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ABSTRACT

The birth of the first nuclear transfer-derived cloned piglet resulted from the transfer of a nucleus 
from a 4-cell stage embryo to an enucleated oocyte. Although biotechnological procedures in swine 
have recently undergone tremendous progress, the efficiency of pig somatic cloning is still lower 
than in other species of farm animals and, when expressed as a proportion of reconstructed oocytes, 
it does not exceed an average of 5 to 10% blastocysts and 1.5% born piglets. The basic prerequi-
site for practical application of this method is to improve efficiency. This requires further detailed 
studies. Development of pig somatic cell cloning was inspired not only by the necessity for quick 
improvement of the efficiency of the nuclear transfer technique in this species, but above all by 
its possible practical application for multiplication of transgenic piglets, for use in transplantation 
medicine and immunology, also pharmacy and animal breeding. A deficit of organs for human al-
lotransplantation became a stimulus to the search for new, alternative sources of grafts. Therefore, 
a particularly attractive aspect of pig somatic cloning is the possibility of generating large numbers 
of transgenic pig organs for xenotransplantation. Compatibility with the human ones in size, anato-
my, and physiology makes this an attractive proposition.
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INTRODUCTION 

The late 1990s brought many new achievements in animal reproduction bio-
technology. These included in vitro maturation and fertilization of oocytes of new 
mammal species (including wild animal species), improvement of microsurgical 
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fertilization (mainly intracytoplasmic sperm injection; ICSI) techniques, me-
thods of oocyte cryopreservation and in vitro embryo culture systems. However, 
achievements in mammalian somatic cloning understandably aroused the greatest 
interest. Somatic cloning and transgenesis, in particular the combination of 
both these techniques, are now the research areas with the greatest potential for 
application. The biological foundations established chiefly over the last ten years 
or so, make it possible to develop technologies which fulfil the conditions of 
application, among them the prerequisite of effectiveness. However, the many 
hopes attached to these methods are not validated by facts.

Since the birth of Dolly, the sheep (Wilmut et al., 1997), when it became clear 
that mammals can be obtained by transplantation of nuclei derived from cells of 
adult animals, somatic cloning established itself as a new research direction, be-
coming, in a comparatively short time, one of the most rapidly developing fields 
of both animal reproductive biotechnology and experimental embryology. Dolly 
was the first mammal to be produced by adult individual cloning, and as a conse-
quence the first example of mammalian somatic cloning. For more than a year she 
was the only animal derived from this method of cloning. Some commentators 
thought that she was produced accidentally by introducing a nucleus of an undif-
ferentiated cell into the ooplast. Despite all these doubts, however, the production 
of Dolly inspired and encouraged many researchers to look for new ideas, often 
with great success. This helped to improve all stages of the cloning procedure and 
brought somatic cell cloning to the forefront of assisted reproduction technologies 
(ART) in animals.

SOMATIC CLONING IN VARIOUS SPECIES OF MAMMALS
 
The rate of improvement of methods for somatic cell nuclei reprogramming 

and in methods of reconstructed oocyte activation meant that over five years the 
somatic cloning technique produced offspring of farm animals such as cattle 
(Cibelli et al., 1998; Wells et al., 1999; Kato et al., 2000), sheep (McCreath et 
al., 2000), goats (Baguisi et al., 1999), pigs (Onishi et al., 2000; Polejaeva et al., 
2000; Bondioli et al., 2001; Boquest et al., 2002; Yin et al., 2002), mule (Woods et 
al., 2003) and horse (Galli et al., 2003) and laboratory animals such as the mouse 
(Wakayama et al., 1998; Ono et al., 2001). The domestic cat (Shin et al., 2002) 
has also been cloned as have endangered species of free-living animals such as 
African wild cats (Gomez et al., 2004), gaur (Lanza et al., 2000a) and mouflon 
(Loi et al., 2001). Although the effectiveness of somatic cell cloning is still very 
low with only 1-3% reconstructed oocytes and 10% on average of embryos fit 
for transplantation into surrogate recipients, forming neonates, the problems of 
somatic cloning continue to arouse increasing interest among researchers. The 
reasons for this are numerous, both intellectual and practical.
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Many studies investigating the somatic cloning of different farm and laboratory 
animal species confirmed that the high rate of in vitro developmental capacity 
to the blastocyst stage by reconstructed embryos can only be attained through 
correct coordination between nucleus donor cell phenotype and cell cycle stage 
(Campbell and Alberio, 2003). Also important are the efficacies of the exogenous 
somatic nuclei transplantation procedure for maternal chromosome elimination 
(recipient oocyte enucleation), the oocyte reconstruction technique and the clonal 
cybrid (cytoplasmic hybrid) activation system (Kato et al., 2000; Polejaeva et al., 
2000; Wakayama and Yanagimachi, 2001; Galli et al., 2002; Roh and Hwang, 
2002; Yin et al., 2002; Nagashima et al., 2003; Samiec et al., 2003a,b). At present, 
the most common embryo reconstruction techniques are nuclear transfer followed 
by electric pulse fusion of cytoplast (ooplast) with somatic cell (cattle: Cibelli et
al., 1998; Wells et al., 1999; Kato et al., 2000; sheep: Wilmut et al., 1997; 
McCreath et al., 2000; goats: Baguisi et al., 1999; pigs: Koo et al., 2000; Polejaeva 
et al., 2000; Boquest et al., 2002; Yin et al., 2002) or the use of a suspension of 
inactivated Sendai virus (HVJ) particles with an accurately defined number of 
haemagglutination activity units (mice: Kato et al., 1999; Ono et al., 2001). The 
procedures of microsurgical nuclear transfer, involving both direct karyoplast (cell 
nucleus with residual, perinuclear protoplasmic “ring” i.e. perikaryon) injection 
into the cytoplasm of an enucleated oocyte (pigs: Kuhholzer et al., 2000; Onishi et 
al., 2000; Samiec et al., 2003a,b; Roh and Hwang, 2002; mice: Wakayama et al., 
1998; Chung et al., 2002; cattle: Lacham-Kaplan et al., 2000; Galli et al., 2002; 
horses: Choi et al., 2002), and whole cell intraooplasmic microinjection (pigs: Lee 
et al., 2003b) are also used frequently. 

HYPOTHESIS OF SPECIES-SPECIFIC RESISTANCE OF PIG TO ASSISTED 
REPRODUCTION TECHNOLOGIES IN THE FIELD OF EXPERIMENTAL EM-
BRYOLOGY (EMBRYO ENGINEERING)

 
Of the farm livestock species, pigs (Sus scrofa domesticus L.) have been the 

least frequent subjects of experimental embryology studies encompassing oocyte 
and embryo manipulations. This may be due to problems associated with the com-
plex in vitro embryo production (IVP) procedures in this species, the low efficien-
cy of porcine oocyte maturation under in vitro conditions and the weaknesses of in 
vitro fertilization and embryo in vitro culture (cited by Kikuchi et al., 2002).

The history of porcine embryo and somatic cloning studies
 
Nuclear transfer in pigs was first described by Robl and First (1985). In the fol-

lowing years its repeatability was validated by the studies of Prather et al. (1988) 
and later by obtaining the first piglet as a result of transplantation of 4-cell embryo 
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blastomere nuclei into the enucleated Metaphase II (Met II) oocytes (Prather et al., 
1989). However, a decade of studies made from then on to improve the efficiency 
of individual stages of the pig cloning procedure produced little progress. Thus, 
for many years, the effectiveness of the cloning method, measured both by the rate 
of reconstructed embryo development to compact morula/blastocyst stages and by 
percentage of born piglets in relation to the number of nuclear transfers remained 
at a constant, comparatively low level. Occasionally reports of the production of 
porcine morulae and blastocysts in vitro appeared (Saito et al., 1992; Terlouw et 
al., 1992; Nagashima et al., 1997). However, they did not exert a significant influ-
ence on increasing either the postimplantation developmental potential of recon-
structed clonal embryos or the rate of foetal development to the end of gestation. 
For almost 11 years a gilt obtained by Prather’s team (1989, 1999) was the only 
piglet derived from transplantation into an enucleated, activated Met II oocyte of 
an embryonic cell nucleus. The failure to confirm this achievement gave rise to 
many doubts as to the repeatability of the method and many even questioned the 
reliability of the experiment.

The factor which, for a long time, was thought to be one of the most significant 
elements restricting the structural remodeling of exogenous cell nuclei, was the 
onset of embryonic genome transcriptional activity (Koo et al., 2000; Verma et 
al., 2000). It was believed that from this moment on, the introduced cell nucleus 
cannot be epigenetically reprogrammed in the cytoplasmic microenvironment of 
the porcine oocyte (Verma et al., 2000; Rideout III et al., 2001). It turned out that, 
of the species examined, this view probably holds true only for mice and pigs, in 
which the initiation of embryonic genome transcriptional activity occurs at very 
early stages of embryogenesis; the early 2-cell stage (mouse: Schultz, 1993) and 
the late 4-blastomere stage (pig: Schoenbeck et al., 1992). Transcriptional acti-
vation of the embryonic nuclear and mitochondrial genome is associated with 
maternal to embryonic transition (MET) of genome control. Activation of the 
embryonic genome was accompanied by reversible (transitional) cleavage-block 
visible in in vitro culture conditions at 2-cell stage in the mouse and at 4-cell stage 
in the pig (Viuff et al., 2002). This block is presumably analogous, in this aspect, 
to the cleavage-block of 8 to 16-cell ovine embryos and 4 to 8-cell bovine em-
bryos (Dominko et al., 1999). This developmental block can also assume a form 
of constant and irreversible inhibition of blastomere/cell divisions triggered by 
incomplete remodeling and reprogramming of cell nuclei in the reconstituted em-
bryos. As a result there is inappropriate changes in gene expression (Daniels et al., 
2000; Kang et al., 2001), transcriptional factor (for example Oct-4, Oct-3) activity 
(Boiani et al., 2002) and pattern of protein synthesis (Daniels et al., 2000), mak-
ing further preimplantation development of porcine embryos impossible (Koo et 
al., 2000; Verma et al., 2000; Viuff et al., 2002). A cleavage-block during the third 
mitotic cycle of reconstructed porcine embryos can be also artificially induced 
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by suboptimal in vitro culture conditions, chiefly the inadequate composition of 
simple, chemically-defined culture media. The suboptimal conditions prevent 
activation (expression) of many genes as a result of epigenetic modifications of 
the genome by DNA demethylation and histone acethylation. They also inhibit 
the synthesis of indispensable proteins which regulate the course of embryonic 
cell cycles and block the secretion of autocrine or paracrine polypeptide growth 
factors (Kuhholzer et al., 2000; Rideout III et al., 2001; Viuff et al., 2002). Be-
cause of an irreversible developmental block in in vitro cultured porcine nuclear 
transfer-derived embryos a hypothesis about the limiting effect of the timing of 
the embryonic genome activation was proposed. It suggests that achieving full 
development after transplantation of cell nuclei derived from embryos having 
over four blastomeres is practically impossible. Although a perceived impassable 
barrier in the form of blastomere cytokinesis inhibition in the in vitro culture of 
porcine cloned embryos has been overcome, in vitro developmental competences 
of embryos reconstructed from cell nuclei of embryos, which exceeded the stage 
of transcriptional activation of its own genome, were still very limited. Saito et 
al. (1992) and Terlouw et al. (1992) demonstrated that 1/8-1/16 blastomere cell 
nuclei are able, only to a small extent, to direct in vitro development of porcine 
clonal cybrids to the blastocyst stage (7 and 4.5% of blastocysts obtained, re-
spectively). However, Nagashima et al. (1997) reported that 15% of embryos 
reconstituted with morula cell nuclei developed to blastocyst stage. In this last 
experiment, recipient cytoplasts were derived from oocytes preactivated with DC 
pulses. However, while porcine primordial germ cells were fused with electrically 
preactivated or non-activated Met II oocytes, the embryos produced were unable 
to develop beyond the 4-cell stage (Liu et al., 1995). In vitro developmental po-
tential of embryos reconstructed with in vitro cultured somatic cell nuclei was also 
very low. The blastocyst formation (cavitation) rates among the embryos recon-
stituted with nuclei of foetal fibroblast cells in vitro cultured to 100% confluence 
state (contact inhibition of migration and cell growth) or serum starved (exposed 
to trophic deprivation) for 9-13 days, before microinjecting directly into ooplasts, 
or fusing with enucleated oocytes, were just 4-5% (Tao et al., 1999a,b). In turn, 
Miyoshi et al. (2000a) obtained only 3% blastocysts from oocytes reconstructed 
with cell nuclei of permanent embryonic stem cell-like cell lines established from 
inner cell mass (ICM) cells of hatched porcine blastocysts.

Against a background of all these studies conducted over the last decade, the 
achievement of full development, to the end of gestation, by only one embryo 
reconstructed using a four-cell blastomere nucleus, at the postembryonic genome 
transcriptional activation stage, is a significant accomplishment (Prather et al., 
1989, 1999). The reasons for this extremely low efficiency of embryo and somatic 
cloning of pigs were unknown and aroused many reservations, especially since 
it was impossible to repeat the results obtained by Prather et al. (1989, 1999) in 
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any later experiments. More and more doubts appeared also with regard to prob-
lems related to the inhibitory effect of comparatively early initiation of genome 
transcriptional activity on the in vitro development of porcine cloned embryos. 
Arguments in support of “the inhibitory theory” would make it easier to question 
the efficacy of Prather et al.’s report (1989, 1999), but these arguments tended to 
evaporate when the in vitro developmental block of porcine nuclear transfer-de-
rived embryos was overcome. They evaporated even further with the production 
of clones of mouse (Mus musculus L.), a species in which genome transcriptional 
activity begins at an earlier stage of embryogenesis (2-cell stage) than in pig, from 
nuclei of embryonic cells at post-transcriptional stage (Cheong et al., 1993; Kwon 
and Kono, 1996), and also from cumulus cell nuclei (Wakayama et al., 1998). 
These spectacular achievements brought conclusive evidence against the preced-
ing hypothesis. At present, the earlier failures in the field of pig cloning are attri-
buted not only to incomplete epigenetic reprogramming of somatic nuclei genome 
but also to inadequate systems of reconstituted porcine oocyte activation (Koo et 
al., 2000; Onishi et al., 2000; Polejaeva et al., 2000; Boquest et al., 2002).

It is beyond any doubt that the boom in studies of somatic cloning in other 
livestock species such as cattle, sheep, goats, which has occurred since the crucial 
discovery by Wilmut et al. (1997) has finally broken the “silence” of more than 
a decade concerning pig cloning. Thus the years 2000-2002 witnessed a real ex-
plosion of studies in nuclear transfer of pigs.

STEPS OF SOMATIC CELL NUCLEAR TRANSFER PROCEDURE AFFECTING EFFI-
CIENCY - IMPORTANT AND UNIQUE ASPECTS OF PIG CLONING TECHNOLOGY

Cloning competence of various somatic cell types

In the studies on pig somatic cloning over the last four years, nuclear donor cells 
derived from several different types of tissues collected from both foetuses and adult 
animals of both sexes have been used. Somatic cell nuclear transfer was used to 
produce a total of 90 live piglets from in vitro cultured: foetal fibroblast cells (Onishi 
et al., 2000; Park et al., 2001c; Boquest et al., 2002; Dai et al., 2002; De Sousa et 
al., 2002; Lai et al., 2002a,b; Walker et al., 2002; Hyun et al., 2003; Ramsoondar 
et al., 2003; Yin et al., 2003), skin fibroblasts (Bondioli et al., 2001), ear-derived 
fibroblasts (Park et al., 2002; Lee et al., 2003b), mural granulosa cells (Polejaeva et 
al., 2000), cells of an indefinite phenotype isolated from foetuses and their genital 
ridges (Betthauser et al., 2000), and heart cells (probably cardiomyocytes; Yin et al., 
2002). In the experiments aimed at determining the in vitro developmental abilities 
of reconstructed porcine embryos to compact morula and blastocyst stages, foetal 
fibroblasts (Tao et al., 1999a,b; Koo et al., 2000; Uhm et al., 2000; Verma et al., 
2000; Kuhholzer et al., 2000, 2001; Lai et al., 2001; Park et al., 2001b) or cumulus/
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mural granulosa cells (Cheong et al., 2000; Uhm et al., 2000; Park et al., 2001a; 
Martinez Diaz et al., 2002;  Nagashima et al., 2002; Lee et al., 2003b; Samiec et al., 
2003a,b) as well as ear skin fibroblasts of adult animals (Miyoshi et al., 2001; Roh 
and Hwang, 2002) were most often used as a source of donor nuclei. 

In contradistinction to the pig, in cattle and mice the successful (resulting in 
the birth of cloned offspring) tests were carried out with nuclear transfer of cells 
derived from many types of tissues, organs and body parts of adult individuals or 
foetuses, but the phenotype was easy to define only in the case of follicular (cu-
mulus and mural granulosa) cells (Kato et al., 1998; Wakayama et al., 1998; Wells 
et al., 1998, 1999; Skrzyszowska et al., 2000), colostrum-derived mammary gland 
epithelial cells (Kishi et al., 2000), leukocytes (Galli et al., 1999), B and T cells 
(bone marrow-dependent and thymus-dependent lymphocytes; Hochendlinger and 
Jaenish, 2002), immature Sertoli cells (Ogura et al., 2000), oviductal epithelial and 
uterine epithelial (endometrium) cells (Kato et al., 1998, 2000), adult skin fibroblast 
cells (Vignon et al., 1998; Zakhartchenko et al., 1999a; Kato et al., 2000; Kishi et 
al., 2000; Kubota et al., 2000), foetal fibroblast cells from muscle and skin biopsies 
(Cibelli et al., 1998; Vignon et al., 1998; Zakhartchenko et al., 1999b), and neural 
cells from the cerebral cortex of foetuses (Yamazaki et al., 2001). In the majority 
of cases, when somatic cells were collected from explants of ear tissue (Kato et al., 
2000), tail tip (Wakayama and Yanagimachi, 1999), muscle (Musculus longissimus 
dorsi) tissue (Shiga et al., 1999; Skrzyszowska et al., 2000), mammary gland (ud-
der; Wilmut et al., 1997; Zakhartchenko et al., 1999a; Kato et al., 2000), gonads, 
foetal lungs, liver and spleen tissue (Kato et al., 2000; Wakayama and Yanagimachi, 
2001), their phenotype was difficult to define. However, it can be supposed that in 
all these cases donor nuclei were fibroblast and fibrocyte cells. Nuclei of other so-
matic cells of definite phenotype, such as: neurons (brain neural cells; Wakayama et 
al., 1998), macrophages (Wakayama and Yanagimachi, 2001), mature Sertoli cells 
(sustentocytes; Wakayama et al., 1998), or also kidney cells (Kato et al., 2000) sup-
ported development of reconstructed embryos only to early gestation stages. It is 
not understood if the differences in developmental competences of porcine oocytes 
reconstituted by transplantation of different types of cells arise from different sus-
ceptibilities of their nuclei to chromatin remodeling and genome reprogramming in 
the cytoplasmic environment of Met II oocytes, or from other factors such as imper-
fection of the present enucleation methods, the nuclear transfer (oocyte reconstruc-
tion) techniques and the clonal cybrid activation procedures.

Coordination between donor cell type and cell cycle stage - effect of cell cycle 
stage synchronization

To specify the cell cycle stage and also donor cell type that allows efficient 
genetic modification of somatic cells and easy epigenetic genome reprogramming 
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or to establish such clonal cell lines is a crucial issue in porcine somatic cloning. 
That is why in the experiments by Kano (2002) and Nagashima et al. (2003), the 
pre-adipocyte cell lines derived from dedifferentiated mature adipocytes of the 
subcutaneous adipose tissue of adult pigs have recently been tested for nuclear 
transfer. Cell cycle synchronization at G0/G1 stages  by differentiation induction 
with a combined isobutyl-methylxanthine, dexamethasone, insulin treatment is 
unique to the progenitor cells of adipocytes. The cells immediately entered the 
G0 (quiescence) phase by artificially induced cytodifferentiation, with higher ef-
fectiveness of donor nuclei synchronization than the other standard methods such 
as trophic deprivation, cell contact inhibition at confluency state or chemically as-
sisted cell cycle coordination. Moreover, the frequency of apoptosis is low in the 
cell subpopulations synchronized by cytodifferentiation induction compared with 
other synchronization systems, including serum starvation, in vitro culture to total 
confluency point, and chemical treatment of donor cells with specific or non-spe-
cific cyclin dependent kinase (CDK) inhibitors such as roscovitine, butyrolactone 
or olomoucine, which are G1/G0 phase inductors (Nagashima et al., 2003). In pig 
somatic cloning technology, a source of donor nuclei is more frequently the cells 
whose mitotic cycle is transiently inhibited at G2/M phase borderline (checkpoint) 
by artificial synchronization with chemical mediators from a group of kariokinetic 
spindle microtubule polimerization inhibitors (Lai et al., 2001, 2002b; Miyoshi 
et al., 2001). Partial biodegradation of microtubular cytoskeleton as a result of 
somatic cell incubation in a colchicine (Lai et al., 2002b) or nocodazole solution 
(Miyoshi et al., 2001) causes reversible blocking of the cell division cycle at meta-
phase or slowing down of cell proliferating activity. In turn a decrease of mitotic 
cell division rate and delay, and consequently greater uniformity of the cell growth 
cycle rate reduces the degree of asynchrony in entering the G2/M stage in the ma-
jority of cells of the in vitro cultured subpopulation (clonal line). Almost complete 
coordination of the phase of the donor cell or karyoplast nuclear cycle and ooplast 
cytoplasmic cycle increases the ability of somatic nuclei for correct remodeling 
of the spatial conformation of chromatin and the epigenetic reprogramming of the 
genome inside the cytoplasmic microenvironment of the Met II recipient oocyte.

Reconstruction techniques of enucleated oocytes

Introduction of cell nuclei into the enucleated recipient cells, apart from enucle-
ation, is the most significant stage of the somatic cloning procedure. In pig soma-
tic cloning, one of the following two experimental systems is now being used. In 
the first system cell nuclei at G1 or G0 stage are introduced into enucleated, non-
activated Met II oocytes and simultaneously obtained clonal nuclear-cytoplasmic 
hybrids are activated (Uhm et al., 2000; Verma et al., 2000; Kuhholzer et al., 2001; 
Park et al., 2001b; Dai et al., 2002; Lai et al., 2002a,b; Hyun et al., 2003). In the 
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second system cell nuclei at G1, G1/G0 or G2/M stages are introduced into Met II 
ooplasts, which are activated 30 minutes to several hours (3-4 hours at the most) 
after nuclear transfer (Betthauser et al., 2000; Kuhholzer et al., 2000; Onishi et 
al., 2000; Bondioli et al., 2001; Lai et al., 2001; Park et al., 2001a; Boquest et al., 
2002; De Sousa et al., 2002; Hyun et al., 2003; Lee et al., 2003b; Ramsoondar et 
al., 2003; Samiec et al., 2003a,b). Microsurgical transfer of somatic nuclei can be 
an alternative method for clonal nuclear-cytoplasmic hybrid reconstruction (Tao 
et al., 1999; Kuhholzer et al., 2000; Onishi et al., 2000; Uhm et al., 2000; Lai et 
al., 2001; Park et al., 2001a; Nagashima et al., 2002; Samiec et al., 2003a,b) prior 
to cell fusion induced in the electric field. In terms of the molecular mechanisms 
of nuclear chromatin rearrangement, this has beneficial influences on epigenetic 
reprogramming and structural remodeling of exogenous genetic material. Also 
recent studies on pig cloning (Roh and Hwang, 2002) proved the effectiveness 
of piezo-driven microinjection of ear-derived fibroblast karyoplasts. In this study 
the percentage of viable oocytes after the cell nuclei transplantation procedure did 
not differ significantly from that of clonal cybrids reconstituted by the electrofu-
sion method. In addition, there is no significant difference in pseudo-pronuclear 
formation rate, cleavage activity, blastocyst formation rate or cell numbers in 
blastocysts between groups of porcine clonal cybrids reconstituted with ear skin - 
derived fibroblast nuclei by electrofusion and piezo-driven nuclear injection (Roh 
and Hwang, 2002). On the other hand, in the studies carried out by Nagashima et 
al. (2003), using foetal fibroblast cell nuclei simultaneous comparison between 
two nuclear transfer methods (ooplast-donor cell complex electrofusion and intra-
cytoplasmic piezo-electric microinjection into enucleated oocytes) revealed clear 
differences in the pattern of nuclear remodeling and developmental potential of 
embryos to blastocyst stage as well as in the morphological quality of the clonal 
blastocysts as measured by total cell number. However, considering the results of 
the majority of the studies for nuclear transfer in farmed livestock species (La-
cham-Kaplan et al., 2000; Ogura et al., 2000; Park et al., 2001a; Wakayama and 
Yanagimachi, 2001; Galli et al., 2002),  it can be concluded that intraooplasmic 
injection of karyoplasts prepared from cells at G0/G1 or G2/M stages of cell cycle 
could also increase considerably the total efficiency of somatic cloning in pigs and 
other mammalian species.

Artificial activation of reconstructed oocytes

An extremely important factor influencing the developmental potential of re-
constructed porcine oocytes is their activation procedure. In pig somatic cloning 
technology, the most often used activating stimuli are physical agents such as DC 
pulses (Onishi et al., 2000; Polejaeva et al., 2000; Bondioli et al., 2001; Lai et al., 
2001; Dai et al., 2002; De Sousa et al., 2002; Yin et al., 2002;  Hyun et al., 2003; 
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Lee et al., 2003b; Samiec et al., 2003a,b; Ramsoondar et al., 2003), or chemi-
cal agents such as ionomycin (Betthauser et al., 2000; Boquest et al., 2002; Roh 
and Hwang, 2002; Yin et al., 2002; Hyun et al., 2003; Samiec et al., 2003a,b) or 
thimerosal in combination with dithiothreitol (Tao et al., 1999a,b; Kuhholzer et 
al., 2000). The current intensive studies on improving artificial activation methods 
of porcine cytoplasmic hybrids (cybrids) are chiefly aimed at optimizing tech-
nical parameters of the electrical field such as strength, duration of DC pulses, 
number of pulses and time interval between them. Alternatively, and more often, 
they are aimed at associating an activating stimulus, most frequently ionomycin, 
Ca ionophore A23187 or DC pulses with agents such as 6-dimethylaminopurine 
(6-DMAP; Betthauser et al., 2000; Boquest et al., 2002; Roh and Hwang, 2002; 
Yin et al., 2002; Hyun et al., 2003) and butyrolactone (Yin et al., 2002) which 
block the activity of cyclin-dependent protein kinases (CDKs) or agents that in-
hibit protein synthesis (translation). Here an example is cycloheximide (CHXM; 
Cheong et al., 2000; Martinez Diaz et al., 2002; Yin et al., 2002; Lee et al., 2003b; 
Samiec et al., 2003a,b).

THE POSSIBILITIES OF PRACTICAL APPLICATION OF PIG SOMATIC 
CLONING IN GENETIC MODIFICATION (TRANSGENESIS)

While, in other species of farm animals, somatic cloning led to numerous 
clones, represented by individuals of both sexes, in the pig (Sus scrofa domesti-
cus L.) obtaining the reconstructed blastocysts in the in vitro culture system was 
for many years a problem. Until recently, production of pig genetic copies was 
impossible, mainly because porcine somatic cell nuclei are for some unknown 
reason more resistant to reprogramming than somatic cell nuclei of other species 
of animals. At the present stage of investigations the efficiency of somatic clon-
ing technology in pigs is still lower than in other species of farm animals and as 
a rule, in relation to the number of the reconstructed oocytes it does not exceed 
an average of 5 to 10% blastocysts and 1.5% piglets born. The basic prerequisite 
for practical application of this technology is to ensure improved efficiency, 
which requires carrying out further detailed studies. Development of the studies 
on pig somatic cloning, especially in recent years, was inspired not only by the 
necessity of quick improvement in the efficiency of the nuclear transfer tech-
nique in this species, but above all by the possibility of its practical application 
for multiplication of transgenic piglets, on the grounds of important implications 
for transplantation medicine, immunology and pharmacy. The recent reports of 
successful pig cloning with the use of nuclei of non-transfected differentiated 
cells as DNA donors (Betthauser et al., 2000; Onishi et al., 2000; Boquest et al., 
2002; De Sousa et al., 2002; Walker et al., 2002) and production of transgenic 
pigs (expressing gene encoding enhanced green fluorescent protein) by nuclear 
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transfer of in vitro transfected somatic cells (Park et al., 2001c, 2002; Lai et al., 
2002b; Hyun et al., 2003) may indicate the approaching phase of intensive tests 
on transplantation of genetically-transformed porcine organs into non-human 
primates and eventually human recipients (pig-to-human-xenotransplantation). 
So too does the production of cloned piglets generated from cultured skin fibro-
blasts derived from a H-transferase (α-1,2-fucosylosyltransferase; α-1,2-FT) 
transgenic boar (Bondioli et al., 2001). Unfortunately, attempts at transplanting 
vascularized pig organs always result in their hyperacute vascular rejection 
(HAR; Joziasse and Oriol, 1999). It seems that only organs of transgenic pigs, 
which would have the expression of genes “humanizing” their cells, would con-
stitute desirable material for xenogeneic transplants. A major hindrance to the 
common use of pig organs in medicinal transplantology is immunological incom-
patibility, above all by way of species specific major histocompatibility com-
plexes (MHC): human (HLA; human leukocyte antigens) and porcine (SLA; 
swine leukocyte antigens). However, a deficit of organs for human allotransplan-
tation became a stimulus for a search of new, alternative sources of grafts. It has 
been postulated for a long time that genetically-modified pigs can provide (con-
sidering the high fertility and prolificacy of this species) a virtually unlimited 
source of xenograft donors. Xenotransplantation of porcine organs is also an at-
tractive option because of their compatible size, physiology and anatomy 
(Joziasse and Oriol, 1999). The use of targeted exogenous DNA construct intro-
duction (locus-specific genetic modification; Figure 1) by chosen transfection 
methods of in vitro cultured populations (clonal lines) of porcine somatic cells, 
and then fusion (or intraooplasmic microinjection) of so prepared donor nuclei 
with in vitro or in vivo matured recipient oocytes could lead to numerous pig 
clones. These could produce, for example, human MHC antigens (HLA), various 
immunosuppressive proteins, or inhibitors of cytotoxicity of complement system 
(such as human C3 convertase decay-accelerating factor; CD55/DAF), or 
“masked” epitopes by competitive inhibition of α-1,3-galactosyltransferase 
(α-1,3-GT) by α-1,2-fucosylosyltransferase (Joziasse and Oriol, 1999; Thomson 
et al., 2003). It could also lead to pig clones with such genes inactivated by 
“knock-out” technique (homologous recombination; Figure 1). This involves 
encoding enzymes which catalyse the addition of different antigenic determinant 
fragments (xenogeneic oligosaccharide residues) to the plasma membrane glyco-
proteins and glycolipids (for example α-1,3-GT allele, locus GGTA1), that are 
responsible for hyperacute vascular rejection (HAR) of xenografts (xenogeneic 
transplants), as a result of immunoreaction with human preformed xenoreactive 
antibodies (mainly anti-Gal antibodies, directed against galactosyl-α-1,3-galac-
tose epitopes on the surface of porcine endothelial graft cells; Joziasse and Oriol, 
1999; Galili, 2001; Thomson et al., 2003). Transgenesis (with application of gene 
targeting; Figure 1), in conjuction with somatic cloning, could provide, in the 
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near future, a basis for the generation and multiplication of a pig population with 
such genetically transformed (“humanized”) immunological system and blocked 
expression of many epitopes. This population would provide a source of xe-
nograft donors with substantially extended survival rate (increased resistance to 
HAR) in primate recipients. The cloning of all livestock species (Schnieke et al., 
1997; Cibelli et al., 1998; Baguisi et al., 1999; Keefer et al., 2001) by somatic cell 
nuclear transfer provides an alternative means of targeted disruption or deletion 
of genes in mammals. The obtaining of cloned sheep with targeted insertions at 
the ovine α1(I)-procollagen (COLIA1) locus showed that viable animals can be 
produced by nuclear transfer with gene-targeted cultured foetal fibroblasts 
(McCreath et al., 2000). The α-1,3-GT gene and the prion protein (PrP) gene 
have recently been successfully deleted in ovine foetal fibroblasts and in foetuses 
cloned from these donor cell nuclei genetically modified by homologous recom-
bination (Denning et al., 2001). Although no viable offspring resulted, these ex-
periments showed that disruption of α-1,3-GT gene using somatic nuclei trans-
plantation techniques is feasible in farm animals. Dai et al. (2002) and Lai et al. 
(2002) have recently conducted the targeted mutagenesis (Figure 1) of one allele 
of the GGTA1 locus in porcine foetal fibroblasts and produced a total of nine live 
female α-1,3-GT knock-out piglets by nuclear transfer of these cells. In turn, 
Ramsoondar et al. (2003) have created a total of six genetically engineered male 
piglets that possess an α-1,3-GT knock-out allele, but four of them express ad-
ditionally a randomly inserted human H-transferase (α-1,2-FT) transgene. This 
was the first study to use Southern blot analysis to demonstrate the disruption of 
the α-1,3-GT gene in somatic α-1,2-FT-transgenic pig cells (foetal fibroblasts) 
before they were used for nuclear transfer (Ramsoondar et al., 2003). The gene-
ration of homozygous α-1,3-GT knock-out boars with the α-1,2-FT-transgenic 
background is underway and will be unique (Phelps et al., 2003; Ramsoondar et 
al., 2003). This approach intends to combine the α-1,3-GT knock-out genotype 
with a ubiquitously expressed α-1,2-fucosylosyltransferase transgene producing 
the universally tolerated H antigen on cell membrane surface. Such genetic 
modification of cloned pigs may prove to be more effective than the α-1,3-GT 
null phenotype alone in overcoming hyperacute rejection and delayed xenograft 
rejection, because the galactosyl-α-1,3-galactose epitopes can be downregulated 
by competitive inhibition between α-1,3-GT and α-1,2-FT for the common ac-
ceptor substrate N-acetyl lactosamine (Joziasse and Oriol, 1999; Galili, 2001; 
Ramsoondar et al., 2003; Thomson et al., 2003). More recently, the second allele 
of α-1,3-GT gene has also been inactivated by selection of a T-to-G single point 
mutation at the second base of exon 9, which resulted in knock-out of the gene. 
Four healthy gilts with double knock-out of α-1,3-GT gene (one allele of GGTA1 
locus by targeted disruption and the second by selection procedure of point muta-
tion) were obtained by nuclear transfer (Phelps et al., 2003). In contradistinction 
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Figure 1. Schema of targeted mutagenesis by technique of insertion inactivation (knock-out) allele 
of certain gene 
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to α-1,3-GT-semideficient cloned pigs, complete removal of galactosyl-α-1,3-
galactose epitopes in the organs of α-1,3-GT-deficient cloned piglets may be the 
critical step toward the success of xenotransplantation.

Recapitulating, somatic cell nuclear transfer in pigs is the most promising 
technology to achieve the targeted disruption of the α-1,3-GT gene, in that donor 
cells can be genetically transformed before nuclear transplantation using existing 
technologies. The major limitation to the genetic modification of donor cell nuclei 
is the length of time, for which transfected cells must be cultured in vitro to al-
low selection, clonal line growth, and genetic testing preceding nuclear transfer. 
Undoubtedly the ability of these cells to undergo a second cycle of gene targeting 
to remove a second allele could be diminished. However, genetically manipulated 
donor cells can be used to produce a cloned foetus or adult animal, thus providing 
cells that can be used for additional rounds of targeted mutagenesis (knock-out) 
to delete or disrupt a second allele, or to target additional genes encoding the im-
munoproteins responsible for hyperacute or acute rejection of xenogeneic grafts 
(Thomson et al., 2003; Wang and Zhou, 2003). The prospect of transgenesis 
and somatic cell nuclear transfer combination also opens up new possibilities 
for production of animal bioreactors synthesizing and supplying, in blood and 
natural (physiological) body excreta and secretions (urine, milk), human proteins 
and hormones. These products include different biopharmaceuticals/therapeutic 
proteins (human haemoglobin in porcine erythrocytes, human insulin, VIII and 
IX blood coagulation/clotting factor, human antithrombin III, α-1-antitrypsin and 
others; Swanson et al., 1992; Sharma et al., 1994; Schnieke et al., 1997; Baguisi et 
al., 1999; McCreath et al., 2000; Keefer et al., 2001; Lee et al., 2003b).

FUTURE GOALS, CHALLENGES AND HURDLES TO SOMATIC CLONING IN 
PIGS AND OTHER MAMMAL SPECIES

Effective pig somatic cloning, avoiding the sexual reproduction pathway, cre-
ates a possibility of providing numerous monogenetic offspring derived not only 
from transgenic individuals, but also from adult (postpubertal) animals selected 
for outstanding (remarkable) traits of breeding (genetic) and productive value. It 
is commonly believed that somatic cloning could accelerate the rate of genetic 
progress, producing in a short time many identical animals with the most desi-
rable, accurately defined genotypes. However, it is often forgotten that the animals 
obtained by somatic cloning are only “genetic copies” of the genome contained in 
the nucleus of the donor cell, and not an accurate phenotypic replica of the animal 
that donated the cells. Omitted from the effects on identity of produced clones are 
such factors as: genetic and chromosome mutations of nuclear and mitochondrial 
(mt) DNA, oocytic and somatic mtDNA hybridization (heteroplasmy). Also omit-
ted are maternal effects caused by recipient surrogates, e.g., intrauterine environ-
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ment and steroid hormonal profile of recipient females. In addition and, not with-
out significance are the costs of somatic cloning, which at present are completely 
unprofitable for breeders. Nevertheless, taking into account the technology of in 
vitro culture and establishment of permanent cell lines from different types of 
somatic cells isolated from adult individuals or porcine foetuses, the quantity of 
donor cell nuclei subpopulations, and consequently the quantity of clones could 
be considerably increased. This aim can also be attained by the use of multiple 
cloning procedures involving serial nuclear transfer (Galli et al., 1999; Wells et 
al., 1999; Zakhartchenko et al., 1999b; Polejaeva et al., 2000; Ono et al., 2001).

Analysis of nuclear-cytoplasmic interactions in the hybridic cells produced by 
nuclei transplantation of differentiated cells into “apparently undifferentiated” 
oocyte cytoplasm enables better understanding of cytodifferentiation regulatory 
mechanisms. It may also contribute to broader understanding of cell and organism 
aging mechanisms. For genetic improvement of pigs, somatic cloning – even if 
it becomes as efficient as sexual reproduction - will be of little use, as it reduces 
population variability. Cloned individuals are of course “delayed” twin siblings 
of their own progenitory prototype. That is why multiplication of them decreases, 
in the long term, genetic progress. However, as has already been mentioned, the 
technology promotes the multiplication of productively-valuable individuals, and 
consequently allows also for standardization of farm animal-derived products, 
which in the context of market requirements, will have growing significance. Ge-
netically modified pig cloning for biomedical purposes to obtain biopreparations 
or organs suitable in medicine transplantology, or to create cell (gene) therapy 
foundations for a number of serious monogenic diseases, is seen as a service to 
humanity. At present the work involved in solving the specific problems of so-
matic cloning is arduous. The majority of these problems however are likely to 
be solved in the near future. This will make cloning technology safe, i.e. the cases 
of individuals born with developmental abnormalities, as a result of its use, will 
not be more frequent than in natural reproduction. Somatic cloning, in spite of 
many spectacular achievements, brings more and more questions, which remain 
yet unanswered. It is beyond any doubt that the technical possibilities which ena-
bled the production of cloned animals, exceeded understanding of the associated 
biological conditions, in particular the molecular aspects of the technology. While 
tremendous progress in the field of somatic cloning has been achieved during the 
past few years with the birth of numerous offspring of different mammal spe-
cies worldwide, the overall efficiency remains low. The current high incidence of 
pre- and/or postimplantation embryonic, foetal as well as perinatal abnormalities 
limits the practical applications of somatic cloning and contributes to the negative 
perception of this assisted reproduction technology (ART) to society. The aims are 
to understand the mechanisms involved in cell nucleus reprogramming, which can 
lead to the pathologic syndromes.



226 PIG CLONING STUDIES  227SAMIEC M.

Molecular mechanisms of remodeling/reprogramming of donor nuclear genome 
in the somatic cloning of mammals – main problems limiting efficiency of nuclear 
transfer 

The basic assumption of somatic cloning is the fact that the donor cell nucleus 
has to be completely reprogrammed by specific oocytic agents in such a way as to 
support the development of the reconstituted embryo to term. It is now believed 
that the chief cause, both of low developmental potential of nuclear transferred 
embryos and foetuses, and the lethal anatomo- and histopathological defects in the 
foetal and extrafoetal (placental) tissues as well as immune dysfunction is abnor-
mal adaptation of transplanted somatic nuclei to the biochemical conditions of the 
oocyte cytoplasmic microenvironment (Hill et al., 2000; Kikyo and Wolffe, 2000; 
Dean et al., 2001, 2003; De Sousa et al., 2001; Ono et al., 2001; Surani, 2001; 
Chavatte-Palmer et al., 2002; Heyman et al., 2002). In other words, it is their 
incomplete and/or defective remodeling/reprogramming in the cytoplasm of enu-
cleated oocyte (ooplast), that gives rise to problems. Moreover, no consistent defi-
nition of cell nuclei reprogramming has been provided so far. It can be assumed, 
however, that this process comprises all the changes to which cell nuclei are sub-
jected after introduction into ooplasts, and which lead to structural and functional 
assimilation of these nuclei to zygote pronuclei. The remodeling of introduced cell 
nuclei would then include consequent transformations, occurring within somatic 
chromatin, of its spatial conformation collectively defined as denomination of 
constitutional and metabolic rearrangement of nuclear genetic apparatus (Han et 
al., 2003; Reik et al., 2003; Shi et al., 2003a). As has been mentioned, the somatic 
nuclei which are remodeled after artificial activation of reconstructed oocytes, and 
arrested at Met II meiotic division block, not only resemble morphologically but 
also imitate cytophysiologically, interphase nuclei which are formed after oocyte 
fertilization. That is why in the nuclear transfer embryos at 1-cell stage are very 
often known as pseudopronuclei or apparent pronuclei as well as spurious pronu-
clei and presumptive/pretended pronuclei. But, in spite of undergoing the series 
of ultrastructural and biochemical changes such as nuclear envelope break-down 
(NEBD), dispersion of nucleoli, premature chromosome condensation (PCC) be-
fore oocyte activation, and also chromosome decondensation, nuclear envelope 
restoration as well as intensive nucleologenesis and nuclear swelling, after oocyte 
activation, these pseudopronuclei are not yet fully reprogrammed. They are there-
fore unable to direct the entire pre- and/or postimplantation development of clonal 
embryos and foetuses (Kang et al., 2001a,b; Renard et al., 2002; Vignon et al., 
2002; Campbell and Alberio, 2003; Cezar et al., 2003). It therefore follows from 
this that functional reprogramming of remodeled somatic nuclei is not a one-step 
(a single-phase) biochemical process, but rather a multi-stage one, and it takes 
place in the blastomere nuclei in cycles of all preimplantation phases of embryo-
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genesis. At the present stage of investigations it is assumed that a complete and 
correct reprogramming process would affect epigenetic modifications of the so-
matic genome leading to frequency changes in the degree of expression of several 
embryonic genes as a result of silencing (repression) or enhancing (stimulation) 
of their transcriptional activity (Kono, 1997; Campbell, 1999b; Rideout III et al., 
2001; Inoue et al., 2002; Bortvin et al., 2003; Mann et al., 2003). 

Successful cloning of animals requires epigenetic reprogramming of the dif-
ferentiated state of the donor cell nucleus to a totipotent embryonic state. It means 
that the donor nuclei must cease its own program of gene expression and restore 
a particular program of the embryonic genome expression (transcriptional activi-
ty) necessary for normal development (Dean et al., 2001; Surani, 2001; Shi et 
al., 2003a). Epigenetic modifications, such as donor genomic DNA methylation 
and its likely interaction with histone deacetylation and methylation, have been 
considered to be candidates regulating nuclear reprogramming (Reik et al., 2001; 
Rideout III et al., 2001; Bortvin et al., 2003). In early stages of clonal mammalian 
embryo development two-step changes in the somatic tissue-specific pattern of 
donor genomic DNA methylation occur, which are related to epigenetic nuclear 
reprogramming. The most dramatic changes in the DNA methylation level oc-
cur throughout the preimplantation development of cloned embryos and during 
gametogenesis of cloned foetuses (Latham, 1999; Cezar et al., 2003). During 
early embryonic development, the overall methylation level of somatic genetic 
apparatus sharply decreases and reaches a low point at the blastocyst stage. The 
process of epigenetic reprogramming in early NT embryos erases gamete-specific 
methylation patterns inherited from the parental genome of nuclear donor cells. 
This somatic DNA-wide demethylation process may be crucial for the forma-
tion of pluripotent stem cells that are important for the later development at the 
gastrulation stage. During the postimplantation phase of embryogenesis and fe-
togenesis, a wave of de novo methylation of genetic material takes place and most 
of the genomic DNA is methylated at defined developmental timepoints (Kang 
et al., 2001a,b; Reik et al., 2001; Enright et al., 2003). Another demethylation/
remethylation unique cycle of epigenetic reprogramming occurs throughout 
gametogenesis and is necessary for resetting of parental donor genome imprint-
ing (Inoue et al., 2002; Dean et al., 2003; Lee et al., 2003a). Expression profiles 
of several imprinted genes (among others insulin-like growth factor 2/Igf2 gene, 
Igf2 receptor/Igf2r gene, H19 foetal liver mRNA gene, small nuclear ribonucleo-
protein N/Snrpn gene) have been analysed in both cloned and in vitro-produced 
(IVP) pre- and postimplantation embryos and foetuses of such mammal species 
as mouse, cattle and sheep. Imprinting of parental genome is correlated with the 
methylation of normally unmethylated 5′-cytidine-3′-monophosphate-5′-gua-
nosine-3′ (CpG) islands in the differently methylated regions (DMRs) of the 
uniparentally exprimed alleles of the nuclear DNA genes. Genes expressed exclu-
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sively from the maternal allele (i.e. paternally methylated) such as Igf2r or H19 
should be represented by a higher relative abundance of transcriptional products 
in parthenogenetic embryos whereas paternally expressed genes (i.e. maternally 
methylated) such as Igf2 should be correlated with a higher gene expression in 
IVP and cloned embryos carrying one paternal and one maternal allele (Young et 
al., 2001; Inoue et al., 2002; Lee et al., 2003a; Mann et al., 2003; Ogawa et al., 
2003; Shi et al., 2003a). Aberrations in the methylation status (i.e. inappropriate 
epigenetic reprogramming) and faithful expression of imprinted genes, which are 
developmentally important, are thought to be involved in the Large Offspring 
Syndrome (LOS). The LOS is frequently observed in offspring derived from IVP 
and cloned embryos which have been exposed to specific culture conditions (the 
use of foetal bovine serum/FBS-supplemented medium or coculture system) be-
fore their transfer into recipient females (Young et al., 1998, 2001; Eggan et al., 
2001; Chavatte-Palmer et al., 2002; Inoue et al., 2002; Han et al., 2003; Lee et 
al., 2003a; Reik et al., 2003). It causes important late foetal losses not only in IVP 
embryos, but also the considerable decrease of the overall efficiency of cloning in 
mice and ruminants (Dean et al., 2001, 2003; Chavatte-Palmer et al., 2002; Hey-
man et al., 2002). In this syndrome, perinatal deaths are associated with abnormal 
placental development which involve, among others, hydrops/hydroallantois, 
placental hypertrophy, anomalies in the formation of spongiotrophoblasts and 
the labyrinthine layers in murine placentas, enlarged edematous placentomes in 
reduced numbers in bovine and ovine placentas. Another typical malformations 
of the in vitro-derived cloned embryos which are related to LOS are excessive 
foetal growth and thereby increased birth weight as well as asynchronous growth 
of organs (Cibelli et al., 1998; Wakayama et al., 1998; Young et al., 1998, 2001; 
Hill et al., 1999, 2000; Lanza et al., 2000b; McCreath et al., 2000; De Sousa et al., 
2001; Eggan et al., 2001; Ono et al., 2001; Chavatte-Palmer et al., 2002; Heyman 
et al., 2002). There is higher incidence of LOS in clones produced from somatic 
and embryonic stem (ES) cells compared with clones produced from non-cultured 
embryonic cells and in all clones compared with IVP embryos (Young et al., 2001; 
Heyman et al., 2002; Inoue et al., 2002; Han et al., 2003; Ogawa et al., 2003). This 
raises the question of whether the high incidence of LOS-related gestation losses 
after cloning is mainly due to in vitro culture conditions or to associated repro-
gramming effects of the imprinting memory of donor genome in nuclear trans-
ferred and IVP embryos. The recent studies show that increasing evidence has 
pointed towards epigenetic deregulation of imprinted genes due to incomplete or 
abnormal resetting of donor DNA methylation and/or histone acetylation patterns 
during embryo and foetal development (Reik et al., 2001, 2003; Enright et al., 
2003; Lee et al., 2003a; Han et al., 2003; Mann et al., 2003). It has been reported 
that epigenetic alteration of the imprinted (maternally expressed) Igf2r and H19 
DMR segments and thereby abnormal expression (i.e. decreased transcription or 
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suppression) of the corresponding genes have been detected in both sheep LOS 
foetuses derived from IVP embryos and mouse LOS foetuses produced by nuclear 
transfer of somatic or embryonic stem cells. In contrast, the transcription of P0, 
which is a placental-specific transcript variant of Igf2, increased at more than four 
times the control in placenta of cloned mouse foetuses at day 12.5 of gestation. 
Control embryos were produced by pronuclear transfer, in which Met II oocytes 
were fertilized in vitro and the resultant pronuclei were transferred into enucle-
ated eggs of allogeneic origin (Young et al., 2001; Inoue et al., 2002; Mann et al., 
2003; Ogawa et al., 2003). By contrast, expression of Igf2 gene was not changed 
in foetal tissues of clones. Rather than acting to signal the presence of the insulin-
like growth factor to the cell the IGF2 receptor is believed to remove and destroy 
IGF2. In these conditions the peripheral concentration of IGF2 would be expected 
to be higher and acting to increase growth of cloned foetuses (Latham, 1999; 
Eggan et al., 2001; Rideout III et al., 2001; Young et al., 2001; Chavatte-Palmer 
et al., 2002; Inoue et al., 2002; Lee et al., 2003a; Mann et al., 2003; Ogawa et al., 
2003; Reik et al., 2003; Shi et al., 2003a). 

Recapitulating, the dynamic, several-step epigenetic modifications of donor ge-
nome after somatic cell nuclear transfer (i.e. clonal cybrid reconstruction) include 
among others, processes of chromatin structure remodeling (Dean et al., 2001; 
Rideout III et al., 2001; Vignon et al., 2002; Bortvin et al., 2003), global changes in 
overall DNA methylation status (Kikyo and Wolffe, 2000; Archer et al., 2003; Ce-
zar et al., 2003), uniparental (monoallelic) expression of imprinted genes (Latham, 
1999; Dean et al., 2003; Mann et al., 2003), restoration of telomere length (Lanza et 
al., 2000b; Tian et al., 2000; Cui et al., 2003; Shi et al., 2003b), and also X chromo-
some inactivation in female clones (Eggan et al., 2000; Wrenzycki et al., 2002). All 
these events, which take place synchronously with donor nuclear cycle progression 
in the cytoplasmic microenvironment of embryonic cells, lead to global rearrange-
ment of the somatic genetic apparatus, at various stages of pre- and postimplanta-
tion development (Campbell, 1999a,b; Surani, 2001; Campbell and Alberio, 2003; 
Cezar et al., 2003; Enright et al., 2003). The remodeling and reprogramming of 
somatic nuclear apparatus is a result of interaction of factors accumulated in the 
nucleoplasm and attached to the chromatin, configured in the form of metaphase 
plate in consequence of appropriate rearrangement of its spatial structure and nu-
cleosome repression, with protein factors of recipient cell (oocyte) cytoplasm. This 
shows that these processes, crucial for mammalian somatic cloning, are not a direct 
effect of conformance of the exogenous genetic material to cytophysiological con-
ditions of Met II ooplast. That is why the nucleus of a somatic cell has a tendency 
towards minimizing the degree of expression of its developmental program after 
its introduction into foreign cytoplasm of allogenic origin (Campbell, 1999a; Ride-
out III et al., 2001; Renard et al., 2002; Campbell and Alberio, 2003). In turn, the 
low contribution of realizing the somatic genetic program in the preimplantation 
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development of reconstituted embryos should be revealed in conservation through 
donor nuclear apparatus the competence for easy adaptation to the meiotic to mitotic 
transition of cell cycle control of activated clonal cybrids (Kono, 1997; Campbell, 
1999a,b; Fissore et al., 1999; Vignon et al., 2002). On the other hand, this process 
is related to the compatibilities in interactions of donor nucleus with the recipient 
cytoplasm (i.e. coordination of nuclear and ooplasmic events) after embryo recon-
struction (Campbell and Alberio, 2003). However, the abilities of transplanted cell 
nuclei to fully direct the developmental program of reconstructed embryos are most 
likely the result of correct course of molecular mechanisms accompanying both 
nuclear chromatin remodeling and reprogramming of somatic cell genome. Proper 
rearrangement of exogenous genetic apparatus induces only the program of active 
action donor genomic DNA on the hybridic clonal embryo cytoplasm and on the mi-
tochondrial DNA (mtDNA) molecules of heteroplasmic origin and from ooplasmic 
(maternal) inheritance (Cummins, 2001a,b; Garesse and Vallejo, 2001; Brüggerhoff 
et al., 2002; Dean et al., 2003; Shi et al., 2003a).

Based on these findings, expression profiles of different genes of somatic nu-
clear genome that are important for embryonic and foetal development or survival 
rate should be studied more closely in the early stages of cloned embryos. So far, 
however, the precise mechanism for the epigenetic anomalies in the nuclear trans-
ferred embryos remains unclear. The characterization of more parameters that 
affect the developmental competences of the embryos helps the current nuclear 
transfer technology to identify its problems and to address what should be done to 
resolve them. It is reasonable that preimplantation cloned embryos are one of the 
most valuable materials for studies on epigenetic reprogramming. Therefore, to 
improve the efficiency of the present cloning methods, more extensive investiga-
tions should be performed on molecular mechanisms underlying the reprogram-
ming of donor cell genome during early embryogenesis.
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STRESZCZENIE

Rozwój badań nad klonowaniem świń: przeszłość, teraźniejszość i przyszłość

Pierwsze sklonowane prosię uzyskano w wyniku transplantacji jądra komórki pochodzącej 
z zarodka 4-blastomerowego. Mimo, że w ostatnich latach odnotowano ogromny postęp w zakresie 
biotechnologii rozrodu świń, to na obecnym etapie badań wydajność technologii klonowania so-
matycznego świń jest ciągle mniejsza niż u innych gatunków zwierząt gospodarskich i z reguły nie 
przekracza średnio 5 do 10% uzyskanych blastocyst oraz 1,5% urodzonych prosiąt w stosunku do 
liczby zrekonstruowanych oocytów. Podstawowym warunkiem praktycznego stosowania tej metody 
musi być zatem jej zadowalająca efektywność, co wymaga prowadzenia dalszych, szczegółowych 
badań.

Rozwój badań nad klonowaniem somatycznym świń, szczególnie w ostatnich latach, był po-
dyktowany nie tylko koniecznością szybkiej poprawy skuteczności techniki transplantacji jąder 
komórkowych u tego gatunku, lecz przede wszystkim możliwością jej praktycznego zastosowania 
do multiplikacji transgenicznych prosiąt, ze względu na ważne implikacje w medycynie i immu-
nologii transplantacyjnej, a także farmacji i hodowli zwierząt. Deficyt narządów do allotransplan-
tacji u ludzi stał się bodźcem do poszukiwania nowych, alternatywnych źródeł przeszczepów. 
Dlatego też szczególnie atrakcyjną perspektywą klonowania somatycznego świń jest możliwość 
wykorzystania narządów transgenicznych świń w ksenotransplantacji z powodu ich porównywalnej 
z organami ludzkimi wielkości, anatomii, fizjologii, a także potencjalnie szerokiej dostępności.


