C) Complete absence of transgene in the cells 
represents somatic cells. (D, E) Two-cell stage and four-cell 
stage embryos after somatic cell chromosome transfer. (F) Six-
cell stage somatic cell transfer embryo, Oct4::GFP first became 
detectable. (G, H) Morula and blastocyst stage embryos after 
somatic cell chromosome transfer with strong expression of the 
GFP transgene. Hours indicated the time after chromosome 
transfer.
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the nuclei from different cells may be at different stages, 
is very critical for the success of nuclear transfer experi-
ments. To synchronize the fused tetraploid embryos into 
metaphase, we used the microtubule-destabilizing agent 
DC, which was previously used for induced enucleation 
in nuclear transfer experiments [11, 29-30]. Regard-
less of the polyploidizing nature of DC [31], no reports 
regarding its effects on full-term embryo development 
were available. 

When the embryos were further exposed to the spin-
dle-polymerizing agent MG-132 for progression through 
prometaphase to metaphase, their in vitro development 
was improved. Similarly, a positive effect of the protease 

Figure 3 Derivation of ES cell line from chromosome transferred 
tetraploid embryos. (A) Diploid set of chromosome transferred 
into enucleated electrofused tetraploid embryos and cultured 
in vitro to blastocyst stage. (B) Outgrowth from inner cell mass 
of the blastocyst 5 days after plating. (C) Tetraploid embryo 
chromosome transferred (TetraCT) ES cell line culture. (D-F) 
Expression of pluripotent marker gene Oct4 (D), nanog (E) and 
the embryonic antigene SSEA-1 (F). (G) Mitotic chromosomal 
spread of a TetraCT ES cell line with a normal set of 40 chro-
mosomes. (H) DNA genotyping confirming somatic donor cell 
(C57 × 129S2) provenance. (I) A male chimera after injection 
of TetraCT ES cells (F-Tetra 1) into diploid blastocysts. (J-L) 
Hematoxylin and eosin staining of teratoma sections showed 
differentiation of TetraCT ES cells to various tissues. Brain tis-
sue (ectoderm derivative) (J), Cartilage and muscle (mesoderm 
derivative) (K) and gut (endoderm derivative) (L). (M-O) De-
velopment of GFP labeled TetraCT ES cells (F-Tetra 1), after 
tetraploid blastocyst complementation. E 14.5 dpc, live fetus by 
tetraploid complementation (M), with strong expression of GFP 
(N), having normal gonad development (O).

inhibitor MG-132 was reported in nuclear transfer ex-
periments by overcoming the negative effects of sub-op-
timal procedures [32]. Alternatively, the developmental 
improvement may be due to the inhibition of maturation 
promotion factor inactivation, which is mediated through 
a proteasome-mediated cyclin degradation pathway [33].

The integrity of recipient cells is very important for 
the developmental reprogramming of the reconstructed 
embryos. Cleavage stage electrofused human embryos 
that may be available for such research are more likely 
to have higher quality. First, in IVF programs, to avoid 
adverse outcomes from twin pregnancies, only embryos 
with the highest implantation and developmental po-
tential are selected for transfer. Assessment of zygotes 
by pronuclear score [34-35], the time of cleavage to the 
two-cell stage [36], and morphology of cleaved zygotes 
[37] are reliable indicators for the selection of embryos 
with the highest capability of implantation and success-
ful pregnancy after transfer. Second, because time of 
fertilization is usually unavailable, the metaphase stage 
of frozen-thawed zygotes is difficult to estimate and pro-
longed exposure to cell cycle arrest treatment or repeated 
observations are required. Our results demonstrated that 
the metaphase stage of electrofused embryos is depen-
dent on their first cleavage time, and cell cycle synchro-
nization can be attained in minimal exposure to unnatural 
agents.

We established many ES cell lines after nuclear trans-
fer into electrofused embryos. For ES cell donors, a 
satisfactory ES cell derivation rate is obtained. Four ES 
lines were evaluated for typical stem cell characteristics. 
These ES cell lines can be valuable resources for the 
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study of underlying molecular mechanisms governing 
nuclear reprogramming. Our results suggest an alter-
native approach for generating “patient-specific” ES 
cell lines. This could be particularly valuable not only 
because it presents an unexplored resource to produce 
specific human ES cells, which previously solely relied 
on the availability of limited donated oocytes, but also 
because of its feasibility. A study [38] showed that 73% 
of the US infertile couples are in favor of the use of their 
spare embryos for stem cell research. There were around 
400 000 leftover embryos in storage in the US fertility 
clinics through 2002. Utilizing cleavage stage preimplan-
tation embryos to generate cloned animals or therapeutic 
human ESC lines will provide additional advantages with 
tremendous potential for future therapeutic intervention. 
In addition, the inability of electrofused advanced stage 
preimplantation embryos to develop to full term provides 
a possible means to diminish the logistical and ethical 
controversies that are attached with ES cell research.

Materials and Methods

Experimental design
We evaluated the reprogramming and developmental ability of 

two-cell stage, cleaved embryos after electrofusion. The details of 
our experimental design are described in Supplementary informa-
tion, Figure S1.

Embryo production, culture and electrofusion 
B6D2F1 (C57BL/6 × DBA/2) mice (8 to 10 weeks old) were 

used as embryo donors. All mice were housed on a 12 h of dark 
and light cycles and were cared for on the basis of animal proto-
cols approved by the Institutional Animal Care Committee. The 
female mice were super-ovulated by intraperitoneal injection of 
equine chorionic gonadotropin (eCG 7.5 IU, Ningbo Sansheng 

Pharmaceutical, China) followed by injection of hCG (7.5 IU, 
Ningbo Sansheng Pharmaceutical) 48 h later. After hCG admin-
istration, females were mated individually with B6D2F1 males 
with proven fertility. Zygotes or two-cell embryos were flushed 
from the oviducts of plugged females, 30-32 h after hCG injec-
tion. Modified Hepes-buffered HCZB medium [39] was used for 
embryo operations at room temperature unless otherwise stated. If 
needed, zygotes or two-cell embryos were exposed briefly at room 
temperature to HCZB with 0.1% bovine testicular hyaluronidase 
to remove any remaining cumulus cells. After several washings 
with HCZB, the embryos were transferred to culture medium.

Embryos were cultured in groups of 20-30 in 30 µl drops of 
medium KSOM (Chemicon) supplemented with amino acids in 35 
mm standard Petri dishes (Falcon). Culture drops were overlaid 
with mineral oil (Sigma) and incubated in 5% CO2 at 37 °C. The 
two-cell embryos were selectively grouped 33 h and 38 h post 
hCG injection. 

Between 38 h and 40 h post hCG injection, the blastomeres of a 
two-cell embryo were electrofused to produce a one-cell tetraploid 
embryo. A group of 20-30 two-cell embryos was transferred from 
KSOM medium to a drop of electrofusion medium (0.3 M man-
nitol, 0.1 mM MgSO4, 0.01% polyvinyl alcohol and 0.3% bovine 
serum albumin) and allowed to settle down. Then the embryos 
were aligned between the electrodes of a 0.2-mm Eppendorf Mul-
tiporator fusion chamber, filled with electrofusion medium. Pre-
alignment of blastomeres was attained by a 3 V pulse for 10 sec. 
Fusion of the two blastomeres was induced by a single electrical 
pulse of 70 V for 35 µs. After several washes with HCZB medium, 
embryos were returned to KSOM medium at 37 °C. Embryos that 
had not undergone membrane fusion within 1 h were discarded.

Cell culture and synchronization
The R1 ES lines cells and adult tail fibroblast, collected from 

C57BL6/SV129 mice were used as the donor cells, respectively 
[40]. The R1 ES cells were routinely cultured onto mitomycin-
inactivated mouse embryonic fibroblasts in ES cell culture me-
dium (Dulbecco Modified Eagle Medium, high glucose (Gibco, 
Invitrogen), supplemented with 1 000 U LIF (leukemia inhibitory 
factor; Chemicon), 15% heat-inactivated fetal calf serum (Gibco), 
2 mM glutamine (Sigma), 1 mM sodium pyruvate (Sigma), 0.1 
mM β-mercaptoethanol (Sigma) and 0.1 mM nonessential amino 
acid (NEAA; Gibco) in the presence of penicillin and streptomy-
cin). Mouse embryonic fibroblasts carrying a GFP transgene under 
the control of the Oct3/4 promoter were prepared from 13.5 dpc 
fetuses as described previously [41]. Fibroblasts from mouse tail 
tips were cultured as described previously [42]. 

All the cells were synchronized in metaphase by culturing them 
with 0.04 µg/ml DC (Sigma). After 3 h incubation of ES cells and 
5 h incubation of somatic cells with DC, the mitotic cells appeared 
loosely attached and were collected by shaking the culture dishes, 
and then used for nuclear transfer.

Mitotic arrest of tetraploid embryos
To synchronize tetraploid embryos in prometaphase, embryos 

were transferred into KSOM containing 0.05 µg/ml DC (Sigma), 
in two groups. One group of tetraploid embryos that cleaved 
within 33 h post hCG were transferred into DC between 49 to 56 
h post hCG injection and a second group of embryos that cleaved 
during > 33 to 38 h post hCG injection were transferred into DC 

Figure 4 In vitro pluripotency evaluation by Dlk1-Dio3 region. 
Expression comparison of the Dlk1-Dio3 region among tetra-
ploid complementation competent ES cells, fibroblast-derived 
Tetra CTES cells and iPS cell lines that were only able to pro-
duce diploid chimeric mice (2n-iPS cells).
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from 52 to 58 h post hCG injection. For progression through pro-
metaphase to metaphase and spindle assembly a group of 10 to 15 
embryos arrested in prometaphase were washed through 1-3 drops 
of KSOM to remove residual DC and then transferred into CZB 
containing 2.5-3 µM MG-132 (Z-Leu-Leu-Leu-al; Sigma) for 30-
40 min.

Chromosome and nuclear transfers
All manipulations were performed at room temperature under 

DIC optics (Leica DM IRB). The micromanipulator was equipped 
with a piezo unit (PrimeTech, Japan) for zona drilling and for 
breaking plasma membranes. Metaphase-arrested tetraploid em-
bryos were transferred for manipulation into a chamber containing 
oil-covered HCZB supplemented with 5 µg/ml cytochalasin B (CB) 
and 2 µM MG-132 on the micromanipulator stage. After adjusting 
the position of each embryo the entire spindle was aspirated into 
the pipette within a minimal volume of cytoplasm. Mitotic donor 
cells were selected under DIC optics and injection pipettes with 
inner diameter 10 µm for ES cells and 12-13 µm for fibroblasts, 
blastomeres were used to transfer the donor cell chromosomes. 
Spindle chromosome complex removal from the recipient embryo 
and nuclear transfer of donor nuclei was done in one step using the 
hole removal method [43]. The entire manipulation process was 
completed within a 5-30 min window after transfer of embryos 
into the chamber.

Embryo transfer and ES cell derivation
Cloned and control blastocyst stage embryos were transferred 

into the uterine horns of E2.5 pseudopregnant ICR females that 
had been mated with vasectomized ICR males with proven steril-
ity. Animals were euthanized at day E8, E10 or E19.

For derivation of ES cells, we used the protocol described 
by Bryja [44] with slight modifications. The zonae pellucidae of 
cloned blastocysts were removed by treatment with 0.5% pronase 
(Sigma) in HCZB at 37 °C for 3-5 min. Zona-free blastocysts were 
washed in HCZB and plated on a feeder layer of mitomycin-C 
inactivated confluent mouse embryonic fibroblast in a 4-well plate 
(Nunc). Culture of feeder cells and embryos (outgrowths) was in 
DMEM/F12 (1:1; Gibco), supplemented with 20% knockout se-
rum (Gibco), 1 000 U LIF (Chemicon), 2 mM glutamine (Sigma), 
1 mM sodium pyruvate (Sigma), 0.1 mM β-mercaptoethanol 
(Sigma) and 0.1 mM NEAA (Gibco) in the presence of penicillin 
and streptomycin. Outgrowth formation was defined by the spread-
ing of trophoblast cells from the attached blastocyst. Proliferating 
outgrowths were dissociated using trypsin treatment and then re-
plated on MEF until stable cell lines grew out.

PCR analysis of genomic DNA
Polymerase chain reaction (PCR) amplification of the micro-

satellite markers D1Mit46, D1Mit62, D2Mit102, D7Mit44 and 
D17Mit49 was performed as described [45]. Sequences for the 
primer pairs were found on the Mouse Genome Informatics web 
site (http://www.informatics.jax.org/searches/probe_form.shtml). 
DNA was extracted from tail tips for control strains B6D2F1 
and ICR, R1 ES cells and the associated placentae of the R1 ES 
cell derived cloned offspring for cloned pup and from tail tips of 
D6D2F1 and C57 129S2 and from Tetra1-3 ES cells for somatic 
cells derived ES cells. Reactions were subjected to 35 cycles of 
30 sec at 94 °C, 30 sec at 55 °C, and 30 sec at 72 °C, and products 

were separated on a 3% agarose gel and visualized.

Terratoma formation and chimeric mice production
The ES cells derived after nuclear transfer into tetraploid em-

bryos were harvested by trypsinization and injected into the flanks 
of SCID mice. Mice were euthanized 4 weeks later and teratomas 
were isolated and processed for histological analysis. For chimeric 
mouse production both diploid and tetraploid blastocyst comple-
mentation was done. 10-15 ES cells, derived from nuclear transfer 
into tetraploid embryos, were injected into ICR × ICR host blasto-
cysts with a beveled pipette. Embryos were allowed to recover for 
60-90 min in KSOM at 37 °C and then transferred into the uterine 
horns of E2.5 pseudopregnant ICR females.

Expression analysis of Dlk1-Dio3 region
The expression level of fibroblast-derived CTES cell line was 

compared with 4n competent ES cell line and  iPS cell lines that 
were only able to produce diploid chimeric mice (2n-iPS cells), for 
Dlk1-Dio3 cluster region as illustrated by Liu et al. [18].
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