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Accessibility of human oocytes for research poses a serious ethical challenge to society. This fact
categorically holds true when pursuing some of the most promising areas of research, such as
somatic cell nuclear transfer and embryonic stem cell studies. One approach to overcoming this
limitation is to use an oocyte from one species and a somatic cell from another. Recently, several
attempts to capture the promises of this approach have met with varying success, ranging from es-
tablishing human embryonic stem cells to obtaining live offspring in animals. This review focuses on
the challenges and opportunities presented by the formidable task of overcoming biological differ-

ences among species.

Introduction

The oocyte is invaluable. This is an unmistakable fact
underscored by the scarcity of oocytes available from
species where they could be most useful, i.e., human,
for biomedical applications, and endangered or extinct
species, for their conservation and rescue. One of the pos-
sibilities presented by somatic cell nuclear transfer (SCNT)
is so-called interspecies cloning, where the recipient
ooplast and donor nucleus are derived from different spe-
cies. Hypothetically, having the means to take advantage
of readily available recipient oocytes to reprogram the do-
nor nucleus of a different species holds tremendous
promise.

Perhaps the most important prospective application of
interspecies SCNT (iISCNT) lies in its potential to facilitate
reprogramming of human somatic cells without many of
the significant ethical challenges surrounding the use of
human oocytes. Ethical considerations aside, the ques-
tion of availability makes SCNT using human oocytes
unfeasible as a long-term solution for cellular reprogram-
ming. While several alternative strategies such as egg
sharing and egg donation programs are suggested as
the source of human oocytes for assisted reproductive
technologies, neither of these approaches has been
implemented broadly enough to overcome the shortage
of human oocytes facing the research and therapeutic
development community. As an alternative approach,
producing competent human oocytes from human ESCs
has not been realized yet either (Hubner et al., 2003).
These constraints draw attention to iISCNT as a workable
strategy to address human oocyte shortage for ESC stud-
ies. The recent ruling by the Human Fertilization Embryol-
ogy Authority (HFEA)—the government body in charge of
overseeing IVF treatments and research using human
embryos in the UK—to allow iSCNT experiments using
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human somatic cells and nonhuman oocytes offers scien-
tists the long-awaited legal framework to explore the po-
tential of the iISCNT procedure to its full extent. This bold
measure taken by the HEFA, and upheld by a large group
of scientists, implicitly recognizes the irreplaceable nature
of the mammalian oocyte (http://www.hfea.gov.uk/en/
1581.html).

The use of nonhuman oocytes for reprogramming could
be of immediate value as a tool for the production of
human-nuclear-transfer-derived embryonic stem cells
(NTESCs) from individuals suffering from such late onset
diseases as diabetes, Parkinson’s disease, and Alz-
heimer’s disease, among others. In turn, these cells could
be used to develop new treatments in vitro.

We reported the first iISCNT experiments shortly after
the cloning of a lamb from somatic cells (Wilmut et al.,
1997; Dominko et al., 1999). Since then, the feasibility of
interspecies cloning has been addressed by several
researchers employing various model systems. More
than 40 articles have been published in which oocytes
and somatic cells from a number of species have been
used to generate embryos via interspecies nuclear trans-
fer (Table 1). Live offspring have been obtained by com-
bining closely related species, such as cattle/gaur (Bos
taurus/Bos grunensis) (Lanza et al., 2000) and domestic
sheep/argali sheep (O. aries/O. musimon) (White et al.,
1999). In some of the reported experiments, however,
genetic distance between donor and recipient species
spanned taxonomic classes, such as cattle/chicken (Bos
taurus/Gallus gallus) (Liu et al., 2004) and rabbit/panda
(Oryctolagus cuniculus/A. melanoleuca) (Chen et al.,
2002). The majority of these experiments have failed to
produce viable embryos. A common limitation in making
comparisons between these iSCNT reports is that the
definition of experimental endpoints and criteria for
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successful reprogramming was often ill-defined, except
for those resulting in live offspring. Nevertheless, the
potential impact of a successful iISCNT scheme is suffi-
ciently attractive to maintain ample scientific interest in
this subject. In this review, we will summarize the recent
literature on iISCNT and address a number of technical
and theoretical concerns regarding these experiments.
We also propose an outline for the evaluation of iISCNT
experiments, given that many reports in the literature to
date lack a common framework to gauge and compare
developmental outcomes.

What Is Interspecies SCNT?

A “species,” the basic unit of taxonomic classification, is
defined as a group of organisms that share certain pheno-
typical characteristics, forming a reproductively isolated
entity. In practice, however, it is not always easy to draw
lines between different species, and researchers have
had to define subgroups and transitory groups like sub-
species and breeds. For the sake of simplicity, we will
define the term species as a group of organisms that could
interbreed naturally and produce fertile offspring. We will
also use an abridged hierarchy of taxonomic units in our
discussions.

As previously mentioned, nuclear transfer (NT) experi-
ments that employ oocytes and donor cells from two
different species are defined as interspecies or interspe-
cies nuclear transfers (iISCNT) (Figure 1). The two main
assumptions required for iISCNT are that early develop-
mental events and mechanisms are evolutionarily con-
served among mammals and that molecules that regu-
late these events in mammalian oocytes are capable of
interacting with nuclei from another species. The validity
of these assumptions, however, deserves vigorous scru-
tiny. Although most mammalian embryos follow a very
similar pattern of ontogenic development, significant dif-
ferences in many aspects of the process do exist among
evolutionarily divergent taxonomic groups (Gilbert and
Bolker, 2001). Temporal regulation of developmental
events—such as cell-cycle progression, embryonic
genome activation (EGA), blastocyst formation, implan-
tation, and organogenesis —differs from species to spe-
cies. One wonders, therefore, how these developmental
processes are regulated in an embryo reconstructed us-
ing an oocyte and a donor cell from different species.
What constituent of this unusual embryo drives the devel-
opment? Is there crosstalk between the donor nucleus
and the recipient cytoplasm? What developmental pro-
gram is executed—the oocyte’s, the donor’s, or both?
Are the interspecies cybrid cells functional and viable?
Is the resulting embryo/fetus viable? Are any live
offspring produced, and, if so, are they fertile? These
are some of the most important questions that need to
be, and can be, addressed by interspecies cloning
experiments.

Potential Applications of iSCNT
Theoretically, an iISCNT approach would be beneficial in
any situation in which an alternative source of ooplasm

is needed, due to either ethical or technical consider-
ations, such as establishing primate ESCs from iSCNT
embryos or cloning endangered species, respectively.
The ultimate endpoints of these applications are either
(1) to generate a preimplantation embryo to be used as
a source of ESCs or (2) to produce live offspring in all
animals with the exception of human.

Embryos cloned for ESC establishment need not prog-
ress through all developmental stages. Instead, a few
functional equivalents of inner cell mass (ICM) cells or sin-
gle blastomeres in an SCNT embryo could be adequate to
establish an ESC line (Klimanskaya et al., 2006, 2007;
Wakayama et al., 2001). This concept could be applied
to iISCNT (Figure 1), assuming that the pattern of gene
expression of the interspecies embryos approximates
that of same-species SCNTs or of fertilized preimplanta-
tion embryos at the same stage of development. iISCNT
has been proposed for creating human ESC lines in an ef-
fort to avoid the ethically charged issue of soliciting human
oocytes for research purposes (Fulka and Mrazek, 2004).
While this alternative may alleviate some ethical and prac-
tical concerns, the use of such cells for therapeutic pur-
poses is in doubt, due to potential risks of transmission
of infectious diseases. Further, ECSs isolated from cybrids
may maintain mitochondria derived from the nonhuman
recipient oocyte, a result that is likely to have deleteri-
ous long-term physiological and immunological conse-
quences to human recipients (Hall et al., 2006). Nonethe-
less, the ability to produce ESCs from iSCNT embryos
could facilitate the creation of new cellular models of
human disease and could significantly advance our under-
standing of basic nuclear-cytoplasmic interactions be-
tween a somatic cell and an oocyte.

Using iSCNT to produce live offspring, a goal of some
of the earliest iISCNT experiments, focuses primarily on
applications involving the preservation/rescue of endan-
gered species (Dominko et al., 1998). Although the main
procedures to construct cloned embryos for any purpose
are essentially the same, embryos cloned to produce live
offspring require a more comprehensive and complete
reprogramming of the somatic genome, since they need
to progress through all developmental milestones and
survive a rigorous in vivo selection process. A few studies
have successfully employed iSCNT in cloning endangered
species, such as gaur (Lanza et al., 2000), mouflon (Loi
et al., 2001), and African wild cat (Hidalgo et al., 2003),
using oocytes from closely related species.

Preimplantation and Postimplantation
Development of iSCNT Embryos

The majority of iSCNT experiments published to date have
reported the production of at least blastocyst-stage
embryos, although with varying degrees of efficiency (Ta-
ble 1). Development of blastocyst-stage iISCNT embryos
was reported even with some crossclass NT experiments
in which the donor species exhibits no functional equiva-
lent of the blastocyst stage during normal embryonic
development (Liu et al., 2004). Depending on the species
and the experiment, the frequency of blastocyst
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Table 1. Comprehensive List of Interspecies Cloning Experiments Reported to Date

Taxonomic Live
Relationship  Recipient Oocyte Donor Cell Blastocyst Implantation Offspring Reference
Interclass Cow (B. taurus) Chicken (G. gallus)  YES NET NA Liu et al., 2004
Cow (B. taurus) Rat (R. norvegicus)  NA? NO NA Dominko et al., 1999
Rabbit (O. cuniculus) Panda YES YES NO Chen et al., 2002
(A. melanoleuca)
Interorder Cow (B. taurus) Whale NO NA NA lkumi et al., 2004
(B. acutorostrata)
Cow (B. taurus) Dog (C. familiaris) YES NET NA Murakami et al., 2005
Cow (B. taurus) Human YES NET NA Chang et al., 2003;
(H. sapiens) llimensee et al., 2006
Cow (B. taurus) Rhesus monkey YES NET NA Dominko et al., 1999
(M. mulatta)
Cow (B. taurus) Mouse NO NA NA Arat et al., 2003
(M. musculus)
Cow (B. taurus) Pig (S. sucrofa) YES NO NA Dominko et al., 1999
Rabbit (O. cuniculus) Ibex (C. ibex) YES NET NA Jiang et al., 2005
Rabbit (O. cuniculus) Domestic cat YES YES NO Wen et al., 2005
(F. catus)
Rabbit (O. cuniculus) Marbled cat YES NET NA Thongphakdee
(P. marmorata) et al., 2006
Rabbit (O. cuniculus) Human (H. sapiens) YES NET NA Chen et al., 2003
Rabbit (O. cuniculus) Rhesus monkey YES NET NA Yang et al., 2003
(M. mulatta)
Rabbit (O. cuniculus) Camel YES NET NA Zhao et al., 2006
(C. dromedaries)
Rabbit (O. cuniculus) Pig (S. sucrofa) YES NET NA Chen et al., 2006
Rabbit (O. cuniculus) Tbetan antelope YES NET NA Zhao et al., 2006
(P. hodgsonii)
Pig (S. sucrofa) Whale NO NA NA Ikumi et al., 2004
(B. acutorostrata)
Pig (S. sucrofa) Tiger (P. tigris) YES NET NA Hashem et al., 2007
Interfamily Cow (B. taurus) Takin (B. taxicolor) YES NET NA Li et al., 2006a
Cow (B. taurus) Sheep (O. aries) YES YES NO Dominko et al., 1999;
Hua et al., 2007
Goat (C. hirus) Tibetan antelope YES NET NA Zhao et al., 2007
(P. hodgsonii)
Intergenus Cow (B. taurus) Buffalo (B. bubalis)  YES NET NA Kitiyanant et al., 2001
Cow (B. taurus) Goral (N. goral) YES NET NA Oh et al., 2006
Wild cat Leopard cat YES YES NO Yin et al., 2006
(F. silvestris) (P. bengalensis)
Interspecies Cow (B. taurus) Gaur (B. gaurus) YES YES YES Lanza et al., 2000;
Mastromonaco
et al., 2007
Cow (B. taurus) Gaur/Cow hybrid YES YES NA Dindot et al., 2004
Cow (B. taurus) Yak (B. grunniens) YES YES YES Li et al., 2006a, 2006b
Cow (B. taurus) Zebu (B. indicus) YES YES YES Meirelles et al., 2001
Cow (B. taurus) Banteng YES YES NO Sansinena et al., 2005
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Table 1. Continued
Taxonomic Live

Relationship  Recipient Oocyte Donor Cell Blastocyst Implantation Offspring Reference
Goat (C. hirus) Ibex (C. ibex) YES NET NA Jiang et al., 2005
Domestic cat Wild cat YES YES YES Gomez et al., 2003, 2004
(F. catus) (F. silvestris)
Sheep (O. aries) Muflon (O. orientalis YES YES YES Loi et al., 2001
musimon)

NET, no embryo transfer; NA, not applicable.
2Embryos were transferred at two cell stage.

development varied between 4% and 44%. Overall, the
ability of an iISCNT embryo to develop to the blastocyst
stage decreases as the taxonomic distance between do-
nor and recipient species increases. Several reports—in
addition to our own experience with iISCNT embryos—
suggest that major barriers to the development of such
embryos are first manifested at the time of EGA, i.e., the
time when the genome of the zygote—in this case, that
of the somatic cell—becomes independent from the ma-
ternal transcripts and initiates transcription on its own.
These findings reveal that early preimplantation develop-
ment of iISCNT embryos is controlled by the oocyte and,
further, suggest that developmental arrest appears to be
imposed just before the time when high-level EGA should
take place in bovine embryos (Latham, 2005).

In the majority of experiments, resulting iISCNT blasto-
cysts were not transferred to surrogate animals, and their

"

capacity to implant and develop further was not investi-
gated. As indicated in Table 1, and as discussed previ-
ously, in the few instances in which blastocyst implanta-
tion and development were assessed, full-term cloned
offspring was a rare event and was only observed in
iSCNT between closely related species, underscoring
the importance of compatibility between donor-cell and
recipient-oocyte species.

Rabbit Oocytes as Highly Efficient

iSCNT Recipients

More than a quarter of iISCNT studies reported were per-
formed using rabbit oocytes. The resulting iISCNT embryos
developed to the blastocyst stage with remarkably high
efficiency, a phenomenon replicated using donor nuclei
from multiple species. Depending on the donor spe-
cies—these include cat, ibex, panda, camel, antelope,

Figure 1. Schematic Representation of
Interspecies Nuclear Transfer for
Derivation of NTESCs
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Figure 2. Developmental Milestones Required to Establish Interspecies Nuclear Transfer Embryonic Stem Cells
Yellow text boxes indicate potential problems associated with the model. TE, trophoectoderm; ICM, inner cell mass.

macaque, and human—6%-33% of iISCNT embryos de-
veloped into blastocysts (Chen et al., 2003; Wen et al.,
2005). These numbers put the efficiency of iISCNT using
rabbit oocytes within or above the range of successful
intraspecies SCNT blastocyst development frequencies
(Dinnyes et al., 2001; Chesne et al., 2002). Assuming that
none of the blastocysts reported were of parthenogenetic
origin—not determined by the authors—it is intriguing to
speculate that the rabbit oocyte may be more efficient at
supporting preimplantation development than other spe-
cies. Unfortunately, none of the reported rabbit iISCNT ex-
periments addressed molecular and physiologic aspects
of preimplantation development, leaving the mechanism
behind the observed high efficiencies of rabbit iSCNT
open to question. One can speculate, however, that the
high success rate could be due to intrinsic characteristics
of rabbit oocytes that make them more effective in driving
early mammalian developmental events. We cannot rule
out the possibility that the high efficiency could also be at-
tributed to the technical expertise of the group responsible
for the bulk of the rabbit iISCNT experiments. Taken
together, a detailed examination of rabbit oocytes at a mo-
lecular and functional level in the context of iISCNT may
provide interesting insights into somatic cell reprogram-
ming forces that operate during the cloning process.

Challenges Faced by the iSCNT Model

Although the number of interspecies cloning experiments
is not large enough to definitively answer fundamental
biological questions, studies reported to date imply fairly
constricted species barriers that prevent an iISCNT em-
bryo from developing into a viable fetus and offspring. In
addition to the failures of iISCNT embryos during preim-
plantation development, notably around EGA, those that
can develop into blastocysts are likely to fail to implant
in the uterus. This is reflected in the observation that
many different recipient-oocyte/donor-cell combinations
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were able to develop to the blastocyst stage (albeit at
reduced frequencies compared to their intraspecies coun-
terparts) but failed thereafter (Table 1).

The majority of reported iISCNT experiments were de-
signed to address the preimplantation development of re-
constructed embryos only at the morphological level and
generally did not address physiological aspects of devel-
opment in great depth. There is, to date, a distinct lack of
reports examining interactions and compatibility between
nuclei and the cytoplasm. It is not yet clear whether the
failure to produce a high percentage of iSCNT-derived
blastocysts—as a percentage of fused oocytes—should
be attributed to incompatibility between oocyte proteins
and the transplanted nuclei, between the mitochondria
and the transplanted nuclei, or both (Figure 2). Not surpris-
ingly, due to the few iISCNT embryos that have implanted,
attempts to explore fetal-maternal interactions between
the embryo and the recipient uterus are simply absent.

The theory of reproductive isolation proposes that the
emergence of two species occurs when recombination,
through either mutations or hybridizations, renders two
populations unable to interbreed and to continue to repro-
duce. To the extent that a fertilization using sperm from
one species and oocytes from another is equivalent to
iISCNT in the context of evolutionary biology, the pub-
lished findings are consistent with this model, in that
only closely related species seem capable of generating
iISCNT offspring. Although we do not know the identity
of the particular genes that cause postzygotic reproduc-
tive isolation, it is reasonable to speculate that this pool
of genes could contain good candidates for factors that
might sabotage the successful development of iISCNT
embryos (Orr et al., 2004).

iSCNT for Embryonic Stem Cell Isolation
In addition to providing a great model to study nuclear
cytoplasmic interactions, iISCNT embryos can potentially
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be used for the isolation of ESCs. While many intraspecies
SCNT blastocysts fail to develop into live offspring, a sub-
stantial number of ESCs or embryonic stem-like cells have
been derived from SCNT embryos in cattle and mouse
models (Cibelli et al., 1998; Wakayama et al., 2001,
2006; Wang et al., 2005).

Earlier reports indicated that the functional characteris-
tics of ESCs derived by NT (ntESCs) may not be compro-
mised by the aberrations observed in cloned fetuses and
embryos, including chromosomal, genetic, and epigenetic
abnormalities (Renard et al., 1999; Hill et al., 2000;
Humpherys et al., 2001, 2002). Live, healthy offspring
have been obtained by using ntESCs as nuclear donors
in a second round of NT, indicating that at least some of
the ntESCs are competent to support full-term develop-
ment (Wakayama et al., 2005b). In addition, mouse chi-
meras generated with ntESCs resulted in germline trans-
mission of the injected cells, strongly supporting the
idea that they are functionally similar to conventional
ESCs (Wakayama et al., 2005a, 2005b, 2005c). A recent
study by Wakayama et al., employing 150 mouse ntESC
lines, reported that these ntESCs are comparable to their
in vivo-derived counterparts in terms of their differentia-
tion capacity, pluripotency marker expression profile,
global gene expression profile, and select methylation
characteristics (Wakayama et al., 2006). These observa-
tions are not only limited to the mouse. Recently, rabbit
ESCs have also been established from fertilized, parthe-
nogenetic and NT embryos with high efficiency (Fang
et al., 2006). Conventional and NT rabbit ESCs exhibit
similar characteristics in their ESC marker expression
and in their in vivo and in vitro differentiation abilities (Fang
et al., 2006). Taken together, these data demonstrate
that the developmental problems observed for SCNT
embryos do not seem to affect their ability to form ESCs,
reinforcing the fact that iSCNT could be used to address
questions related to interspecies nucleocytoplasmic com-
patibility and even to provide another source of cytoplasm
for isolating human ESCs, albeit with the limitations out-
lined previously.

To date, only one report (Chen et al., 2003) has estab-
lished ESCs from rabbit/human iSCNT blastocysts. The
authors produced 158 blastocysts, employing rabbit
oocytes and human fibroblasts from four individuals rang-
ing in age from 5 to 60 years old. They isolated NTESCs
from 14 iSCNT blastocysts, 4 of which were expanded
for more than 25 passages (Chen et al., 2003). The re-
ported frequency of blastocyst development (14.5%)
and the frequency of ESC establishment (13% and 4%
up to passage 10 and passage 25, respectively) are very
encouraging, considering the fact that many more intra-
species SCNT attempts have produced only a handful of
blastocysts and no human embryonic stem cell line. In
this report, the ESC lines produced by iSCNT were posi-
tive for various protein markers known to be expressed
by human ESC lines, such as alkaline phosphatase,
SSEA-3, SSEA-4, TRA-1-10, and TRA-1-85. Upon differ-
entiation, embryoid bodies and outgrowths expressed
marker proteins specific for several somatic cell line-

ages—such as myoglobin, a-fetoprotein, a-1-antitrypsin,
VEGF receptor-2, Tie-2, nestin, and MyoD1—consistent
with their presumed pluripotency. These ntESCs pheno-
typically resembled human ESCs isolated from fertilized
embryos. While the report indicates that the ESCs carried
both human and rabbit mitochondrial DNA, quantitative
and functional analyses testing the compatibility of the
donor nuclei and recipient mitochondria were not per-
formed. However, the successful, prolonged culture of
ntESCs derived in this way suggests at least some degree
of compatibility. This study is interesting, since it implies
that rabbit oocytes could enable human somatic nuclei
to go through not only several landmarks of preimplanta-
tion development, including EGA and compaction, but
also could overcome the possible nucleocytoplasmic
conflict during establishment and differentiation of
ESCs. These results have yet to be replicated by an inde-
pendent group; nonetheless, in the event that the results
are consistent in other hands, future iISCNT studies using
rabbit oocytes are warranted.

Is SCNT the only way to obtain bona fide ESCs from
adult individuals? Recently, three different independent
groups reported that mouse somatic cells can be forced
to dedifferentiate by exogenously inserting four genes,
Oct4, KIf4, c-myc, and Sox2 (Okita et al., 2007; Takahashi
and Yamanaka, 2006; Wernig et al., 2007; Maherali et al.,
2007). These findings imply that the requirement for
oocytes to reprogram somatic cells could be overcome
one day. While true, considerable additional research
must be conducted to understand and subsequently
mimic the epigenetic mechanisms that take place during
early embryonic development. Among the limitations of
these induced pluripotent stem cells (iPS) is the low
efficiency of their derivation. As reported by Takahashi
and Yamanaka (Takahashi and Yamanaka, 2006), in order
to obtain one pluripotent colony of cells, 5000 cells must
be transfected, although this efficiency has been im-
proved, at least to some degree (Maherali et al., 2007).
Nevertheless, murine iPS cell generation remains 100-
500 times less efficient than NTESC derivation (Wa-
kayama et al., 2005c). Furthermore, two of the four genes
required to obtain iPS are proto-oncogenes, casting seri-
ous doubts about the safety of the cells if they are ever
produced in human for therapeutic purposes. Nonethe-
less, it would be unwise not to recognize the intrinsic value
of iPS cells as a biological tool, reinforcing the notion that
all avenues should be explored when trying to understand
the gene reprogramming processes necessary to dedif-
ferentiate somatic cells, including iISCNT. Indeed, the au-
thors of these studies have collaborated to contribute
a Correspondence article in the October issue of Cell
Stem Cell (Hyun et al., 2007) underscoring the necessity
of pursuing all avenues toward the generation of human
pluripotent cells.

Theoretical Considerations for iSCNT Models

SCNT is an inefficient technique, even in the context of
intraspecies cloning. The best frequencies reported for
offspring born after embryos are transferred into surrogate
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mothers hover around 5%. It is generally accepted that
the litmus test for functional genome reprogramming is
having produced healthy and fertile adult offspring. For
SCNT embryos, failing this test is the norm. These failures
have been associated with early embryonic losses and
various developmental abnormalities, including an en-
larged, less-vascularized placenta; pulmonary immaturity;
and liver, renal, and endocrine failure (Chavatte-Palmer
et al., 2002; Hill, 2002; Hill et al., 1999, 2000, 2002). Nu-
merous factors have been investigated as the potential
culprits of failed reprogramming in SCNT embryos. Failed
epigenetic reorganization of the genome has emerged as
one likely source of problems associated with SCNT.
These problems include deregulation of chromatin struc-
ture through alterations in DNA and histone methylation/
acetylation patterns (Chung et al., 2003; Santos et al.,
2003) and aberrant expression of imprinted genes
(Humpherys et al., 2001; Mann et al., 2003). Unfortunately,
our understanding of the regulation of epigenetic changes
is still limited, and as a consequence, we are at a disadvan-
tage when trying to discover their role in the context of
SCNT (see reviews, Hochedlinger and Jaenisch, 2003;
Jaenisch et al., 2005; Kishigami et al., 2006).

Nuclear-Mitochondrial Compatibility

The fact that iISCNT experiments yield live offspring only
when the oocyte and donor-cell sources used are derived
from related species may be the result of incompatibilities
in mitochondrial physiology.

Earlier studies using mouse blastomere NTs have sug-
gested that the typical pattern of maternal inheritance
observed in many mammalian species does not apply in
SCNT, and varying degrees of heteroplasmy were ob-
served in most of the resulting embryos, fetuses, and
live offspring (Hiendleder et al., 2003). Moreover, even tis-
sue-specific selection of certain haplotypes was observed
in cloned mice. With few exceptions, neutral segregation
of mtDNA in most bovine SCNT embryos, fetuses, and
animals appears to be the dominant pattern of inheritance
in which the amount of donor-cell mtDNA is not more than
the original amount contributed during reconstruction of
the embryo (i.e., the donor-cell mitochondria are not
selectively replicated over the recipient mitochondria)
(Hiendleder et al., 2003).

Mitochondria are semiautonomous organelles, with
their own genomes and transcriptional machinery. This
compact genome encodes 13 protein subunits of oxida-
tive phosphorylation, 22 tRNAs, and 2 rRNAs. To be
operational, however, the mitochondria also rely on “im-
ported” proteins encoded in the nucleus. Hence, close
coordination between the nuclear and mitochondrial ge-
nomes is essential (Brenner et al., 2004; St John et al.,
2004). Coevolution of nuclear and mitochondrial genomes
and the transfer of genetic information from mitochondria
to the nucleus have resulted in a very specific and unique
complementation of mitochondrial and nuclear function
within an individual species. This specific interaction has
also been proposed to contribute to the speciation pro-
cess (Herrmann et al., 2003). This assumption would
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lead us to conclude that the compatibility of nuclear and
mitochondrial genomes may be of paramount importance
to iISCNT experiments.

In all eukaryotic cells, mitochondria play a major role in
many biological processes. They are known to be involved
in ATP production, regulation of intracellular calcium
levels, apoptosis, and cellular aging. During mammalian
gametogenesis, fertilization, and embryogenesis, mito-
chondria have an unusual morphology and pattern of
transmission from one generation to another. Mitochon-
dria in oocytes and preimplantation embryos are spherical
in shape and bear fewer, less-prominent cristae. More-
over, a subset of the mitochondrion pool in primordial
germ cells serves as the founders of the mitochondria
population in the oocyte and in the offspring. This genetic
bottleneck is thought to ensure mitochondrial homo-
plasmy (defined as having mitochondria derived from a
single source—in this case, the oocyte), which is important
to the maintenance of proper mitochondrial function.

During SCNT, a relatively small number of the donor-cell
mitochondria are inserted into the reconstructed embryo,
resulting in mMtDNA heteroplasmy. Studies on ovine,
mouse, and bovine SCNT embryos indicate a high degree
of variability in mitochondrial distribution, with some ani-
mals displaying complete homoplasmy (Evans et al.,
1999; Hua et al., 2007; Meirelles et al., 2001) and others
displaying heteroplasmy to varying degrees (Han et al.,
2003; Hiendleder et al., 2003; Inoue et al., 2004; Takeda
et al., 2003). In heteroplasmic animals, the level of contri-
bution from donor-cell mitochondria is also highly variable
between subjects and within tissues of the same subject.
It has been reported that the level of heteroplasmy in-
creases when iSCNT is performed (St John et al., 2004).
Although healthy, live offspring have been obtained by
both intraspecies and iISCNT, possible negative effects
of heteroplasmy introduced in these animals may be re-
sponsible, in part, for many of the failures of iISCNT. For
example, incompatibility of mitochondrial and nuclear
genomes could impair mitochondrial function, leading to
suboptimal respiration (St John et al., 2004). Most of the
available SCNT studies have not provided information
about the mitochondrial DNA and the metabolic status
of SCNT embryos and animals.

The study by Chen et al. (2003) describes the presence
of rabbit mitochondria in human cells. However, it is un-
known whether those mitochondria were able to fully re-
store functional nucleocytoplasmic crosstalk. In human-
monkey cybrids, for instance, mitochondria from common
chimpanzee, pigmy chimpanzee, and gorilla were defi-
cient in mitochondrial complex | activity, and the cybrids
displayed reduced cellular respiration (Barrientos et al.,
1998; McKenzie et al., 2003).

To date, NT studies addressing mitochondrial transmis-
sion have limited their scope to the detection of mtDNA
and have provided no information about indicators of mi-
tochonrial function. Two recent studies have investigated
the amount of mtDNA, ATP production, and gene expres-
sion in bovine SCNT embryos with different haplotypes
(Jiao et al., 2007) and mtRNA expression in sheep goat
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SCNT embryos (Ma et al., 2007). The results of these stud-
ies suggest that the haplotype of recipient oocyte affects
the ATP output, and developmental competence of
SCNT embryos and that of the donor cell’s mitochondria
are selectively eliminated in iSCNT embryos during preim-
plantation development. Although metabolic pathways
are well conserved among mammals, the proper activity
of respiratory chain complexes (i.e., involving nuclei-
mitochondrial compatibility, as discussed above) has
never been directly studied in iISCNT embryos, leaving
a significant gap in our understanding of the potential
role that metabolic insufficiencies may play in the success
of both iSCNT and SCNT developmental competency.

Taken together, these studies suggest that more data
are necessary to determine whether or not cell-donor/
recipient-oocyte mitochondrial incompatibilities are the
cause of the problems in iISCNT.

Activation of the Embryonic Genome
Early development in mammals is controlled by proteins
and mRNAs stored in the oocyte during oogenesis. After
fertilization, these factors direct early cleavage divisions
and are gradually depleted. Depletion of these molecules
seems to coincide with the activation of the embryonic ge-
nome. Experiments using RNA polymerase Il inhibitors
have established that the embryo can develop up to the
two cell, four cell, eight cell, and 16 cell stages in mouse,
pig, human, rabbit, and sheep and cattle embryos, re-
spectively, using maternal transcripts. These experiments
demonstrated that the stage at which the embryo gains
full control of transcription is a species-specific occur-
rence (Latham and Schultz, 2001; Schultz, 2002). How-
ever, recent studies have established that this process is
more dynamic than previously thought. In fact, transcrip-
tion can start as early as the one cell stage and can grad-
ually increase until the embryonic genome gains control,
reaching the “tipping point” at the stages previously de-
scribed in the RNA polymerase |l inhibitor experiments.
Since timely and orderly expression of developmental
genes is very critical for embryos to develop properly
(Latham, 2005), the process of EGA plays a major role
by providing control over spatial and temporal patterns
of gene expression during preimplantation development.
Considering that live offspring have been obtained using
SCNT, it is easy to assume that donor somatic-genome-
initiated transcription can either adapt to or be adapted
to a developmentally compatible program, even though
resulting gene expression patterns are reportedly altered
in some of these animals (Latham, 2005; Latham and
Schultz, 2001). In the context of SCNT, regulation of
EGA deserves special attention, because the depletion
of maternal messages stored in the ooplasm and chroma-
tin modification appear to be concurrent events and could
affect the timing of transcriptional initiation. For an iISCNT
embryo to develop successfully into a blastocyst and be-
yond, it needs to coordinate both the donor and recipient
components of EGA.

Data on reactivation of endogenous genes from the do-
nor cell are scarce. Only one study directly addresses

questions of EGA in iSCNT embryos; in this study, bo-
vine/mouse iISCNT embryos reactivated a stable trans-
gene (EGFP under CMV promoter) by the eight cell stage,
while several selected endogenous genes failed to be
transcribed by the same stage (Arat et al., 2003). In this
study, no bovine/mouse iISCNT embryos developed fur-
ther than the eight cell stage. Despite these limited data
in gene expression, morphologic and developmental ob-
servations provide indirect evidence suggesting that, in
the case of closely related species, at least some iISCNT
embryos are able to activate the donor-cell genome, de-
velop into blastocysts, and complete fetal development.
Our experience with iISCNT between distant species,
however, suggests that the majority of failed embryos ex-
perience a developmental block when the genome of the
recipient oocyte is required to undergo a major activation
event. Collectively, these results suggest that EGA could
manifest itself as the culprit in the failure to overcome
one of the species-specific developmental blocks and
also deserves more rigorous attention in the context of
iSCNT.

Minimal Standards for Future iSCNT Studies

In light of the arguments we have made, there are only two
sound approaches for assessing whether reprogramming
has occurred in iISCNT embryos: (1) establishing pluripo-
tent embryonic cells that can be later analyzed in detail
or (2) obtaining live offspring in all animals with the excep-
tion of human. The majority of published studies using
iSCNT are difficult to interpret, in part due to a lack of com-
pelling evidence showing that cells can or cannot be re-
programmed by a given oocyte. We would like to put for-
ward specific methodological approaches that may yield
more meaningful results: (1) PCR-based methods should
be used to identify genomic and mitochondrial DNA, using
primers specific to both species. (2) Greater emphasis
should be placed on quantification, and not just the detec-
tion, of mtDNA. (3) If enough cells are generated, karyo-
typing should be performed to determine the relative sta-
bility of resulting cell genomes and to confirm their origin.
(4) Endpoints for reprogramming should be either the es-
tablishment of pluripotent embryonic cell lines or in vivo
development. (5) If preimplantation development is the
focus of the study, basic physiological aspects of embryo
biology should be addressed, such as timing of EGA,
expression of the donor cell’s specific genes, and embryo
metabolism.

Although studies focusing on preimplantation stages of
development in iISCNT embryos can and have uncovered
many interesting facts about developmental physiology,
future research in this field will undoubtedly shift from
purely descriptive reports to more complex quantitative
analyses that seek to better define the relationship
between molecular events and developmental success.

Conclusions

With few exceptions, available iISCNT data suggest that
species-specific barriers stand in the way of reprogram-
ming somatic cells into embryonic stem cells. These
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barriers appear to be overcome, or disappear, only when
the two species are sufficiently closely related as to be
able to crossbreed. In the event that studies aimed at the
isolation of human ESCs using iSCNT prove successful,
they could present an invaluable experimental model to in-
vestigate causes and potential treatments for late-onset
diseases in human. Meanwhile, SCNT preimplantation
embryos could be used to provide information about phys-
iological problems associated with iISCNT, such as cell-cy-
cle kinetics, EGA, and embryo metabolism. A detailed un-
derstanding of the limitations imposed on these embryos
by species differences might lead to our being able to ma-
nipulate the limiting mechanisms and to exploit the iISCNT
model in more practical ways. Although it presents a chal-
lenging task, the application of iSCNT could offer benefits
not only for practical purposes but also for understanding
fundamental aspects of biology.
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