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ABSTRACT 

 
Mammalian somatic cell cloning by nuclear transfer is relatively a new reproductive biotechnique with many potential applications. 
However, at the current stage of development, the reprogramming of epigenetic inheritance by nuclear transfer is still inefficient. The 

variable conception or birth rates currently associated with cloning in mammals cannot be cited as justification for not embracing this 

technology as the future use of therapeutic cloning and of embryonic stem cells in tissue and cell therapy will be determined by its 
help. Similarly the role of cloning in producing transgenic livestock is unequivocal. Therefore, it would be shortsighted to reject it out 

of hand until we learn more about its possible future role in therapeutic medicine and animal biotechnology. Further efforts and new 

paradigms are needed to perfect this biological tool and extend it to its fullest potential.  
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INTRODUCTION 

 

Somatic cell nuclear transfer (SCNT) is a process by which nucleus (DNA) is moved from a donor cell to an 

enucleated recipient cell to create an exact genetic match of the donor. If this happens to be a viable embryo that 

proceeds to term, the resulting offspring has the same genetic complement of the original donor, except for the 

mitochondrial donor, which is derived from the recipient (Wolf et al., 2001; Yang et al., 2004).  

 The success of cloning an entire animal, Dolly, from a differentiated adult mammary epithelial cell (Wilmut et 

al., 1997) has created a revolution in reproductive biology. It demonstrated that genes inactivated during tissue 

differentiation can be completely re-activated by a process called nuclear reprogramming: the reversion of a 

differentiated nucleus back to a totipotent status. Somatic cloning may be used to generate multiple copies of 

genetically elite farm animals, to produce transgenic animals for pharmaceutical protein production or xeno-

transplantation (Anderson and Seidel, 1998; Stice et al., 1998; Robl, 1999; Polejaeva and Campbell, 2000; Paris et 

al., 2004), and to conserve rare or endangered species (Andrabi and Maxwell, 2006). With optimization, it also 

promises enormous biomedical potential for therapeutic cloning and allo-transplantation (Lanza et al., 1999). In 

addition to its practical applications, cloning has become an essential tool for studying gene function (Capecchi, 

2000), genomic imprinting (Solter, 1998), genomic re-programming (De Sousa et al., 1999; Munsie et al., 2000; 

Winger et al., 2000; Surani et al., 2001), regulation of development, genetic diseases, and gene therapy (Tian et al., 

2003). 

The objectives of this paper are to review the successes of the nuclear transfer procedure in mammals since the 

production of Dolly, the sheep. In particular, we would review the major causes of lower efficiency of the procedure 

and discuss studies which have modified the procedure in ways which may impact on development of clones. 

 

Efficacy of cloning procedure 

The ultimate challenge of cloning using SCNT involves reprogramming a somatic nucleus in a manner 

conducive for embryonic development. A first landmark study in this regard was carried out by Wilmut et al. (1997) 

and cloning of a sheep triggered a wide interest in mammalian cloning followed by a number of mammalian clones 

created from adult or fetal cell nuclei. A summary of cloned mammals and the efficiency of the cloning technique in 

respective species are presented in Table 1. 

For successful SCNT, Campbell et al. (1996) suggested that by inducing the donor cell to exit the growth phase, 

which in return can cause changes in chromatin structure, reprogramming of gene expression will be facilitated and 

that development would be normal if nuclei are used from a variety of differentiated donor cells in similar regimes. 

Later, transforming the above suggestion into reality, Wilmut et al. (1997) reported the birth of live lambs from 

three new cell populations established from mammary gland, fetus and embryo. The fact that a lamb was derived 

from an adult cell confirmed that differentiation of that cell did not involve the irreversible modification of genetic 

material required for development to term. The birth of lambs from differentiated fetal and adult cells also proved 

that by inducing donor cells to become quiescent it will be possible to obtain normal development from a wide 

variety of differentiated cells (Wilmut et al., 1997). 
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Table 1.  List of cloned mammals 

 

Species/ 

Breed 

 

Donor cells 

 

Cloning efficiency (Live 

birth/manipulated oocytes; %) 

 

References  

 

Sheep 

 

Mammary epithelial cells 

 

1/227 (0.4%) 

 

Wilmut et al., 1997 

Mouse Cumulus cells 41/2468 (1.7%) Wakayama et al., 1998 

Bovine Cumulus cells and Oviduct cells 5/99 (5.0%) and 3/150 (2.0%) Kato et al., 1998 

Bovine Fetal fibroblasts 4/276 (1.4%) Cibelli et al., 1998 

Goat Fetal fibroblasts 3/285 (1.1%) Baguisi et al., 1999 

Pig Fetal fibroblast 1/210 (0.5%) Onishi et al., 2000 

Pig Adult granulosa cells 5/183 (2.7%) Polejaeva et al., 2000 

Pig Fetal cells Not available Betthauser et al., 2000 

Rabbit Cumulus cells 6/1852 (0.3%) Chesne et al., 2002 

Cat Cumulus cells Not available Shin et al., 2002 

Mule Fetal fibroblasts 1/334 (0.3%) Woods et al., 2003 

Horse Fibroblasts 1/841 (0.1%) Galli et al., 2003 

Rat 2-cell stage embryos 6/139 (4.3%) Roh et al., 2003 

Rat Fibroblasts Not available  Zhou et al., 2003 

Dog Adult fibroblast 2/1095 (0.1%) Lee et al., 2005 

Ferret Fetal fibroblasts and Cumulus cells 890/1 (0.1%) and 878/3 (0.3%) Li et al., 2006 

 

The first successful cloning of mice by Wakayama et al. (1998), using the adult cumulus cell further accelerated 

the cloning research. Until then it was believed that the blastocyst is the last stage compatible as nuclear cloning 

donor but the mouse cloning enabled to investigate beyond like reprogramming of genetic imprinting and 

reactivation of the inactive X-chromosome.  

Regarding cloning in bovines Cibelli et al. (1998) were the first to report the production of three cloned calves 

and later on Kato and colleagues (1998) were able to report a similar achievement (eight cloned calves). However, 

in the experiment of Kato et al. (1998) the percentage of nuclear transplants developing into blastocyst were quite 

high (72%) compared with that reported (12%) by Cibelli et al. (1998). The higher efficiency in the later study could 

be related to culture systems and the presence of more normal cell number (69-114 cells) in the nuclear transplant 

blastocysts (Kato et al., 1998). 

As mentioned in previous paragraph that Kato et al. (1998) were able to produce eight calves cloned from 

somatic cells of a single adult. Looking into further details that enabled them to have a significantly higher 

percentage of nuclear transplant embryos developing to term might be due to: 

-Populations of donor cells maintained an apparent normal karyotype culture during the in vitro culture before use of 

nuclear transfer, as even after 8-15 passages when they stopped dividing, most maintained normal diploid 

chromosomes. 

-Nucleo-cytoplasmic interactions might be more compatible in this bovine study than in the previous mouse 

experiment by Wakayama et al. (1998) in which the genetic type of donor nucleus was critically important for later 

development.  

-Donor cytoplasm of some somatic cell types might have interfered with the development of nuclear transplants 

(Wakayama et al., 1998), therefore, the cumulus cytoplasm used in this experiment may have been compatible with 

the oocyte cytoplasm (Kato et al., 1998). 

Goats are also added to the list of cloned mammals, as first ever production of goats by SCNT was reported in 

1999 (Baguisi et al.). All cloned offspring (three in number) born in this study were healthy with birth weights 

within the normal range for their breed. This contrasts with the perinatal morbidity/mortality with other 

demonstrations of nuclear transfers in ovine (Campbell et al., 1996; Wilmut et al., 1997; Wells et al., 1997) and 

bovine (Cibelli et al., 1998; Kato et al., 1998) systems. It was a speculated that whether this is due to a lesser 

susceptibility of caprine embryos to as ill defined complications caused by SCNT, in vivo sourcing of mature 

oocytes, or a reflection of the relatively low number of clones produced in the caprine SCNT system. Experimental 

protocol of Baguisi et al. (1999) also differed from that of ovine and bovine SCNT systems, as they transferred the 

cloned embryos to the oviduct of the recipient doe at the two or four cell stage with a minimal in vitro culture 

exposure. 
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The first successful pig cloning by SCNT was reported by Onishi et al. (2000), and in the same calendar year 

two more studies by Polejaeva et al. (2000) and Betthauser et al. (2000) on SCNT in pigs were published. 

Comparing all the three studies it appears that the results obtained were almost similar in terms of ratio of cloned 

embryos transplanted and number of piglets born (success 1-2%). Onishi et al. (2000) got only one piglet born after 

transfer of 110 cloned embryos to four surrogate mothers, while Polejaeva et al. (2000) and Betthauser et al. (2000) 

got seven and four piglets born, respectively, with proportion of embryos transferred to recipients like that of Onishi 

et al. (2000). However, a major difference in research methodology between studies of Onishi et al. (2000) plus 

Polejaeva et al. (2000) as compared with that of Betthauser et al. (2000) was the use of in vivo oocytes derived from 

gilts rather than in vitro matured oocytes from sows. Considering the overall efficiency of SCNT in pigs it appears 

that comparatively a large number of good quality embryos are required to induce and maintain a pregnancy, and as 

fully developmentally competent embryos are rare in SCNT procedures (Polejaeva et al., 2000), there is every 

chance of squandering those good embryos unless very large numbers of reconstructed embryos are transferred back 

into recipients or cloning can be carried out more successfully by taking into account of physiological features of 

their oocytes and embryos (Niemann and Rath, 2001). 

Rabbits are also cloned at about the same frequency of success as most of the other mammalian species (Chesne 

et al., 2002). The difficulty in cloning the rabbits as reported by Chesne et al. (2002) was overcome by taking into 

account both the rapid kinetics of the cell cycle of embryos and the narrow window of time for their implantation 

after transfer into foster recipients. In this regard findings of Hoffman et al. (1998) and Ozil and Huneau (2001) 

further suggest that the maximization of developmental response of rabbit oocytes to external activating stimuli 

through controlled Ca
++ 

stimulation regimes and characterization of the embryonic signals that regulate rabbit 

uterine epithelial responsiveness at implantation could help to improve term survival rates of cloned embryos. 

A cloned cat has also been produced by nuclear transfer from adult somatic cells. An interesting observation in 

this study was that the cloned kitten’s colour patterning was not exactly the same as that of the nuclear donor. 

According to Shin et al. (2002) this is because the pattern of pigmentation in multicoloured animals is the result not 

only of genetic factors but also of developmental factors that are not controlled by genotype.  

More recently there are reports of successful cloning of a horse (Galli et al., 2003) and a mule (Woods et al., 

2003). The cloning procedure adopted by Galli et al. (2003) for horse seems to be comparatively efficient as one live 

foal was produced from four pregnancies, although there was high developmental failure from the cleavage stage to 

blastocyst and early implantation. The remarkable birth of foal by the SCNT is thought to be due to advances in 

ART in horse, particularly at the oocyte activation stage, when protein synthesis and phosphorylation must both be 

inhibited, and the refinement in zona-free manipulation technique (Galli et al., 2003). While Woods et al. (2003) 

attributes the successes of cloning a mule by SCNT to elevated extracellular calcium concentration, which is 

believed to be associated with development of activated oocytes of other animals.  

Recent animal to be cloned is a rat (Roh et al., 2003; Zhou et al., 2003). The salient findings of Roh et al. 

(2003) were that by using nuclear karyoplasts from the 2-cell embryos as the nuclear donors and reconstructing them 

with enucleated 2-cell embryos, healthy pups were developed in rats. While Zhou et al. (2003) highlights the 

importance of adapting the SCNT procedure to oocyte physiology for successful cloning.  

The most recent mammals to be cloned are a dog and a ferret (Lee et al., 2005; Li et al., 2006). The successful 

cloning in dog is linked to maturing canine oocytes in vivo and transfer of very early-stage nuclear-transfer 

constructs, that is, less than 4 hours after oocyte activation, as this transfer of early-stage embryos is believed to be a 

crucial factor in successful ART dogs (Lee at al., 2005). Regarding the successful SCNT protocol for the ferret (Li 

et al., 2006) was the finding that hormonal treatment, normally used for superovulation, adversely affected the 

developmental potential of recipient oocytes. The onset of Oct4 gene expression was delayed and incomplete in 

parthenogenetically activated oocytes collected from hormone-treated females relative to oocytes collected from 

females naturally mated with vasectomized males. Stimulation induced by mating and in vitro oocyte maturation 

produced the optimal oocyte recipient for SCNT. Although nuclear injection and cell fusion produced mid-term 

fetuses at equivalent rates (~3–4%), only cell fusion gave rise to healthy surviving clones. Single cell fusion rates 

and the efficiency of SCNT were also enhanced by placing two somatic cells into the perivitelline space.  

Despite the long list of animals, which are successfully cloned to date through SCNT, the technique still 

remains not quite effective (Eckardt and McLaughlin, 2004; Piedrahita, et al., 2004). In this context it is obvious 

from the Table 1 that most of the cloned embryos failed after implantation, as overall success of cloning procedure 

is not more than 5% in terms of live births/cloned embryos transplanted. Also abortions are observed at various 

stages of pregnancies after transfer of cloned embryos in number of species (Tsunoda and Kato, 2002). Furthermore, 

clones surviving the term frequently exhibit phenotypes such as enlarged or abnormal placenta (Hill et al., 2000; 

Tanaka et al., 2001; Ogura et al., 2002), as well abnormally large birth weight (large offspring syndrome; 

Wakayama et al., 1998; Young et al., 1998; Wakayama and Yanagimachi, 1999; Eggan et al., 2001), respiratory and 
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circulatory problems (Cibelli et al., 2002; Lee et al., 2005). It is also documented that adult clones often suffer from 

obesity (Tamashiro et al., 2002), tumour formation as well as immunological and metabolic defects (Ogonuki et al., 

2002). It is relevant to mention that many of the problems associated with SCNT embryos particularly large 

offspring syndrome have also been found with conventional IVF and ET procedures (Young et al., 1998), however 

the frequency and severity of the syndrome appears to be much higher with cloning (Wells, 2003). 

 

Potential factors contributing to low efficiency of cloning 
A wide variety of nuclear donors have been found to be successful in a number of different mammalian species, 

they all share the problems of low efficiency and high levels of embryonic mortality (early and later), post natal and 

adulthood complications, suggesting that the errors that arise are fundamental and systematic in nature. The most 

likely factor interpreted to be involved is insufficient epigenetic reprogramming of the somatic cell nucleus (Eckardt 

and McLaughlin, 2004; Piedrahita et al., 2004; Tamada and Kikyo, 2004). 

Epigenetic reprogramming can only be measured by the functional outcome of normal development. Since term 

development of clones remains a rare exception but a number of other factors have been analyzed in clones at 

various stages of development as possible indicators of reprogramming and as means to explain the low efficiency 

of cloning. The mostly like factors influencing reprogramming are gene expression pattern, DNA methylation, 

histone modifications and telomere length regulation (Mitalipov and Wolf, 2000; Renard et al., 2002; Eckardt and 

McLaudglin, 2004; Latham, 2004; Piedrahita et al., 2004; Tamada and Kikyo, 2004). 

 

Gene expression 

Studies to date indicate that pre-implantation stage clones have a high incidence of gene expression making the 

reprogramming a highly error prone (Eckardt and McLaughlin, 2004). Analyzing expression of eight 

developmentally important genes (DNMT, Mash2, Glut-1, Hsp, Dc II, E-cad, IF and Igf2r) in cloned blastocysts of 

bovines using RT-PCR (real time-polymerase chain reaction), Wrenzycki et al. (2001) reported that several genes 

were properly activated in the blastocysts but with a marked difference in the gene expression levels. These 

differences were found to be dependent on parameters in SCNT procedure, including the activation protocol, the cell 

cycle of the donor cells and the passage number of the donor cells. Daniels and colleagues (2000, 2001) also 

reported a similar finding again in bovines but based on the study of a different set of genes (Oct4, IL6, FGF2, 

FGF4, FGfr2, and gp130) specific to early embryonic development. 

To understand the genome-wide difference in the gene expression patterns between wide cloned mice and 

fertilization-derived controls, a DNA microarray was employed using RNA isolated from placentas and liver of 

these mice (Humpherys et al., 2002). The results showed that less than 3% of over 12000 genes were expressed 

abnormally in the clone’s placenta and the liver showed a less conspicuous abnormality in gene expression then 

placentas. However, it is important to note that this study examined RNA isolated from a whole tissue, and by doing 

so, an irregularity of the gene expression in each cell may have been averaged (Tamada and Kikyo, 2004).  

Based on another microarray study by Suemizu et al. (2003), gene expression profiling for mouse placentas 

demonstrated that there was inappropriate expression of imprinted genes, altered expression of regulatory genes in 

global gene expression such as DNA methyltransferase and histone acetyltransferase, increased expression of 

oncogenes and growth promoting genes, over expression of genes involved in placental growth such as Plac1 and 

identification of many novel genes over expressed in nuclear transfer mouse placentas such as Pitrm1. Therefore, 

this study indicates that placentomegaly in cloned mice is associated with large-scale deregulations of normal gene 

expression. 

 

DNA methylation 

DNA methylation of cytosine at the CpG dinuclleotides plays vital roles in the regulation of gene expression in 

mammalian development (Bird, 2002; Li, 2002). DNA methylation suppresses gene expression by recruiting 

methyl-CpG binding proteins such as MeCP2, MBD1, MBD2, and MBD3, as well as associated histone 

deacetylases, co-repressor proteins and chromatin remodelling machineries to the promoter of specific genes. A 

majority of the cloned bovine embryos show a gross abnormality in the genome wide DNA methylation level and 

DNA methylation patterns on various respective sequences when compared with fertilization-derived controls. The 

DNA methylation level in clones can be higher or lower than that in the control embryos depending on the donor 

cell type, target DNA sequences, examined embryonic stages and detection methods (Kang et al., 2001a) and 

extremely abnormal embryos may have died before the analysis was done. Indeed DNA methylation was 

undetectable in six out of nine spontaneously aborted bovine cloned embryos, but methylation level was normal in 

the clones that survived to adulthood (Cezar et al., 2003). 
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Bovine somatic nuclei are resistant to the erasure of DNA methylation in early embryogenesis and the clones 

have tendency to preserve the DNA methylation patterns inherited from the donor cells (Bourc’his et al., 2001; Dean 

et al., 2001). Re-establishment of DNA methylation is potentially deregulated by precocious de novo methylation in 

clones (Dean et al., 2001). This abnormal methylation transition in cloned bovine embryos could be due to the 

specific features of the somatic chromatin structure and/or defective regulation of DNMTs. 

Results from the investigation of Piedrahita et al. (2004) indicate that the methylation patterns in cloned bovine 

in mid-gestation differ drastically in the chorion but not in the fetus proper when compared with non-cloned 

controls. They have interpreted this as being a result of a rapid differentiation of the cell line, with a concomitant 

reduction in the activity of the demethylases and methylases. 

Conversely, Kang et al. (2001b) found during typical demethylation events in cloned pig embryos that there 

pattern of repetitive sequences were similar to the ones detected in fertilized counterparts. They concluded that the 

species-specific differences occur in modification of DNA methylation and imprinting. 

 

Histone modifications 

Global release and uptake of linker histone H1 is another challenge for the donor nuclei during the nuclear 

reprogramming. Alteration of histone modification is an important aspect of chromatin remodelling in cloning. 

Histones receive a number of covalent modifications including acetylation, methylation, phosphorylation, 

ubiquitinqtion and ADB-ribosylation at the amino termini protruding from the chromatin core. A specific 

combination of these histone modifications on a given gene provides a recognition site for interacting molecules and 

thus contributes to regulating the gene activity (Strahl and Allis, 2000; Jenuwein and Allis, 2001). Bovine oocytes 

and early embryos express several histone acetylases and deacetylases with some variability in he transcript levels 

depending on the development stages (McGraw et al., 2003). In mouse oocytes, histone H3 and H4 are globally 

deacetylated on several lysine at the metaphase II of the second meiosis, which was reproduced in somatic nuclei 

transferred into the same stage of oocytes (Kim et al., 2003). This genome wide decrease of histone acetylation may 

contribute to the erasure of the previous gene expression patterns specific to the donor cell differentiation. Also 

detailed enzymology responsible for these transitions of acetylation and methylation in early embryos is not yet 

available, but these histone modifications should almost certainly affect expression of a number of genes. 

 

Telomere restoration 

Telomeres are DNA-protein complexes at the ends of eukaryotic chromosomes essential for chromosomal 

integrity and normal cell growth (McEachern et al., 2000; Blasco, 2002). Results of Betts et al (2001) and Miyashita 

et al. (2002) in bovines indicate that shortened adult cell telomeres can be restored during early developed of cloned 

animals but the degree of telomere elongation remains quite variable. Also there was significant variation in 

telomere length among individual clones and among different tissues isolated from a single clone, thus underscoring 

the complexity and difficulty of telomere length control in clones.  

To understand the functional consequences of telomere restoration, two groups of scientists examined whether 

nuclear cloning could elongate the reflective lifespan of senescent cells. Lanza et al. (2000) found in bovines that 

clone derived fibroblast cells, which contained fully restored telomeres comparable to the age-matched controls, 

showed longer proliferative lifespan than the senescent donor fibroblast cells. However, when Clark et al. (2003) 

tested the cloned fibroblast cells in ovine that harbored partially restored telomeres, the proliferative lifespan of the 

cells was not extended. Therefore, it remains to be examined to what extent the restored telomeres can influence the 

proliferative lifespan of these cells. It is also unclear whether the resetting of proliferative lifespan of isolated cells 

has something to do with the lifespan of cloned animals (Xu and Yang, 2003).  

 

Influence of donor tissues/cells on cloning procedure 

Many somatic cell types, including mammary epithelial cells, ovarian cumulus cells, fibroblast cells, fibroblast 

cells from skin and internal organs, Sertoli cells, and macrophages have been utilized for nuclear transfer. Almost all 

cell types tested so far have resulted in live offspring, although with great differences in their cloning efficiency (Di 

Berardino, 2001).  

In murine species, at least eight types of fetal and adult origin from males and females and different genetic 

backgrounds have been tested. Live offspring were obtained with similar efficiency only with fibroblasts, undefined 

fetal gonad and cumulus cells (Wakayama and Yanagimachi, 2001). Many cell types like macrophages, spleen, 

brain and mature Sertoli cells repeatedly failed to develop after implantation (Lai and Prather, 2003). The success 

with the types of cells for cloning in murines is mostly attributed to the reactivation of Oct4 gene at the correct 

stage, but the pattern and levels of expression are still doubtful (Boiani et al., 2002). Regarding the use of embryonic 

germ cells in the form of primordial germ cells, which were considered to be efficient for mouse model (Matsui et 
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al., 1992; Resnick et al., 1992), they have been recently proved to be inadequate nuclear donors for cloning because 

they either erase or reset the epigenetic pattern (Yamazaki et al., 2003). 

In bovine, ovine and caprine species, at least fifteen somatic cell donors of fetal, newborn and adult origin from 

male and female, and different genetic backgrounds were tested. Interestingly all these supported development in 

vitro, and live offspring were obtained from cumulus, fibroblast, oviduct, skin and liver cells. A more recent study 

by Tian and colleagues (2003) suggests that cumulus cells are the most effective cell type in comparison with 

mammary epithelial and skin fibroblast cells for somatic cloning in farm animals according to both the in vitro 

development test as well as full term survival. They further suggest that DNA from cumulus cells is more effectively 

reprogrammed following nuclear transfer. Similarly, Kato et al. (1998, 2000) compared cells from the liver, testis, 

skin, ear, along with cumulus and oviductal cells and concluded that cumulus and oviductal epithelial cells are the 

most suitable for nuclear donors. Evidence of supporting the superiority of cumulus cells for nuclear transfer also 

comes from the study of Forsberg et al. (2002), who conducted large number of ET in cattle, and it was 

demonstrated that cumulus cells gave an overall 15.2% calving rate, while fetal genital ridge cells and fibroblast 

cells produced a 9% calving rate. Adult fibroblast cells in this study gave the lowest calving rate of only 5%.  

In pigs’ fibroblasts and cumulus cells have been clonable (Lai and Prather, 2003). The use of isolated precursor 

cells of adipocytes from the subcutaneous adipose tissue of adult pigs for nuclear transfer has also been documented 

(Nagashima et al., 2003). However, the problem with all Somatic cells is that they tend to become senescent before 

sufficient rounds of gene transfer and/or targeting and selection can be performed. This problem can be overcome by 

isolation of readily transfectable and selectable cells with high proliferative potential and long-term karyotypical 

normalcy. Thus further development is needed to create cells that are developmentally competent and able to 

proliferate for pig cloning (Lai and Prather, 2003). 

The most recent study on cloning in ferret by Li et al. (2006) also highlights the influence of the type of donor 

cells, with cumulus cells proving to be more effective than fibroblasts for SCNT. 

 

Conclusions 

For many years, researchers cloning mammals experienced little success, but recent advances have led to the 

successful cloning of several mammalian species. However, cloning by the transfer of nuclei from adult cells is an 

inefficient procedure, and this has been attributed to incomplete reprogramming of the somatic nuclei by the cloning 

process. Learning more about basic mechanisms involved in SCNT will teach us much about the control of gene 

expression and the genetic control of development.  

 

REFERENCES 

 

Anderson, G.B. and G.E. Seidel (1998). Cloning for profit. Science, 280: 1400-1401. 

Andrabi, S.M.H. and W.M.C. Maxwell (2006). A review on reproductive biotechnologies for conservation of 

endangered mammalian species. Animal Reproduction Science, (Article in Press). 

Baguisi, A., E. Behboodi, D.T. Melican, J.S. Pollock, M.M. Destrempes, C. Cammuso, J.L Williams, S.D. Nims, 

C.A. Porter, P. Midura, M.J. Palacios, S.L. Ayres, R.S. Denniston, M.L. Hayes, C.A. Ziomek, H.M. Meade, 

R.A. Godke, W.G. Gavin, E. W. Overstrom and Y. Echelard (1999). Production of goats by somatic cell nuclear 

transfer. Nature Biotechnology, 17: 456-461. 

Betthauser, J., E. Forsberg, M. Augenstein, L. Childs, K. Eilertsen, J. Enos, T. Forsythe, P. Golueke,G. Jurgella, R.  

Koppang, T. Lesmeister, K. Mallon, G. Mell, P. Misica, M. Pace, M. Pfister-Genskow, N. Strelchenko,G. 

Voelker, S. Watt, S. Thompson and M. Bishop (2000). Production of cloned pigs from in vitro systems. Nature 

Biotechnology, 18: 1055-1059. 

Betts, D., V. Bordignon, J. Hill, Q. Winger, M. Westusin, L. Smith and W. King (2001). Reprogramming of 

telomerase activity and rebuilding of telomere length in cloned cattle. Proceedings of the National Academy of 

Sciences USA, 98: 1077-1082. 

Blasco, A. (2002). Telomerase beyond telomeres. Nature Review Cancer, 2: 627-633. 

Boiani, M., S. Eckardt, H.R. Scholer and K.J. McLaughlin (2002). Oct4 distribution and level in mouse clones: 

consequences for pluripotency. Genes Development, 16: 1209-1219. 

Bourc’his, D., D. Le Bourhis, D. Patin, A. Niveleau, P. Comizzoli, J.P. Renard and E. Viegas-Pequignot (2001). 

Delayed and incomplete reprogramming of chromosome methylation patterns in bovine cloned embryos. 

Current Biology, 11: 1542-1546. 

Campbell, K.H.S., J. McWhir, W.A. Ritchie and I. Wilmut (1996). Sheep cloned by nuclear transfer from cultured 

cell line. Nature, 380: 64-66. 



SUCCESSES AND FAILURES IN MAMMALIAN CLONING 

INTERNATIONAL JOURNAL OF BIOLOGY AND BIOTECHNOLOGY 3 (3): 501-509, 2006. 

 507 

 

Capecchi, M.R: (2000). How close are we to implementing gene targeting in animals other than the mouse? 

Proceedings of the National Academy of Sciences USA, 97: 956-957. 

Cezar, G.G., M.S. Bartolomeri, E.J. Forsberg, N.L. First, M.D. Bishop and K.J. Eilertsen (2003). Genome-wide 

epigenetic alterations in cloned bovine fetuses. Biology of Reproduction, 68: 1009-1014. 

Chesne, P., P.G. Adenot, C. Viglietta, M. Baratte, L. Boulanger and J.P. Renard (2002). Cloned rabbits produced by 

nuclear transfer from adult somatic cells. Nature Biotechnology, 20: 366-369.  

Cibelli, J.B., K.H. Campbell, G.E. Seidel, M.D. West and R.P. Lanza (2002). The health profile of cloned animals. 

Nature Biotechnology, 20: 13-14. 

Cibelli, J.B., S.L. Stice, P.J. Golueke, J.J. Kane, J. Jerry, C. Blackwell, F.A. Ponce de Leon and J.M. Robl (1998). 

Cloned transgenic calves produced from nonquiescent fetal fibroblasts. Science, 280: 1256-1258. 

Clark, A.J., P. Ferrier, S. Aslam, S. Burl, C. Denning, D. Wylie, A. Ross, P.  De Sousa, I. Wilmut and W. Cui 

(2003). Proliferative lifespan is conserved after nuclear transfer. Nature Cell Biology, 5: 535-538. 

Daniels, R., V. Hall and A.O. Trounson (2000). Analysis of gene transcription in bovine nuclear transfer embryos 

reconstructed with granulosa cell nuclei. Biology of Reproduction, 63: 1034-1040. 

Daniels, R., V. Hall, A.J. French, N.A. Korfiatis and A.O. Trounson (2001). Comparison of gene transcription in 

cloned bovine embryos produced by different nuclear transfer techniques. Molecular Reproduction and 

Development, 60: 281-288. 

Dean, W., F. Santos, M. Stojkovic, V. Zakhartchenko, J. Walter, E. Wolf and W. Reik (2001). Conservation of 

methylation reprogramming in mammalian development: aberrant reprogramming in cloned embryos. 

Proceedings of the National Academy of Sciences USA, 98: 13734-13738. 

De Sousa, P.A., Q. Winger, J.R. Hill, K. Jones, A.J. Watson, and M.E. Westhusin (1999). Reprogramming of 

fibroblast nuclei after transfer into bovine oocytes. Cloning, 1: 63-69. 

Di Berardino, M.A. (2001). Animal cloning - the route to genomics in agriculture and medicine. Differentiation, 68: 

67-83. 

Eckardt, S. and K.J. McLaughlin (2004). Interpretation of reprogramming to predict the success of somatic cell 

cloning. Animal Reproduction Science, 82-83: 97-108. 

Eggan, K., H. Akutsu, J. Loring, L. Jackson-Grusby, M. Klemm, W.M. Rideout, R. Yanagimachi and R. Jaenisch 

(2001). Hybrid vigour, fetal overgrowth, and viability of mice derived by nuclear cloning and tetraploid embryo 

complementation. Proceedings of the National Academy of Sciences USA, 98: 6209-6214. 

Forsberg, E.J., N.S. Strelchenko, M.L. Augenstein, J.M. Betthauser, L.A. Childs, K.J. Eilertsen, J.M. Enos, T.M. 

Forsythe, P.J. Golueke, R.W. Koppang, G. Lange, T.L. Lesmeister, K.S. Mallon, G.D.  Mell, P.M. Misica, 

M.M. Pace, M. Pfister-Genskow, G.R. Voelker, S.R. Watt and M.D. Bishop (2002). Production of cloned cattle 

from in vitro systems. Biology of Reproduction, 67: 327-333. 

Galli, C., I. Lagutina, G. Crotti, S. Colleoni, P. Turini, N. Ponderato, R. Duchi and G. Lazzari (2003). Pregnancy: a 

cloned horse born to its dam twin. Nature, 424: 635. 

Hoffman, L.H., G.E. Olson, D.D. Carson and B.S. Chilton (1998). Progesterone and implanting blastocysts regulate 

MUC1 expression in rabbit uterine epithelium. Endocrinology, 139: 266-271. 

Hill, J.R., R.C. Burghardt, K. Jones, C.R. Long, C.R. Looney, T. Shin, T.E. Spencer, J.A. Thompson, Q.A. Winger 

and M.E. Westhusin (2000). Evidence for placental abnormality as the major cause of mortality in first-

trimester somatic cell cloned bovine fetuses. Biology of Reproduction, 63: 1784-1794. 

Humpherys, D., K. Eggan, H. Akutsu, A. Friedman, K. Hochedlinger, R. Yanagimachi, E.S. Landers, T.R. Golub 

and R. Jaenisch (2002). Abnormal gene expression in cloned mice derived from embryonic stem cell and 

cumulus cell nuclei. Proceedings of the National Academy of Sciences USA, 99: 12889-12894. 

Jenuwein, T. and C.D. Allis (2001). Translating the histone code. Science, 293: 1074-1080. 

Kang, Y.K., D.B. Koo, J.S. Park, Y.H. Choi, A.S. Chung, K.K. Lee and Y.M. Han, (2001a). Aberrant methylation of 

donor genome in cloned bovine embryos. Nature Genetics, 28: 173-177. 

Kang, Y.K.,D.B. Koo, J.S. Park, Y.H. Choi, H.N. Kim, W.K. Chang, K.K. Lee and Y.M. Han (2001b). Typical 

demethylation events in cloned pig embryos. Clues on species-specific differences in epigenetic reprogramming 

of a cloned donor genome. Journal of Biology and Chemistry, 276: 39980-39984. 

Kato, Y., T. Tani, Y. Sotomaru, K. Kurokawa, J. Kato, H. Doguchi, H. Yasue and Y. Tsunoda (1998). Eight calves 

cloned from somatic cells of a single adult. Science, 282: 2095-2098. 

Kim, J.M., H. Liu, M. Tazaki, M. Nagata and F. Aoki (2003). Changes in histone acetylation during mouse oocyte 

meiosis. Journal of Cell Biology, 162: 37-46. 

Lai, L. and S. Prather (2003). Creating genetically modified pigs by using nuclear transfer. Reproductive Biology 

and Endocrinology, 1: 82-88. 



S.M.H. ANDRABI 

INTERNATIONAL JOURNAL OF BIOLOGY AND BIOTECHNOLOGY 3 (3): 501-509, 2006. 

508 

Lanza, R.P., J.B. Cibelli, C. Blackwell, V.J. Cristofalo, M.K. Francis, G.M. Baerlocher, J. Mak, M. Schertzer, E.A. 

Chavez, N. Sawer, P.M. Lansdorp and M.D. West (2000). Extension of cell life-span and telomere length in 

animals cloned from senescent somatic cells. Science, 288: 665-669. 

Lanza R.P., J.B. Cibelli and M.D. West (1999). Human therapeutic cloning. Nature Medicine, 5: 975-977. 

Latham, K.E. (2004). Cloning: questions answered and unsolved. Differentiation, 72: 11-22. 

Lee, K. (2001). Can cloning save endangered species? Current Biology, 11: 245-246. 

Lee, B.C., M.K. Kim, G. Jang, H.J. Oh, F. Yuda, H.J. Kim, M.H. Shamim, J.J. Kim, S.K. Kang, G.  Schatten and 

W.S. Hwang (2005). Dogs cloned from adult somatic cells. Nature, 436: 641. 

Li, Z., X. Sun, J. Chen, X. Liu, S.M. Wisely, Q. Zhou, J.P. Renard, G.H. Leno and J.F. Engelhard (2006). Cloned 

ferrets produced by somatic cell nuclear transfer. Developmental Biology, 293: 439-448. 

Matsui, Y., K. Zsebo and B.L. Hogan (1992). Derivation of pluripotential embryonic stem cells from murine 

primordial germ cells in culture. Cell, 70: 841-847. 

McEachern, M.J., A. Krauskopf and E.H. Blackburn (2000). Telomeres and their control. Annual Reviews in 

Genetics, 34: 331-358. 

McGraw, S., C. Robert, L. Massicotte and M.A. Sirad (2003). Quantification of histone acetyltransferase and 

histone deacetylase transcripts during early bovine embryo development. Biology of Reproduction, 68: 383-389. 

Mitalipov, S.M. and Wolf, D.P., 2000. Mammalian cloning: possibilities and threats. Annals of Medicine, 32: 462-

468. 

Miyashita, N., K. Shiga, M. Yonai, K. Kaneyama, S. Kobayashi, T. Kojima, Y. Goto, M. Kishi, H. Aso, T. Suzuki, 

M. Sakaguchi and T. Nagai (2002). Remarkable differences in telomere lengths among cloned cattle derived 

from different cell types. Biology of Reproduction, 66: 1649-1655. 

Munsie, M.J., A.E. Michalska, C.M. O'Brien, A.O. Trounson, M.F. Pera and P.S. Mountford (2000). Isolation of 

pluripotent embryonic stem cells from reprogrammed adult mouse somatic nuclei. Current Biology, 10: 989-

992. 

Nagashima, H., T. Fujimura, Y. Takahagi, M. Kurome, N. Wako, T. Ochiai, R. Esaki, K. Kano, S. Saito, M. Okabe 

and H. Murakami (2003). Development of efficient strategies for the production of genetically modified pigs. 

Theriogenology, 59: 95-106. 

Niemann, H. and D. Rath (2001). Progress in reproductive biotechnology in swine. Theriogenology, 56, 1291-1304. 

Ogonuki, N., K. Inoue, Y. Yamamoto, Y. Noguchi, K. Tanemura, O. Suzuki, H. Nakyama, K. Doi, Y. Ohtomo, M. 

Satoh, A. Nishida and A. Ogura (2002). Early death of mice cloned from somatic cells. Nature Genetics, 30: 

253-254. 

Ogura, A., K. Inoue, N. Ogonuki, J. Lee, T. Kohda and F. Ishino (2002). Phenotypic effects of somatic cell cloning 

in the mouse. Cloning and Stem Cells, 4: 397-405. 

Onishi, A., M. Iwamoto, T. Akita, S. Mikawa, K. Takeda, T. Awata, H. Hanada and A.C. Perry (2000). Pig cloning 

by microinjection of fetal fibroblast nuclei. Science, 289: 1188-1190. 

Ozil, J.P. and D. Huneau (2001). Activation of rabbit oocytes: the impact of the Ca
2+

 signal regime on development. 

Development, 128: 917-928. 

Paris, C.J., M. Snow, S.L. Cox and J.M. Shaw (2004). Xenotransplantation: a tool for reproductive biology and 

animal conservation. Theriogenology, 61: 277-291. 

Piedrahita, J.A., B. Mir, S. Dindot and S. Walker (2004). Somatic cell cloning: the ultimate form of nuclear 

reprogramming. Journal of the American Society of Nephrology, 15: 1140-1144. 

Polejaeva, I.A. and K.H.S. Campbell (2000). New advances in somatic cell nuclear transfer: application in 

transgenesis. Theriogenology, 53: 117-126 

Polejaeva, I.A., S.H. Chen, T.D. Vaught, R.L. Page, J. Mullins, S. Ball, Y. Dai, J Boone, S. Walker, D.L. Ayares, A. 

Colman and K.H. Campbell (2000). Cloned pigs produced by nuclear transfer from adult somatic cells. Nature, 

407: 86-90. 

Renard, J.P., Q. Zhou, P. LeBourhis, P. Chavatte-Palmer, I. Hue, Y. Heyman and X. Vignon (2002). Nuclear 

transfer technologies: between success and doubts. Theriogenology, 57: 203-222. 

Resnick, J.L., L.S. Bixler, L. Cheng and P.J. Donovan (1992). Long-term proliferation of mouse primordial germ 

cells in culture. Nature, 359: 550-551. 

Robl, J. (1999). Development and application of technology for large scale cloning of cattle.  Theriogenology, 51: 

499-508.  

Roh, S., J. Guo, N. Malakooti, J.R. Morrison, A.O. Trounson and Z.T. Du (2003). Birth of rats by nuclear 

transplantation using 2-cell stage embryo as donor nucleus and recipient cytoplasm. Theriogenology, 59: 283.  

Shin, T., D. Kraemer, J. Pryor, L. Liu, J. Rugila, L. Howe, S. Buck, K. Murphy, L. Lyons and M. Westhusin (2002). 

A cat cloned by nuclear transplantation. Nature, 415: 859. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Lansdorp+PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22West+MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Li+Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sun+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Chen+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Liu+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Wisely+SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhou+Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Renard+JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Leno+GH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Engelhardt+JF%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Dev%20Biol.');
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sakaguchi+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Nagai+T%22%5BAuthor%5D


SUCCESSES AND FAILURES IN MAMMALIAN CLONING 

INTERNATIONAL JOURNAL OF BIOLOGY AND BIOTECHNOLOGY 3 (3): 501-509, 2006. 

 509 

 

Solter, D. (1998). Imprinting. International Journal of Developmental Biology, 42: 951-954. 

Strahl, B.D. and C.D. Allis (2000). The language of covalent histone modifications. Nature, 403: 41-45. 

Stice S.L., J.M. Robl, F.A. Ponce de Leon, J. Jerry, P.G. Golueke, J.B. Cibelli and J.J. Kane (1998). Cloning: new 

breakthroughs leading to commercial opportunities. Theriogenology, 49: 129-138. 

Suemizu, H., K. Aiba, T. Yoshikawa, A.A. Sharov, N. Shimozawa, K. Tamaoki and  M.S. Ko (2003). Expression 

profiling of placentomegaly associated with nuclear transplantation of mouse ES cells. Developmental Biology, 

253: 36-53. 

Surani M.A. (2001). Reprogramming of genome function through epigenetic inheritance. Nature, 414: 122-128. 

Tamashiro, K.L., T. Wakayama, H. Akutsu, Y. Yamazaki, J.L. Lachey, M.D. Wortman, R.J. Seeley, D.A. 

D’Alessio, S.C. Woods, R. Yangimachi and R.R Sakai (2002). Cloned mice have an obese phenotype not 

transmitted to their offspring. Nature Medicine, 8: 262-267. 

Tanaka, S., M. Oda, Y. Toyoshima, T. Wakayama, M. Tanaka, N. Yoshida, N. Hattori, J. Ohgane, R. Yanagimachi 

and K. Shiota (2001). Palcaentomegaly in cloned mouse concepti caused by expansion of the 

spongiotrophoblast layer. Biology of Reproduction, 65: 1813-1821. 

Tamada H. and N. Kikyo (2004). Nuclear transfer in mammalian somatic cell nuclear transfer. Cytogenetic and 

Genome Research, 105:285-291. 

Tian, X.C., C. Kubota, B. Enright and X. Yang (2003). Cloning animals by somatic cell nuclear transfer – biological 

factors. Reproductive Biology and Endocrinology, 1: 98-104. 

Tsunoda, Y. and Y. Kato (2002). Recent progress and problems in animal cloning. Differentiation, 69: 158-161. 

Wakayama, T., A.C.F. Perry, M. Zucotti, K.R. Johnson and R. Yanagimachi (1998). Full term development of mice 

from enucleated oocytes injected with cumulus cell nuclei. Nature, 394: 369-374. 

Wakayama, T. and R. Yanagimachi (1999). Cloning of male mice from adult tail-tip cells. Nature Genetics, 22:127-

128. 

Wakayama, T. and R. Yanagimachi (2001). Mouse cloning with nucleus of donor cells of different age and type. 

Molecular Reproduction and Development, 58: 376-383. 

Wells, D.N. (2003). Cloning in livestock agriculture. Reproduction Supplement, 61: 131-150. 

Wells, D.N., P.M. Miscia, T.A. Day and H.R. Tervit (1997). Production of cloned lambs from an established 

embryonic cell line: a comparison between in vivo- and in vitro matured cytoplasts. Biology of Reproduction, 

57: 385-393. 

Wilmut, I., A.E. Schnieke, J. McWhir, A.J. Kind and K.H. Campbell (1997). Viable offspring derived from fetal and 

adult mammalian cells. Nature, 385: 810-813. 

Winger, Q.A., J.R. Hill, T. Shin, A.J. Watson, D.C. Kraemer and M.E. Westhusin (2000). Genetic reprogramming of 

lactate dehydrogenase, citrate synthase, and phosphofructokinase mRNA in bovine nuclear transfer embryos 

produced using bovine fibroblast cell nuclei. Molecular Reproduction and Development, 56: 458-464. 

Woods, G.L., K.L. White, D.K. Vanderwall, G.P. Li, K.I. Aston, T.D. Bunch, L.N. Meerdo and B.J. Pate (2003). A 

mule cloned from fetal cells by nuclear transfer. Science, 301: 1063. 

Wolf, D.P., L. Meng, J.J. Ely and R.L. Stouffer (2001). Recent progress in mammalian cloning, Journal of Assisted 

Reproduction and Genetics, 15: 235-239. 

Wrenzycki, C., D. Wells, D. Herrmann, A. Miller, J. Oliver, R. Tervit and H. Niemann (2001). Nuclear transfer 

protocol affects messenger RNA expression patterns in cloned bovine blastocysts. Biology of Reproduction, 65: 

309-317. 

Xu, J. and X. Yang (2003). Will cloned animals suffer premature aging – The story at the end of clones' 

chromosomes. Reproductive Biology and Endocrinology, 1:105-109. 

Yamazaki, Y., M.R.W. Mann, S.S. Lee, J. Marh, J.R. McCarrey, R. Yanagimachi, M.S. and Bartolomei (2003). 

Reprogramming of primordial germ cells begins before migration into the genital ridge, making these cells 

inadequate donors for reproductive cloning. Developmental Biology, 100: 12207-12212. 

Yang, C.X., Z.H. Kou, K. Wang, Y. Jiang, W.W. Mao, Q.Y. Sun, H.Z. Sheng and D.Y. Chen (2004). Quantitative 

analysis of mitochondrial DNAs in macaque embryos reprogrammed by rabbit oocytes. Reproduction, 127: 

201-205. 

Young, L.E., K.D. Sinclair and I. Wilmut (1998). Large offspring syndrome in cattle and sheep. Reviews in 

Reproduction, 3: 155-163. 

Zhou, Q., J-P. Renard, G. Le Friec, V. Brochard, N. Beaujean, Y. Cherifi, A. Fraichard and J. Cozzi (2003). 

Generation of fertile cloned rats by regulating oocytes activation. Science, 302: 1179. 

 

(Accepted for publication May 2006) 

 


