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Summary

Cloning efficiency following somatic cell nuclear transfer is very low. In order to obtain insights into
this problem, mRNA expression patterns of early development-related genes in nuclear transferred
embryos were compared with those obtained from in vivo and in vitro fertilization. Semiquantitative
reverse-transcription polymerase chain reaction assay was used to compare the gene expression of,
the cell adhesion protein E-cadherin, interleukin -6, heat-shock protein 70.1 and bos taurus apoptosis
regulator box-a (Bax). The relative abundances of glucose transporter-1, E-cadherin and interleukin-
6 were significantly (P < 0.05) higher in in vitro fertilized morulae than in vivo derived morulae.
Transcription of the gene encoding octamer-binding transcription factor 4 was higher in blastocysts
obtained from in vivo fertilization than in those from in vivo blastocysts. The transcript for Bax was
markedly upregulated in blastocysts derived from in vitro production and nuclear transfer procedures
compared with in vivo fertilization. These results suggest that alterations in mRNA expression of early
development genes are more associated with in vitro culture condition than the nuclear transfer procedure
itself.
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Introduction

Offspring have been cloned from somatic cells in range
of animals (Wilmut et al., 1997; Cibelli et al., 1998;
Wakayama et al., 1998; Baguisi et al., 1999; Polejaeva
et al., 2000). However, cloning efficiency is very low and
abnormalities have been reported during embryonic,
fetal, neonatal and postnatal development (Wilmut
et al., 1997; Cibelli et al., 1998; Daniels et al., 2001). These
problems are considered to be the result of incomplete
reprogramming of the donor nucleus, which leads
to abnormal expression of development-related gene
expression. Previously, Daniels et al. (2000) observed
that delayed and/or aberrant transcriptions of some
of implantation related genes such as interleukin 6
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(IL-6), fibroblast growth factor 4 (FGF4) and fibroblast
growth factor receptor 2 (FGFr2) were found in some
cloned embryos. More recently, Wrenzycki et al. (2001)
observed that nuclear transfer (NT) affects mRNA ex-
pression of some development-related genes in NT em-
bryos compared with in vitro fertilized (IVF) embryos.

Prolonged in vitro culture condition appeared to
affect gene expression, which is associated with ab-
normal embryonic and fetal growth and development.
The presence of exogenous proteins such as serum
and bovine serum albumin (BSA) affects both mRNA
expression and embryo viability (Wrenzycki et al., 1999;
Rizos et al., 2002). Recently, Lazzari et al. (2002) showed
a relationship between the incidence of early embryonic
deviations and large offspring syndrome in in vitro
produced bovine embryos.

Although both nuclear transfer procedure and
in vitro culture condition seem to affect expression of
development-related genes following NT, comparative
experiments are largely lacking using in vivo derived
embryos. The objective of the present study was to
determine the relative abundance of gene transcripts
in bovine nuclear transferred morulae and blastocysts,
and to compare with their expression profiles with
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those of in vivo (VivoF) and IVF embryos with a
semiquantitative reverse-transcription polymerase
chain reaction (RT-PCR) assay. In this paper, six genes
were selected for their importance to preimplant-
ation development in early embryonic development
(octamer-binding transcription factor 4 (Oct4)), energy
metabolism (glucose transporter-1 (Glut-1)), com-
paction (E-cadherin (E-cad)), trophoblastic function
(interleukin-6 (IL-6)), stress (heat-shock protein 70
(Hsp)) and apoptosis (Bos taurus apoptosis regulator
box-a (Bax)).

Materials and methods

Preparation of oocytes

Bovine cumulus oocyte complexes (COCs) with
uniform ooplasm and compact cumulus cells were
prepared in HEPES-buffered thyroids albumin lactate
pyruvate (TALP) medium containing 0.1% polyvinylal-
cohol. Culture medium for in vitro maturation was
Tissue Culture Medium 199 (TCM199; Sigma, St
Louis, MO, USA) supplemented with 10% fetal bovine
serum (GIBCO, NY, USA), 0.2 mM sodium pyruvate,
1 µg ml−1 FSH and 1 µg ml−1 estradiol-17β. 30–50
COCs were cultured in 500 µl maturation medium at
39 ◦C and 5% CO2.

In vitro fertilization

Bovine oocytes matured for 22–24 h were fertilized
in TALP medium supplemented with gentamycin
(0.5 mg ml−1, Sigma), heparin (30 µg ml−1), hypotaur-
ine (1.65 µg ml−1), epinephrine (0.27 µg ml−1; Sigma)
and penicillamine (4.5 µg ml−1; Sigma). Oocytes with
cumulus cells were cultured with 2 × 106 motile
sperm per ml for 6 h and transferred to drops of
embryo culture medium, CR1aa medium (Rosenkrans
et al., 1993) supplemented with 3 mg ml−1 fatty-acid-
free (FAF) BSA, 20 µl ml−1 MEM essential amino
acids, 10 µl ml−1 MEM non-essential amino acids,
0.44 µg ml−1 Na pyruvate, 1.46 µg ml−1 glutamine and
25 µg ml−1 gentamycin.

Donor cell preparation

The cell line was derived from a surgical biopsy per-
formed on a Korean bull’s ear. Thin sections of the tissue
were sliced into 1–3-mm pieces and explants were
transferred into 100 mm dishes containing Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supple-
mented with 15% FBS, 1% penicillin/streptomycin.
Cell culture was performed at 39 ◦C in 5% CO2 in air.
When confluence was achieved at 14 days, cells were
trypsinized for 3 min, the recovered cells centrifuged
and the pellet resuspended at a concentration of 106 cell
ml−1. Culturing cycling cells with 10% and 0.5%

FBS-supplemented medium for 5 days induced the
synchronization of the cell cycle to G0/G1 stage.

Nuclear transfer

In vitro matured oocytes were enucleated with a 20 µm
(internal diameter) glass pipette by aspirating the first
polar body in CR1aa medium supplemented with
4.0 mg ml−1 pyruvate, 5.5 mg ml−1 lactate, 0.3% FAF-
BSA (Sigma) and 7.5 µg ml−1 cytochalasin B (CCB;
Sigma), and the second metaphase plate in a small
volume of surrounding cytoplasm. Chromosome
removal was confirmed by bis-benzimide (Hoechst
33342; Sigma) labeling under ultraviolet light. After
enucleation, the donor cell was introduced through
the same slit in the zona pellucida and the cell
was wedged between the zona pellucida and the
cytoplast membrane to facilitate close membrane
contact for subsequent fusion. After the injection, the
reconstructed embryos remained in CR1aa medium
until fusion.

Reconstructed embryos were electrically fused at
24 h after initiation of maturation (hpm) in buffer
composed of 0.25 M mannitol (Sigma), 0.1 mM calcium,
0.1 mM magnesium and 0.01% polyvinylalcohol
(Sigma). Fusion was performed at room temperature in
a chamber filled with fusion buffer, with two stainless
steel electrodes 3.2 mm apart. The reconstructed
embryos were manually aligned with a fine glass
needle so that the contact surface between the cytoplast
and the donor cell was parallel to the electrodes. Cell
fusion was induced with DC current of 1.6 kV cm−1

for 25 µs, two pulses each, delivered by an Electrocell
Manipulator 2001 (BTX, San Diego, CA). After the
electrical stimulus, the reconstructed embryos were
washed in CR1aa medium. They were then checked
for fusion by microscopic examination.

The fused embryos were cultured for 4 h in CR1aa
medium before chemical activation. Activation was
induced by incubation in CR1aa with 5 mM ionomycine
(Sigma) for 4 min at 37 ◦C. Embryos were then exten-
sively washed in CR1aa five times before being cultured
in 1.9 mM 6-dimethyl-aminopurine (6-DMAP; Sigma).

In vitro culture of embryos

The reconstructed and in vitro fertilized embryos
were cultured in a four-well dish of CR1aa medium
containing 4.0 mg ml−1 pyruvate, 5.5 mg ml−1 lactate
and 0.3% FAF-BSA, and a feeder layer of mouse fetal
fibroblast cells (day 14). Embryos were cultured in a
humidified incubator at 39 ◦C and 5% CO2.

In vivo production of bovine embryos

To produce in vivo compact morulae and blastocysts,
Korean native cows were superovulated by intramus-
cular administration of 400 mg folltropin given in a
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Table 1 Information on the primers used for PCR

Fragment GeneBank
Gene Primer sequences Location size (bp) accession no.

Globin∗ Upper 5′-GCAGCCACGGTGGCGAGTAT-3′ 241–260 257 X04751
Lower 5′-GTGGGACAGGAGCTTGAAAT-3′ 555–567

Oct-4 Upper 5′-GGTTCTCTTTGGAAAGGTGTTC-3′ 435–734 314 AF022987
Lower 5′-ACACTCGGACCACGTCTTTC-3′ 1336–1460

E-cad∗ Upper 5′-CTCAAGCTCGCGGATAACCAGAACAAAGAC-3′ 1486–1515 332 X06339
Lower 5′-AGGCCCCTGTGCAGCTGGCTCAAATCAAAG-3′ 1785–1814

Glut-1∗ Upper 5′-AGCGTCATCTTCATCCCAGC-3′ 741–760 556 M60448
Lower 5′-CCACAATGCTCAGGTAGAC-3′ 1262–1281

IL-6 Upper 5′-CAGACTACTTCTGACCACTC-3′ 171–190 475 X57317
Lower 5′-GCTGAACTGCAGGAAATTCTC-3′ 625–645

Hsp Upper 5′-TGATGCTGTTGTCCAGTCTG-3′ 271–290 544 X53827
Lower 5′-TAGCACGCTCACAAGCAGTA-3′ 826–845

Bax Upper 5′-ACCAGCCTCGAGCAGATCATG-3′ 40–60 372 U92569
Lower 5′-CATGATGGTCCTGATCAACTC-3′ 391–411

∗The oligonucleotide sequences of Globin, E-cad and Glut-1 have been previously published (Wrenzycki et al., 2001).

series of decreasing doses over a 3–4 day period. Estrus
was induced by intramuscular administration of 25 mg
prostaglandin F2 on the morning and evening of
the third or fourth day of FSH treatment. Estrus
detection was performed twice daily, beginning 24 h
after the first prostaglandin F2 injection. Donor cows
were artificially inseminated 12 h and 24 h after first
standing estrus, with semen from a proven Korean
native bull. Embryos used in this study were recovered
by nonsurgical uterine flushing of donor cattle on day
6 or day 8 of the cycle (day 0 being first standing
estrus).

Poly(A) RNA extraction and reverse transcription

The mRNA was extracted according to Wrenzycki et al.
(1999) and using a Dynabeads mRNA Direct Kit (Dynal
Asa, Oslo, Norway) following the manufacturer’s
instructions. Briefly, single morulae or blastocysts were
washed in PBS, snap frozen in liquid nitrogen or at
–80 ◦C for later use. When required, samples were
lysed by 150 µl lysis/binding buffer (100 mM Tris-HCl,
pH 7.5, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM
DTT). Then, 1 pg rabbit globin mRNA (Sigma) per
embryo was added to each tube as an internal standard.
After vortexing for 5 min at room temperature, 20 µl
prewashed Dynabeads oligo(dT)25 was mixed with the
lysate and annealed by rotating for 5 min at room
temperature. The beads were separated employing a
Dynal MPC-S magnetic particle concentrator, washed
twice using 200 µl washing buffer A (10 mM Tris-HCl,
pH 7.5, 0.15 M LiCl, 1 mM EDTA, 0.1% LiDS) and
once with 100 µl washing buffer B (10 mM Tris-HCl,
pH 7.5, 0.15 M LiCl, 1 mM EDTA). Poly(A)+ RNAs
were then eluted from the beads by incubation in

10 µl Tris-HCl (10 mM Tris-HCl, pH 7.5) at 65 ◦C for
2 min, and aliquots were used immediately for reverse
transcription (RT). RT was performed for 50 min at
42 ◦C in a final volume of 20 µl consisting of 0.5 µg
µl−1 oligo(dT)12–18 (Gibco), 10 × RT buffer (200 mM
Tris-HCl; pH 8.4, 500 mM KCl), 25 mM MgCl2, 0.1 M
DTT, 10 mM dNTP mix and SuperScript II RT (50 units;
Gibco). Reactions were terminated by incubation at
70 ◦C for 15 min.

PCR amplification

PCR was carried out on 5 µl RT product from single
embryos and 0.25 pg of rabbit globin mRNA. The
reaction was performed in a final volume of 50 µl
10 × PCR buffer, 2.5 units Taq DNA polymerase (Takara
Korea Biomedical, Seoul, Korea), 10 mM dNTP, 10 pM
all sequence-specific primers using a GeneAmp PCR
System 2700 (Applied Biosystems, Foster City, USA).
The sequence of the primers, their approximate sizes
and their GenBank accession numbers are listed in
Table 1. PCR cycles were as follows: 95 ◦C for 5 min
followed by 35 cycles of 95 ◦C for 30 min, 55 ◦C for 1 min
30 s and 72 ◦C for 1 min 30 s. The reaction was ended by
a final extension step of 10 min at 72 ◦C.

The RT-PCR products were visualized under ultra-
violet light on 1% agarose (GIBCO) gels in 1 × TAE
buffer containing 1 µg ml−1 ethidium bromide (Sigma).
The intensity of each band was assessed by densito-
metry using an image analysis program (LabWorks;
UVP, Upland, CA). The relative abundance (RA) of
the mRNA of interest was calculated by dividing the
intensity of the band for each developmental stage by
the intensity of the globin band for the corresponding
stage.
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Figure 1 Representative gels produced from semiquantitat-
ive RT-PCR analysis of bovine nuclear transferred (lane 1),
in vitro (lane 2) and in vivo fertilized embryos (lane 3).

Statistical analyses

The data were pooled from at least seven replicates.
Differences in the relative abundance of transcripts
developing to a particular stage were determined by
one-way ANOVA procedures.

Results

Representative gel photos of mRNA expression
patterns in NT, IVF and VivoF embryos are shown in
Fig. 1. The relative abundances of six gene transcripts
in cloned morulae and blastocysts compared with
those in IVF and VivoF embryos are shown in Fig. 2.

The relative abundance of Glut-1 mRNA is higher
in in vitro generated morulae than those in VivoF
embryos. Similarly, IL-6 and E-cad mRNA expression
were increased in IVF morulae compared with those
in VivoF morulae. However, the differences between
in vitro and VivoF expression of Glut-1, IL-6 and E-cad
were not statistically significant at the blastocyst stage.
The relative abundance of Oct-4 mRNA is higher in IVF
blastocyst than in VivoF embryos. The relative amounts
of Hsp mRNA displayed similar patterns in embryos
from all production systems. The relative abundance
of Bax transcript was significantly (P < 0.05) higher in
both morulae and blastocysts derived from NT than
in VivoF embryos. Especially, it was markedly higher
in IVF and NT groups than the VivoF control group at
the blastocyst stage.

Discussion

The present study compared the transcription of six
genes, Oct4, Glut-1, E-cad, IL-6, Hsp and Bax in preim-
plantation bovine embryos derived from IVF, NT and
VivoF. The genes are known to have important func-
tions during preimplantation, early postimplantation
development or both in mammals and thus have the
potential to be used as genetic markers of embryo
viability. The successful reprogramming of a somatic
cell following NT would result in an embryo with
the same profile of gene transcription as that seen
in embryos produced by IVF. In the present study,
we observed similar amount of transcription of six
development-related genes in NT embryos compared
with those in IVF embryos. This suggested that
reprogramming of the somatic cell NT, at least by the
method used here, was sufficient in these embryos to
produce the correct pattern of embryonic transcription
of the six genes used here.

Oct-4 is a prime candidate for an early developmental
control gene encodes a transcription factor required for
embryo development (Scholer, 1998; Ovitt and Scholer,
1998; Kirchhof et al., 2000). In the mouse, a targeted
deletion of Oct-4 resulted in lack of inner cell mass
of the blastocysts and death shortly after implantation
(Nichols et al., 1998). Oct-4 expression was shown
in preimplantation embryos, but it is downregulated
during formation of the blastocysts (Palmieri et al.,
1994). In the present study, the relative levels of Oct-4
mRNA in both IVF- and NT-derived blastocysts were
greater than those of in vivo derived embryos. Higher
expression of Oct-4 in NT- and IVF-derived blastocysts
than in in vivo embryos might be due to failure
of appropriated downregulation during their in vitro
development.

Higher expressions of IL-6, E-cad and Glu-1 were ob-
served in IVF morulae than in in vivo fertilized embryos.
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Figure 2 Relative abundance of various developmental important gene transcript (values shown as means SEM) in bovine
morulae and blastocysts. Black bar: VivoF, open bar: IVF, gray bar: NT. Bars with different superscripts within transcripts differ
significantly (P < 0.05).

These three genes are important for early preimplant-
ation development of embryos. E-cad, a principal mole-
cular component of the adherent junction, associates
with the compaction of morulae and blastocyst
formation (Nagafuchi et al., 1987). E-cad plays key roles
in differentiation of the trophectoderm and supports
further embryonic development (Watson et al., 1999).

Like E-cad, IL-6 appeared to support embryonic com-
paction, blastocyst formation, hatching and embryo–
mother signaling (Meisser et al, 1999; Desail et al.,
1999). Glut-1 is known to regulate glucose transport in
morulae and blastocysts (Rieger et al., 1992). There were
no clear high concentrations of the transcripts of these
genes in embryos following in vitro culture. Higher
levels of gene transcription might be an endogenous
mechanism for providing increased substrate to cope
with increased demand arising from various stresses
under in vitro culture condition.

In the present study, we observed that Bax transcripts
were significantly increased in NT-derived embryos at
both morulae and blastocyst stages compared with the
VivoF counterpart. Previous studies have shown that
overexpressed Bax, a member of the Bcl-2 gene family,
plays key roles in regulating apoptosis, accelerated to

apoptotic death in cells (Cory and Adams, 1998; Oltvai
et al., 1993). Furthermore, expression of this apoptotic
protein was higher in low-quality oocytes and degene-
rated embryos than in good-quality embryos (Yang
et al., 1997). These reports showed that Bax mRNA
production has been considered a suitable candidate
for evaluating the quality of embryos. Higher ex-
pression of Bax in both NT- and IVF-derived embryos
suggests that inappropriate environments during their
in vitro development cause lower quality of embryos
for further development.

In conclusion, our study suggests that alterations in
mRNA expression of early developmental genes are
associated more with in vitro culture condition than
with nuclear transfer itself. Further experiments are
needed to find out how the in vitro environment affects
the preimplantation development of NT-generated
embryos.
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