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Abstract

Embryologists working with livestock species were the pioneers in the field of reprogramming by somatic cell
nuclear transfer (SCNT). Without the “Dolly experiment,” the field of cellular reprogramming would have been
slow and induced plutipotent cells (iPSCs) would not have been conceived. The major drive of the work in
mammalian cloning was the interest of the breeding industry to propagate superior genotypes. Soon it was
realized that the properties of oocytes could be used also to clone endangered mammalian species or to re-
program the genomes of unrelated species through what is known as interspecies (i) SCNT, using easily
available oocytes of livestock species. iSCNT for cloning animals works only for species that can interbreed, and
experiments with taxonomically distant species have not been successful in obtaining live births or deriving
embryonic stem cell (ESC) lines to be used for regenerative medicine. There are controversial reports in the
literature, but in most cases these experiments have underlined some of the cellular and molecular mechanisms
that are incomplete during cell nucleus reprogramming, including the failure to organize nucleoli, silence
somatic cell genes, activate the embryonic genome, and resume mitochondrial replication and function, thus

indicating nucleus—cytoplasmic incompatibility.

Introduction

THE DEMONSTRATION THAT THE genome of a fully differ-
entiated mammalian cell could be restored to full toti-
potency with the birth of Dolly (Wilmut et al., 1997) has
provided a strong impetus to the area of cellular reprogram-
ming. Following that milestone experiment, a number of
mammals from different cell types have been cloned, dem-
onstrating beyond any reasonable doubt that a fully differ-
entiated mammalian genome could be reverted back to an
embryonic state, albeit at a low efficiency, through the process
later defined as somatic cell nuclear transfer (SCNT). The
oocyte is responsible for the reprogramming; indeed, it is
programmed to perform this function on the sperm chromatin
soon after fertilization (Beaujean et al., 2004) and therefore
contains all of the “magic” factors to do so. Some of these
factors were later identified and used for cell reprogramming
in vitro, leading to the development of induced pluripotent
stem cells (iPSCs) (Takahashi and Yamanaka, 2006).

From the initial desire of livestock breeders to fill their
herds with animals of superior genotype or to preserve en-

dangered breeds and because of its rather low efficiency and
peculiar failures, SCNT has become an important subject of
investigation of basic biological mechanisms of genome
(de)differentiation and a tool to generate specific embryonic
stem cells (ESCs) to be used in regenerative medicine (Ogura
et al., 2013). Nuclear transfer (nt) ntESCs have been gener-
ated in mice (Kishigami et al., 2006) and cattle (Lazzari et al.,
2006, Wang et al., 2005) and proved to have a strong
proliferation and differentiation potential equal to embryo-
derived stem cells.

The availability of oocytes and the related technology of
maturation in vitro and culture are central to cell repro-
gramming by nuclear transfer. Livestock species (mainly
cattle and pigs) have been the main unlimited source of high-
quality oocytes (Galli and Lazzari, 2008) for in vitro matu-
ration and nuclear transfer experiments. The idea of using
livestock or domestic species oocytes across other species has
been conceived of since the early days of SCNT, as has the
use of frog oocytes (Byrne et al., 2003). The events required
for nuclear reprogramming are many and complex, and the
assessment of their occurrence has a different stringency as
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development progresses from oocyte activation to full term
development (Oback, 2009). Interspecies (i) SCNT is a way of
generating autologous ESCs or cloning endangered or extinct
animal species. It provides an extreme case of reprogram-
ming failures from which much can be understood regarding
the basic biological mechanisms underlying genome repro-
gramming.

This article reviews some aspects of iSCNT and outlines
some of our work and that of others, examining the problem
from an embryologist’s perspective.

Achievements of iSCNT Embryo Development

Species that hybridize naturally are more likely to perform
well in iISCNT experiments. This is understandable, because
the natural production of living hybrid offspring shows that
a certain nuclear—cytoplasmic compatibility exists between
the two species (Mastromonaco et al., 2007). As a rule,
iSCNT in mammals is more efficient when donor and re-
cipient cells are from closely related species. Inter-subspecies
SCNT has produced healthy offspring of Boar goat (Jian-
Quan et al., 2007) and grey wolf (Kim et al., 2007). Inter-
species SCNT embryos derived from mouflon (Ovis orientalis
musimon) nucleus donor cells and sheep (Ovis aries) oocytes
(Loi et al., 2001) can also develop to term. Wild cat (Felis
silvestris lybica) (Gomez et al., 2004) and sand cat (Felis mar-
garita) (Gomez et al., 2008) were produced using domestic cat
(Felis catus) oocytes and coyote (Canis latrans) using dog
(Canis lupus familiaris) oocytes (Hwang et al., 2012). In 2000,
iSCNT embryos derived from gaur (Bos gaurus) adult nu-
cleus donor cells and bovine (Bos taurus) oocytes were able to
implant, and fetuses developed up to 200 days (Lanza et al.,
2000). At last in 2012, a gaur-bovine offspring was born
(Srirattana et al., 2012). Intergenus SCNT embryos derived
from leopard cat (Prionailurus bengalensis) nucleus donor cells
and domestic cat oocytes were able to implant and form
fetuses (Yin et al., 2006).

On the other hand, many studies have reported produc-
tion of iSCNT morulae and blastocysts when nucleus donor
cells and recipient oocytes have had a very distant tax-
onomical relation, as in the case of interfamily bovine-pig
(Dominko et al., 1999; Uhm et al., 2007), interorder cat— and
panda-rabbit (Wen et al., 2005), camel- and Tibetan ante-
lope-rabbit (Zhao et al., 2006), human-rabbit (Shi et al.,
2008), dog-pig (Sugimura et al., 2009), tiger—pig (Hashem
et al.,, 2007), thesus monkey (Macaca mulata)-bovine (Kwon
et al., 2011), human-bovine (Chang et al.,, 2003; Illmensee
et al.,, 2006; Li et al., 2008), human—ovine (Hosseini et al.,
2012), human-goat (Sha et al., 2009), mouse-pig (Jiang et al.,
2011), or interclass chicken-rabbit (Liu et al., 2004) combi-
nations. However, this approach remains ineffective and
results are still not always reproducible.

Molecular Aspects of iISCNT Reprogramming

In the majority of the published work, only preimplan-
tation development is described. Moreover, in only a few
reports were hybrid embryos generated to address relevant
biological questions, such as zygotic genome activation
(ZGA) or mitochondrial/genomic DNA composition, to
confirm the empirical nature of the experiments (Loi et al.,
2011) published so far. However, the accumulated data on
preimplantation embryo development of closely and dis-
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tantly related species opens the wide perspective of deep
investigation of cell/genomic organization of the process of
early embryonic development as a whole.

Donor nucleus remodeling in recipient
ooplasm upon nuclear trasfer

Now it is well understood that the first step of any iSCNT
experiments, such us remodeling of donor nucleus in the re-
cipient ooplasm, is very conserved among species and de-
pends on the maternally inherited factors of oocyte cytoplasm.
The normal pattern of nucleus remodeling was followed as
previously reported in different studies on mammalian nuclear
transfer and iISCNT embryos (Arat et al., 2003; Dominko et al.,
1999; Lee et al., 2008; Tarkowski and Balakier, 1980; Uhm et al.,
2007). Thus, the biochemical mechanism of this process is
universal and it works also in intraclass nuclear transfer em-
bryos derived from chicken blastodermal cells and rabbit oo-
cytes (Liu et al., 2004).

Development before embryo genome activation

Nuclear transfer embryos, irrespective of donor nucleus
origin, normally develop until the species-specific stage of
maternal-to-embryonic transition (MET) that is determined
by recipient oocyte (two cells in mouse, four to eight cells in
pig, eight to 16 cells in ovine and bovine) and is under ma-
ternal control (Schultz, 1993). The preparation of successful
embryo genome activation (EGA) fully depends on the
ability of recipient oocyte to correctly block the donor cell
DNA transcription and corresponding mRNAs translation.
The use of metaphase II (MII) oocytes with high levels of
maturation-promoting factor (MPF) leads to premature
chromatin condensation (PCC), which guarantees the donor
cell genome transcriptional silencing after nuclear transfer
into the recipient ooplasm.

Silencing of donor nucleus transcription

The data on the absence of transcription of COL6AT in
iSCNT embryos (bovine-pig and pig-bovine) indicate that
bovine cytoplasm can block de novo transcription of a fibro-
blast-specific gene irrespective of the species affiliation of
the donor nucleus (Lagutina et al., 2010). This agrees with the
results by Green et al. (2007) and Inoue et al. (2006) on the
silencing of donor cell-specific genes in nuclear transfer em-
bryos using muscle and hematopoietic cells as nucleus donors
and with the statement by Vassena et al. (2007) that the donor
genome is markedly silenced by the ooplasm at the one-cell
stage of nuclear transfer embryo development. Conversely, the
expression of avian feather KERATIN in chicken-rabbit in-
traclass nuclear transfer embryos (Liu et al., 2004) as early as in
eight-cell embryos is an example of the inability of mammalian
ooplasm to correctly reprogram an avian tissue-specific gene.
The transcriptome analysis of eight- to 16-cell-stage rhesus
monkey-bovine iSCNT embryos (Wang et al., 2011) using
Affymetrix gene chips demonstrated that more than 7700 so-
matic genes were downregulated in iSCNT embryos. How-
ever, there was vast inability of recipient oocyte to silence
about 860 rhesus monkey somatic genes, among which
were Col1A1, Col3A1, and Col4A1 involved in the process of
collagen production in fibroblasts. It should be mentioned that
abnormal fibroblast-specific gene expression was also found,
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although to a lower extent in bovine SCNT embryos. These
results suggest that neither iSCNT nor SCNT embryos can
effectively silence the donor cell-specific genes, a phenomenon
known as epigenetic memory (Ng and Gurdon, 2005), which
can contribute to developmental failures (Wang et al., 2011).
These data support the findings of Vassena et al. (2007), who
used microarrays to analyze the transcriptome of mouse SCNT
embryos at the time of EGA (two-cell stage) and found a large
number of genes misexpressed. All of these findings demon-
strate that recipient cytoplasm more likely cannot exactly re-
program donor nucleus.

Maternally inherited mRNA destruction

It is known that remnants of maternal RNA can detrimen-
tally affect embryonic development after EGA (Paynton et al.,
1988). This is why EGA and further embryo development re-
quire the degradation of maternal RNA (Alizadeh et al., 2005).
Wang et al. (2011) monitored the degradation of the maternal
RNA global profile and found broader maternal RNA degra-
dation in SCNT embryos than in iSCNT embryos. Gdf9 was
shown (Alizadeh et al.,, 2005) to be rapidly degraded along
with c-mos and tissue plasminogen activator (tPA) soon after
fertilization did not degrade in iSCNT embryos. As one of
multiple reprogramming steps, faulty degradation of maternal
RNA in iSCNT embryos could potentially be one of the causes
of low reprogramming efficiency in iSCNT (Wang et al., 2011).
The possibility of successful MET and EGA of SCNT and
iSCNT embryos depends on the extent of damage that could
produce this cocktail of mRNA and their protein products of
improperly reprogrammed somatic genes and maternal non-
degraded transcripts.

RNA polymerase Il activity

In eukaryotes, RNA polymerase (Pol) II is responsible for
transcription of mRNAs and of most of the small nuclear
RNAs. RNA Pol II accumulation and activity through de-
tection of polyadenylated (poly) mRNA accumulation in the
nuclei was studied in bovine and porcine in vitro fertilization
(IVF), nuclear transfer, and bovine—porcine iSCNT embryos
as early as the two-cell stage (Lagutina et al., 2010). This
confirms the data on low-grade transcription during the first
three cell cycles in bovine embryos (Barnes and First, 1991;
Hyttel et al., 1996; Memili and First, 1998; Plante et al., 1994;
Svarcova et al., 2007; Viuff et al., 1996; Viuff et al., 1998) and
extends our knowledge about porcine embryos that were
considered transcriptionally inactive until late in the third
cell cycle, i.e., at the four-cell stage (Freitag et al., 1991; Jarrell
et al., 1991; Tomanek et al., 1989). However, during further
in vitro culture, iSCNT embryos did not show the important
increase in RNA Pol II activity observed in control embryos,
which went through normal EGA.

Embryonic genome activation

The data on EGA in iSCNT embryos are very paradoxical.
Porcine NANOG mRNA (Lagutina et al., 2010) was not de-
tected even in the best (>16-cell) pig-bovine iSCNT embryos
at the time of porcine and bovine EGA, as previously re-
ported for chimpanzee-bovine iSCNT embryos (Wang et al.,
2009). The absence of NANOG gene expression could be a
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sign of inadequate reprogramming of OCT4 and SOX2,
which have previously been described to drive pluripotent-
specific expression of a number of genes, including NANOG
(Rodda et al., 2005). Comparison of gene expression in eight-
to 16-cell-stage human-bovine or human-rabbit embryos and
human IVF or nuclear transfer embryos using single-embryo
transcriptome profiling revealed general downregulation of
human genes in the bovine and rabbit recipient cytoplasm
(Chung et al., 2009). These data and the absence of eAp, Oct4,
and e-Cad expression in MEF-bovine iSCNT embryos (Arat
et al., 2003; Kim et al., 2004) suggests that bovine ooplasm
does not reprogram donor nuclei properly from other spe-
cies. However, there is a large set of data obtained during the
last years demonstrating the different level of expression of
embryonic genes in iISCNT embryos, suggesting partial EGA.
Human embryonic genes OCT4, SOX2, NANOG, E-CAD-
HERIN, as well as f-ACTIN were activated by enucleated
bovine oocytes (Li et al., 2008). Real-time assessment of three
developmentally important genes (Oct4, Sox2, and Nanog)
indicated their upregulation in human-ovine iISCNT blasto-
cysts (Hosseini et al., 2012) that were able to form blastocyst-
derived outgrowths with alkaline phosphatase activity that
was lost upon passage.

Partial EGA was found in chimpanzee-bovine iSCNT
embryos at the eight-cell stage, as indicated by 5-bromour-
idine 5’-triphosphate (Br-UTP) incorporation and expression
of chimpanzee embryonic genes. Oct4, Stella, Crabp1l, CCNE2,
CXCL6, PTGER4, H2AFZ, c-MYC, KLF4, and GAPDH tran-
scripts were expressed, whereas Nanog, Glutl, DSC2, USF2,
Adrbk1, and Lin28 failed to be activated (Wang et al., 2009).
Another study (Wang et al., 2011) demonstrated activation of
2007 genes that were differentially expressed in the rhesus
monkey-bovine iSCNT embryos, indicating active tran-
scriptional activity and strongly suggesting that EGA was
taking place in the iSCNT embryos.

However, activation of embryonic and pluripotency genes
does not predict blastocyst development of iSCNT embryos;
for example, crab-eating monkey (Maccaca fascicularis)—
bovine NT embryos expressed OCT4 during early develop-
ment but did not pass through the 16-cell stage of development
(Lorthongpanich et al., 2008).

Structural Aspects of iISCNT Reprogramming
Origin and formation of the nucleolus

One of the important compartments of the cell nucleus is
nucleolus. In 2008 Oguishi et al. demonstrated the maternal
origin and inheritance of nucleoli experimentally (Ogushi
et al., 2008). They proved that porcine and murine embryos
failed to develop if the oocytes were enucleolated at the
germinal vesicle stage and that fertilized/SCNT embryos
restored their developmental ability after reinjection of iso-
lated oocyte nucleoli at the MII stage. Nucleoli originating
from fibroblast or embryonic stem cell nuclei were not able to
substitute maternal nucleoli and support the development of
NT embryos derived from enucleolated oocytes. The nature
of these indispensable maternally inherited factors of nucle-
oli is unknown. This finding explained the formation of
ruminant-type nucleolus precursor bodies (NPBs) in iSCNT
embryos derived from porcine donor cells and ovine oocytes
demonstrated earlier by means of transmission electron mi-
croscopy (Hamilton et al., 2004).
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Nucleolus and nucleus compatibility in ISCNT embryos

In intraspecies SCNT embryos, there is full compatibility
between the autologous cytoplasm, nucleus, and nucleoli. In
contrast, iSCNT embryos are composed of maternally in-
herited cytoplasm, a xeno-nucleus, and NPBs originating
from the oocyte. The highly conserved gene sequence be-
tween mammalian species does not guarantee interspecies
compatibility of their products. Earlier studies had revealed
that ribosomal (r) DNA transcription is species specific, re-
quiring factors from either the same or very closely related
species (Mishima et al., 1982). And human rDNA cannot be
transcribed by mouse machinery and vice versa. Most of the
factors, i.e., UBF, RNA Pol I, TIF-IA, and TIF-IC, are inter-
changeable between human and mouse, whereas TIF-IB/SL1
has been found to be the species-specific component in the
preinitiation complex. It was shown (Heix et al., 1997) that
the primary structure of human and mouse TATA box
binding protein (TBP)-associated factors (TAFs) (proteins
involved in formation of RNA Pol I complex) does not
dramatically alter the network of protein—protein contacts
responsible for assembly of the multimeric complex SL1/
TIF-IB. The primate versus rodent promoter is likely to be the
result of cumulative subtle differences between individual
subunits that lead to species-specific properties of RNA Pol I
transcription.

Activation of nucleoli formation
and embryo development

It was found in Xenopus laevis that major embryonic ge-
nome activation initiated with activation of class II genes
[messenger (m) RNA], followed by class III genes [transfer (t)
RNA], and finally class I genes (rRNA) (Bjerregaard et al.,
2007). In mammals, RNA Pol I as well as other key nucleolar
proteins, upstream binding factor (UBF), and topoisomerase I,
engaged in transcription of the rDNA, and fibrillarin (Svar-
cova et al., 2007), involved in early processing of rRNA,
appeared in embryos at the time of EGA (Maddox-Hyttel
et al., 2007; Svarcova et al., 2007). The impaired pre-rRNA
transcription (Baran et al., 2003; Chen et al., 2008) or the
inhibition of RNA Pol I transcription (Baran et al., 2003) led
to fragmentation of nucleoli, apoptotic nuclei. and decreased
cell proliferation prior to the morula stage. Similar pheno-
types of preimplantation lethality before the blastocyst stage
were observed in knockout mice or in knockdown embryos
in the case of genes involved in ribosome biogenesis—
Pescadillo (Lerch-Gaggl et al., 2002), fibrillarin (Newton
et al.,, 2003), and Surf6 (Romanova et al., 2006). Thus, the
inability of iSCNT embryos to correctly activate, transcribe,
and translate genes involved in pre-rRNA synthesis at the
time of EGA may cause the arrest of nucleoli formation and
developmental block in embryos. The absence of mature
nucleoli can indirectly indicate silencing or aberrant expres-
sion of genes encoding RNA Pol I, nucleolar proteins, and, as
a result, rRNA genes.

Ability of oocytes of different species to support
formation of nucleoli in xeno-nuclei

Bovine oocytes. Lagutina et al. (Lagutina et al., 2010;
Lagutina et al., 2011) (Table 1 and Fig. 1) found differences in
the capacities of bovine and porcine oocytes to support nu-
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cleoli formation in xeno-nuclei. Bovine oocytes were able to
support nucleoli formation in the nuclei of only closely re-
lated species such as water buffalo (intergenus) and domestic
sheep (inter-subfamily) that have very similar kinetics of
embryo cleavage, time and stage of EGA, and likely a similar
structure of NPBs. The existence of active RNA Pol I tran-
scription of rDNA in buffalo-bovine iSCNT embryos was
confirmed by actinomycin D test (Lagutina et al., 2011).
Cattle-water buffalo hybrid IVF blastocysts serve as a con-
firmation of nuclear-cytoplasm compatibility between these
species (Kochhar et al., 2002). Buffalo (Bubalus bubalis)-
bovine (Bos indicus) iISCNT blastcysts were produced in
several laboratories (Kitiyanant et al., 2001; Lu et al., 2005;
Saikhun et al., 2002). Using trasnmission electron microscopy
(TEM) (Song et al., 2009; Tao et al., 2008), normal functional
changes in nucleoli during EGA were observed in goat—
bovine iSCNT embryos. The data on development of ovine—
bovine iSCNT embryos are very controversial. Hua et al.
(2008) obtained almost 25% of blastocysts with 117413 cells/
blastocyst on day 6, whereas Lagutina et al. (2011) were not
able to obtain morulae or blastocysts of such ovine-bovine
iSCNT embryos. However, similar morphology of bovine,
ovine, and buffalo nuclei and nucleoli in bovine cytoplasm
was observed, which might indicate at least partial EGA.
Hamilton et al. (2004) have shown that bovine—ovine iSCNT
embryos were able to form ruminant-type NPBs as well as
structures that appeared as fibrillar material surrounded by a
rim of electron-dense granules, perhaps formerly of nucleolar
origin. Taking in account similar kinetics of embryo cleavage,
time and stage of EGA, likely a similar structure of NPBs in
ovine and bovine embryos, and the formation of numerous
small nucleoli in ovine-bovine iSCNT embryos into account,
it is possible to suppose some nuclear—ytoplasmic compatibil-
ity that guarantees at least partial EGA, i.e., RNA Pol I function
and rDNA transcription, in ovine-bovine iSCNT embryos.

Lagutina et al. (2011) did not find signs of nucleoli for-
mation in the nuclei of pig, horse, cat, dog, and rabbit cells
transferred in bovine ooplasm. Using TEM, Song et al. (2009)
observed only early compact nucleoli during EGA in mon-
key-bovine iSCNT embryos with large proportion of irreg-
ularly shaped NPBs. Interestingly, the absence of formation
of active mature nucleoli in rhesus monkey-bovine iSCNT
embryos (Song et al., 2009) and their inability to form blas-
tocysts was associated with the presence of EGA-dependent
nucleolar proteins, such as UBF and fibrillarin. However
immunofluorescence confocal laser scanning microscopy re-
sults indicated that UBTF, fibrillarin, nucleophosmin, and
nucleolin expression levels were significantly reduced in
monkey-bovine iSCNT embryos compared to IVF and bo-
vine SCNT embryos. Using TEM, Hamilton et al. showed
that the ovine ooplasm directs initial nucleolar formation but
is incompatible with the porcine nucleus for completing this
event and forming fibrillar-granular nucleoli or restoring
rRNA transcription (absence of *H-uridine incorporation)
(Hamilton et al., 2004). These authors demonstrated the ab-
sence of NUCLEOLIN-labeled nucleoli at 96h in the most
advanced eight- to 16-cell embryos.

Porcine oocytes. In contrast to bovine oocytes, porcine
oocytes (Lagutina et al., 2011) are able to support nucleoli
formation in nuclei of many species, including equine (Fig.
2), rabbit, canine, and feline that possess very close EGA at
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TABLE 1. 1ISCNT EMBRYOS: DEVELOPMENT AND NUCLEOLI FORMATION

Advanced embryos n

] D3® at the end of IVC?
Donor Donor Taxonomical Embryos with nucleoli/
of nuclei of oocytes relations embryos analyzed® n  Cleaved %  n (%) (Day, n of nuclei)
Cattle Cattle Intraspecies 20/20 45 96 26 (58) 21 (D6, CM/BL)
Buffalo: Intergenus 24/24

1) granulosa 103 96 47 (46) 10 (D6, 20-27 nuclei)
2) AF 133 85 64 (48) 4 (D6, CM)

Sheep Inter-subfamily 26/26 247 99 220 (89) 86 (D4, 12-16 cells)
Mouse Interorder 0/30 62 98 43 (70) 37 (D4, 12-16 cells)
Cat Interorder 0/10 50 97 10 (20) 10 (D4, 10-16 cells)
Dog Interorder 0/31 50 97 37 (74) 37 (D4, 10-16 cells)
Rabbit Interorder 0/24 40 ND 24 (60) 24 (D4, 10-16 cells)
Horse Interorder 0/20 32 94 20 (63) 20 (D4, 12-16 cells)
Pig Interfamily 0/35 423 94 230 (54) 230 (D6, 8-25 cells)
Pig Pig Intraspecies 18/18 30 85 22 (73) 11 (D6, CM/BL)
Horse Interorder 21/43 79 81 41 (52) 8 (D6, 6-7 nuclei)
Rabbit Interorder 14/17 153 91 89 (58) 22 (D6, 5-10 nuclei)
Dog Interorder 6/21 70 96 58 (83) 58 (D6, 46 cells)
Cat Interorder 4/20 61 90 27 (44) 27 (D4, 4-6 cells)
Mouse Interorder 0/18 31 ND 18 (58) 18 (D4, 4-6 cells)
Sheep Interfamily 6/26 34 94 28 (82) 28 (D4, 4-6 cells)
Buffalo Interfamily 0/22 30 ND 22 (73) 22 (D4, 4-6 cells)
Cattle Interfamily 0/31 249 84 131 (53) 131 (D7, 4-6 cells)
Rabbit Rabbit Intraspecies 26/26 96 83 44 (46) 21 (D3, CM/BL)
Cattle Interorder 10/44 70 90 23 (33) 23 (D3, 8-16 nuclei)
Pig Interorder 0/26 111 70 10 (9) 10 (D3, 8-9 nuclei)

“Bovine (=8 cells) and porcine (>4 cells) SCNT and iSCNT embryos were analyzed after 96 h of IVC. Rabbit SCNT and iSCNT embryos

with >4 cells were analyzed after 72 h of IVC.

bAdvanced embryos D3—if cattle or rabbits are the oocyte donors, embryos with >8 blastomeres; if pigs are the oocyte donors, embryos

with >4 blastomeres.
“Percent from total number of reconstructed embryos

“Development was estimated at the end of embryo culture as the number of cells or nuclei stained with Hoechst.
AF, adult fibroblasts; CM, compacting morula; BL, blastocyst; ND, not determined.

(Reprinted, with permission, from Lagutina el al., 2011.)

the four- to eight-cell stage (Grendahl and Hyttel, 1996;
Hoffert et al., 1997; Kanka, 2003; Maddox-Hyttel et al., 2005),
and, interestingly, even in some ovine nuclei with EGA at the
eight-cell stage (Crosby et al.,, 1988). The most intensively
NUCLEOLIN-labeled nucleoli were found in equine and
rabbit nuclei. The existence of active RNA Pol I transcription
of rDNA in equine—porcine iSCNT embryos was confirmed
by an actynomycin D test (Lagutina et al., 2011). None of
these embryos with active RNA Pol I was able to overcome
the developmental block at the four- to eight-cell stage,
confirming the partial and aberrant character of EGA.
However, development of canine—pig iSCNT blastocysts was
reported in 2009 (Sugimura et al., 2009).

Rabbit oocytes. Rabbit oocytes were found to be good
recipients when shown to support preimplantation devel-
opment of embryos derived from nuclei of several species,
including bovine (Jiang et al., 2006), Capra ibex (Jiang et al.,
2005), chicken (Liu et al., 2004), camel and Tibetan antelope
(Zhao et al., 2006), macaca (Yang et al., 2003), cat and panda
(Wen et al., 2005), human (Shi et al., 2008), and even chicken
(Liu et al., 2004). However, microarray analysis failed to
detect significant human genome reprogramming in human-
rabbit iSCNT embryos (Chung et al., 2009).

The ability of rabbit oocytes to support nucleoli formation
in bovine and porcine nuclei was evaluated by Lagutina et al.

(2011). Anti-nucleolin staining of bovine-rabbit iSCNT em-
bryos revealed numerous nucleoli of different sizes in almost
half of embryos at the time of EGA determined by rabbit
cytoplasm. Unexpectedly, in spite of mature nucleoli for-
mation in rabbit nuclei transferred into pig oocytes, almost
all nuclei of porcine-rabbit iSCNT embryos were blocked at
the stage of mitotic chromosome condensation when the
genome is silent without any sign of nucleoli formation, even
in the most advanced embryos with eight to nine nuclei.
The simplest cause of nucleoli formation failure in iSCNT
embryos may be a structural difference of promoter selec-
tivity factors that play an important role in the formation of
the RNA Pol I complex on the promoter. These promoter
selectivity factors were found to be species specific in human
(SL1) and mouse (TIF-IB) (Heix et al.,, 1997). These factors
were not studied in other species. However the ability of
Xenopus rRNA to be transcribed in mouse cell extract (Culotta
et al., 1987) supposes that species divergence is not so large;
nucleoli formation in donor nuclei of different unrelated
species in rabbit and porcine cytoplasm also supports this.

Role of genome demethylation
in genome reprogramming

Very little is known about the molecular mechanism of
nuclear reprogramming. Simonsson and Gurdon (2004)
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FIG. 1.

Bovine NT (A, A1, B, D) and pig-bovine iSCNT embryos (C, C1) labeled with anti-nucleolin (C23) antibody (A1, B,

C1, D) and counterstained with DAPI for DNA staining (A, C) 96 h after activation. DAPI staining visualized homogeneously
stained nuclei of NT embryos (A) and chromatin condensation in the nuclei of iSCNT embryos (C). C23 labeling revealed
polygonal mature nucleoli in the nuclei of bovine NT embryos (A1), disappearance of functional nucleoli from the nuclei of
bovine NT embryos after 3h of treatment with 0.2 ug/mL AD (B); the lack of nucleoli formation in bovine NT embryos after
48 h treatment with 2 ug/mL AD (D); the absence of mature nucleoli in pig-bovine iSCNT embryos (C1). Scale bars, 100 um.

(Reprinted, with permission, from Lagutina et al. 2010.)

Al

FIG. 2. Porcine SCNT (A, Al) and equine—porcine iSCNT
(B, B1) embryos 96h after activation. NUCLEOLIN locali-
zation (C23) in mature nucleoli of porcine SCNT (A) and
equine—porcine iSCNT (B) embryos, disappearance of ma-
ture nucleoli and dispersed nucleoplasmic NUCLEOLIN la-
beling in actinomycin D-treated porcine SCNT embryos (A1)
and equine-porcine iSCNT (B1) embryos. Scale bar, 100 um.
(Reprinted, with permission, from Lagutina et al. 2011.)

analyzed the mechanism of activation of the stem cell marker
gene oct4 by Xenopus oocytes using nuclear and DNA
transfer from mammalian somatic cells. They found the de-
methylation of promoter DNA is a necessary step in the
epigenetic reprogramming of somatic cell nuclei. The oo-
plasms from different species have different demethylation
capacity (Beaujean et al., 2004; Chen et al., 2004; Chen et al.,
2006). The demethylation of repetitive sequences of the do-
nor genome is determined by the recipient ooplasm and not
by intrinsic properties of the donor nucleus (Chen et al., 2004;
Chen et al., 2006). It seems that the high demethylation ca-
pacity of porcine oocytes can explain their ability to support
initiation of nucleoli formation in nuclei of several species. In
contrast, it was shown that rabbit oocytes possess a much
lower demethylation capacity than porcine oocytes (Shi et al.,
2004). Together with hypermethylation of porcine fibroblast
nuclei (Chen et al., 2006), this may be the reason for failure of
nucleoli formation in porcine-rabbit iSCNT embryos. There
are different methylation patterns of early rabbit and bovine
SCNT/IVF embryos with equally high methylation levels of
the paternal and maternal genomes from the zygote up to the
16-cell stage in rabbit IVF and SCNT embryos (Shi et al., 2004)
in contrast to considerable demethylation in bovine embryos
(Dean et al., 2001). The ability of oocyte to demethylate gene
promoters has donor nucleus species-specific features (Wang
et al., 2009). Although the trend of global demethylation seems
to be similar in bovine SCNT and chimpanzee-bovine iSCNT
embryos, bovine ooplasm could not recapitulate in chimpan-
zee nuclei the DNA demethylation events observed in the
bovine SCNT embryos. These deficiencies could potentially
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significantly limit the transcription of chimpanzee-specific
transcripts in the iSCNT embryos. This may be one of the
reasons for nucleoli activation failure in bovine, buffalo, and
mouse nuclei in porcine cytoplasm, as well as of nucleoli for-
mation in bovine nuclei of bovine-rabbit iSCNT embryos.

Mitochondria-nuclear genome compatibility

Another most important component of cytoplasm is the
mitochondrion, a maternally inherited organelle that pos-
sesses its own genome. From about 1500 genes regulating
mitochondria, only 37 belong to mitochondrial genome
whereas others are of nuclear origin.

Nuclear encoded mitochondrial mMRNA around EGA

The detailed studies (May-Panloup et al. 2005; Mtango et al.
2008) of temporal expression of nuclear encoded mRNAs re-
lated to mitochondrial biogenesis revealed a persistent ex-
pression of maternally encoded mRNAs in combination with
transcriptional activation and mRNA accumulation around the
time of EGA. These findings confirm the observations of
morphological changes in the shape and structure of oocyte
mitochondria that associated with an increase of mitochondrial
activity at the time of EGA.

Mitochondrial structure during early embryogenesis

Unlike their counterparts in differentiated cells, mito-
chondria in oocytes and newly fertilized eggs are structurally
undeveloped and typically appear as small circular forms
with an electron-dense matrix surrounded by truncated
cristae that rarely penetrate or traverse the matrix. However,
while structurally undeveloped, they are functional and ac-
tive in adenosine triphosphate (ATP) generation by oxidative
phosphorylation. During the cleavage and early blastocyst
phases of preimplantation embryogenesis, mitochondria
undergo changes in shape and structure that while species
specific with respect to stage follow a similar pattern of
transformation. At the time of EGA, mitochondrial geometry
transitions from spherical to elliptical and the cristae become
more numerous and able to traverse a matrix of lower elec-
tron density (Van Blerkom, 2009).

Mitochondria mass and activity around EGA

The changes in mitochondrial mass and activity were
studied around EGA in bovine, porcine SCNT, and bovine-
pig iSCNT embryos using JC-I staining. This method
revealed that before EGA embryos possessed equal mito-
chondrial mass measured by J-monomers and low activity
(accumulation of J-aggregates). However, at the initiation of
EGA, there is a burst of JC-I accumulation (monomers and
J-aggregates) in both intraspecies, bovine and porcine, SCNT
embryos, whereas iSCNT embryos could be characterized
by significantly lower JC-I accumulation, comparable to the
pre-EGA stage (Lagutina et al., 2011).

Nuclear-mitochondrial incompatibility

The existence of nuclear—mitochondrial incompatibility be-
tween different species was demonstrated in cybrids of closely
related primates (Barrientos et al., 2000; Kenyon and Moraes,
1997) and murids (Dey et al., 2000; McKenzie and Trounce,
2000). The mitochondrial protein synthesis in interspecies cy-
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brids was unaffected whereas the activities of respiratory
complexes I and IV were significantly reduced because of low
steady-state levels of respective subunits, indicating problems
in their assembly and existence of different compatibility of
nuclear encoded proteins with their mitochondrial targets.

In iSCNT embryos, the function of recipient ooplasm in-
herited mitochondria depends on the donor nucleus genome
of different species that could be in rather distant relationship
(intergenus, interfamily, etc.). We investigated nuclear—
mitochondria compatibility in iSCNT embryos derived from
bovine and porcine oocytes and donor cells from different
species using JC-1 labeling. The accumulation of J-monomeres
that corresponds to mitochondrial mass was compared
between iSCNT embryos with active nucleoli formation
(Lagutina et al., 2011) and intraspecies SCNT embryos with the
same ooplasm (bovine and porcine SCNT embryos) at the time
of EGA (Table 2). We found that in bovine ooplasm buffalo
and sheep nuclei (I. Lagutina, unpublished data) were able to
support activation of mitochondrial mass accumulation at the
same level as bovine ones. In the case of porcine ooplasm,
mitochondria were activated neither by ovine, nor by horse or
rabbit nuclei (I. Lagutina, unpublished data), demonstrat-
ing complete nuclear-mitochondria incompatibility in these
iSCNT embryos in spite of activation of nucleoli formation.

Effect of heteroplasmy on iSCNT embryo development

Nuclear—cytoplasmic incompatibility in iSCNT embryos
was proved experimentally in goat-bovine (Sansinena, 2011)
and pig-mouse (Amarnath et al., 2011) models. In contrast to
injection of homologous ooplasm in bovine SCNT embryos
that did not affect preimplantation embryo development,

TABLE 2. FORMATION OF NUCLEOLI AND MITOCHONDRIAL
Mass GROWTH AROUND EGA 1N DI1rreRENT ISCNT EMBRYOS

Donor Taxonomical ~ Formation Activation
of nuclei Oocyte relations of nucleoli of mitochondria
Cattle  Cattle Intraspecies + +
Buffalo intergenus + +
Sheep Inter-subfamily + +
Mouse Interorder - NA
Cat Interorder - NA
Dog Interorder - NA
Rabbit Interorder - NA
Horse Interorder - NA
Pig Interfamily - -
Pig Pig Intraspecies + +
Horse Interorder + -
Rabbit Interorder + -
Dog Interorder + NA
Cat Interorder + NA
Mouse Interorder - NA
Sheep Interfamily - -
Buffalo Interfamily - NA
Cattle Interfamily - -
Rabbit Rabbit Intraspecies + NA
Cattle Interorder + NA
Pig Interorder - NA

Formation of nucleoli (Lagutina et al., 2011).

Mitochondrial mass growth: JC-1 staining (Lagutina et al., 2010)
pig-bovine iSCNT embryos; other iSCNT embryos (Lagutina,
unpublished data).
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injection of goat ooplasm into goat-bovine iSCNT embryos
led to a significant decrease of embryo cleavage of iSCNT
embryos, demonstrating that heteroplasmy or mitochondrial
incompatibilities may affect nuclear—ooplasmic events oc-
curring at the time of EGA. Amarnath et al. (2011) con-
structed pig-mouse cytoplasmic hybrids by fusion of mouse
zygotes with porcine cytoplasts of different volumes. The
presence of pig cytoplasm significantly reduced the devel-
opment of mouse zygotes to the blastocyst stage compared
with control embryos and the extent of development failure
positively correlated with the porcine ooplast volume. While
mitochondrial DNA copy numbers remained relatively un-
changed, expression of several important genes, namely
Tfam, Polg, Polg2, Mfn2, Slc2a3 (Glut3), Slc2al (Glutl), Bcl2,
Hspbl, Poubf1 (Oct4), Nanog, Cdx2, Gata3, Tcfap2c, mt-Cox1,
and mt-Cox2, was significantly reduced in cytoplasmic hy-
brids. These results demonstrate that the presence of even a
small amount of porcine cytoplasm is detrimental to murine
embryo development and suggest that a range of factors is
likely to contribute to the failure of iSCNT embryos.

Conclusions

The most successful progress of iSCNT was achieved using
donor cells and recipient ooplast of very closely related spe-
cies. As the species divergence increases, the ability to sustain
embryo development decreases to full incompatibility. The
observed aberrant degradation of maternally inherited oo-
plasmic mRNA that should occur soon after oocyte activation
and before EGA, the inability of maternally inherited factors
to activate the embryonic genome, improper demethylation
of the donor genome, and the nuclear-mitochondrial in-
compatibilities all contribute to the early death of iSCNT
embryos. It has to be remembered that with same species
SCNT embryos, although the preimplantation development
is comparable to that of fertilized embryos, the development
to term and into viable offspring is still low; not all of the
reasons for this have been elucidated. Therefore, the iSCNT
model, with its extreme molecular and structural failures,
represents an important research tool that is advancing our
knowledge in cellular and nuclear reprogramming but pres-
ents huge, albeit not insurmountable, challenges. In an in-
teresting report, Jiang et al. (2011) improved the development
of mouse—pig interspecies embryos by eliminating the mito-
chondria from the pig oocytes and injecting with the somatic
cell nucleus mouse ESC extract that carried key pluripotent
factors as well as mitochondria. Given the complexity of the
events, it is clear that a variety of other factors are involved
(Narbonne and Gurdon, 2012) and the number of potentially
active reprogramming factors could be extremely vast (Awe
and Byrne, 2013). The search for the most critical ones should
be concentrated on those conserved across species.
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