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Preface

Animal ontogeny has facinated researchers for centuries. The early embryo begins as a single
cell (the zygote) that initiates a highly orchestrated sequence of events that ultimately leads
to an organism with multiple organs and hundreds of cell types. Since early embryology
research relied upon observation alone, quite simple questions remained unanswered. Do
cells lose genes during development or retain the exact same genome? This question
motivated early work of experimental biology and led to the conceptualization of nuclear
transfer almost a century ago. The cloning of amphibians in the 1950s demonstrated that
somatic cells undergo nuclear reprogramming (reversal to an embryo-like state) after
nuclear transfer into enucleated oocytes. This reprogramming allows the acquisition of a
cellular state equivalent to totipotency, proven by the birth of clones, albeit from a small
percentage of cloning attempts.

The birth of Dolly was the most remarkable achievement of cloning technology and was
widely publicized a quarter of a century ago. This scientific report was special because Dolly
was a clone originated from somatic cells of an adult ewe, thus demonstrating the amenabil-
ity of mammalian adult cells to nuclear reprogramming. This discovery led to widespread
attention in the scientific community and the general public about the potential uses of
cloning technology in animals and humans. Cloning by nuclear transfer proved versatile for
dissecting the epigenetic basis of cellular identity and assisted in numerous commercial
applications. The mechanisms by which oocytes reprogram somatic cells remain poorly
understood but an attractive research goal. Such understanding of reprogramming-
associated processes will likely improve cloning efficiency and the applicability of the
technology.

Our intention with the book Somatic Cell Nuclear Transfer Technology was to celebrate
the science and associated technologies inspired by the birth of Dolly and to reinforce the
potential of cloning technology to continuously unravel the molecular basis of cellular states
and their transitions.

São Paulo, Brazil Marcelo Tigre Moura
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Chapter 1

Cloning by SCNT: Integrating Technical and Biology-Driven
Advances

Marcelo Tigre Moura

Abstract

Somatic cell nuclear transfer (SCNT) into enucleated oocytes initiates nuclear reprogramming of lineage-
committed cells to totipotency. Pioneer SCNT work culminated with cloned amphibians from tadpoles,
while technical and biology-driven advances led to cloned mammals from adult animals. Cloning technol-
ogy has been addressing fundamental questions in biology, propagating desired genomes, and contributing
to the generation of transgenic animals or patient-specific stem cells. Nonetheless, SCNT remains techni-
cally complex and cloning efficiency relatively low. Genome-wide technologies revealed barriers to nuclear
reprogramming, such as persistent epigenetic marks of somatic origin and reprogramming resistant regions
of the genome. To decipher the rare reprogramming events that are compatible with full-term cloned
development, it will likely require technical advances for large-scale production of SCNTembryos alongside
extensive profiling by single-cell multi-omics. Altogether, cloning by SCNT remains a versatile technology,
while further advances should continuously refresh the excitement of its applications.

Key words Cellular reprogramming, Enucleation, Nuclear transplantation, Nuclear remodeling,
Pluripotency, Totipotent

1 Introduction

Mammalian ontogeny begins with fertilization, a process that cul-
minates with the fusion of two fully differentiated haploid cells,
namely the oocyte and the spermatozoon. The resulting embryo
will inherit this novel genome and faithfully replicate it during
mitotic cell divisions throughout development and the animal’s
lifespan [1]. There are very few exceptions to this rule, thus includ-
ing chromosome crossing-overs in the germline [2], and both
immunoglobulin class switching and somatic hypermutation dur-
ing lymphocyte maturation [3]. Errors in DNA metabolism [4] or
exposure to environmental (e.g., pollutants) and intracellular
insults (e.g., oxidative stress) may lead to DNA damage and muta-
tions [4, 5]. However, the genetic fidelity of mammalian genomes
is ensured by the DNA damage response (DDR) signaling pathway

Marcelo Tigre Moura (ed.), Somatic Cell Nuclear Transfer Technology, Methods in Molecular Biology, vol. 2647,
https://doi.org/10.1007/978-1-0716-3064-8_1,
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[4]. Upon DNA damage, the DDR senses such lesions and applies
one of its multiple enzymatic tools for repairing the affected DNA.
Very few DNA lesions escape the surveillance of the DDR pathway,
and this mutation burden may contribute to aging or the onset of
diseases such as cancer [6, 7].
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Despite this static nature of the genome sequence, cells
undergo drastic phenotypic changes during mammalian develop-
ment. Immediately after fertilization, the early embryo displays
rapid mitotic cell divisions with gradual decrease of blastomere
size, underscoring the period of cleavage or pre-compaction devel-
opment [1, 8]. Embryo compaction increases cell-cell interactions
between blastomeres preceding the morula stage and initiates the
polarization of outer cells, which flatten their apical surfaces and
become epithelial-like [1, 8, 9]. Inner cells in the compacting
embryo remain unchanged phenotypically and a fluid-filled cavity
coined blastocoel begins to form. The initial segregation of cell
populations resolves at the blastocyst stage, when inner cells form
the inner cell mass (ICM) and cells in the periphery give rise to the
trophectoderm (TE) [1, 8, 10].

The phenotypic changes in embryonic cells during early devel-
opment are the product of multiple cellular and molecular pro-
cesses. During the pre-compaction period, the development is
under maternal control since it relies on oocyte-derived constitu-
ents (organelles, mRNAs, proteins, and other cellular components)
accumulated during the oocyte growth phase [1, 8, 10]. For
instance, mouse oocytes hold ~20,000 mitochondrial DNA
(mtDNA) copies, although descendent embryonic cells will carry
~4,000 mtDNAs around implantation [11]. The processes of
polarization and blastocoel formation require cytoskeletal dynamics
that include filamentous actin participating in forming intercellular
junctions [12]. After a few cell divisions, embryos undergo embry-
onic genome activation (EGA) and newly synthesized gene pro-
ducts begin to replace those of maternal origin [1, 8, 10]. This
oocyte to embryo transition is gradual, varies between species and
gene transcripts, and ultimately ends around gastrulation
[13, 14]. From the zygote stage until EGA, the embryo is totipo-
tent, which is the capacity to progressively give rise to all cell types
in the fetus, and extraembryonic tissues including the placenta
[15, 16]. At the blastocyst stage, ICM cells are pluripotent and
hold the capacity to give rise to all cell types of the fetus. In turn, the
TE cells that are multipotent will differentiate into extraembryonic
tissues and the placenta [1, 8, 10].

The early embryo is self-organizing, since it grows ex vivo
under conditions of minimum nutrient availability [9, 10]. Part of
this “developmental programming” is embedded in the genome.
Transcription factors (TFs) are key players in early embryogenesis
and its first cell fate decisions [9, 10]. TFs modulate numerous
target genes by interacting with cis-regulatory elements (CREs;



promoters and enhancers) across the genome via their
DNA-binding domains. The interplay between TFs and CREs
modulates gene activity by recruiting the transcriptional apparatus
for gene activation or repressor complexes for gene silencing. This
genome-wide regulatory role gave TFs the reputation of as master
regulators of cell identity and coordinators of cell fate transitions.
In the early embryo, the starting gene transcript abundance of key
TFs is of maternal origin, such as Oct4(Pou5f1) and Sox2
[17, 18]. Core pluripotency-associated TFs (Oct4, Sox2, Nanog)
maintain the viability of pluripotent cells in early embryos and
TE-inducing TFs (Cdx2, Eomes, Tead4) suppress pluripotency
gene expression to inform the extraembryonic program for pla-
centa formation [9, 10]. Therefore, TFs dictate a substantial part
of both temporal and spatial gene expression programs in the
developing embryo and are necessary for its developmental poten-
tial [9, 10, 17, 18].
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Mammalian development is a unidirectional process. As mam-
malian cells respond to differentiation cues such as hormones or
growth factors and commit to a specific cell lineage, their progeny
cannot revert to the previous state, and thus, tissues are maintained
by tissue-specific stem/progenitor cells and mitotic divisions of
mature cells [19, 20]. There may be few context-specific exceptions
in organs such as the liver and pancreas, where cell replenishment
may benefit from the dedifferentiation of mature cell types that later
commit to hepatocytes and ß-cell phenotypes [21, 22]. The inabil-
ity to switch cell fates originates from the fact that cells acquire
non-genetic memory from the exposure to developmental cues.
This memory may contemplate extensive transcriptional rewiring
[23–25] and genome-wide TF binding reallocation [23, 25]. A
comprehensive example comes from the in vitro differentiation of
preadipocytes into mature adipocytes in mice and humans [23]. To
explore TF dynamics, authors mapped the TF binding sites (TFBS)
of PPARɣ in both species during four steps in the differentiation
protocol. PPARɣ is a TF mostly associated with gene activation and
required for adipogenesis. The TFBS of PPARɣ overlapped with
genes associated with adipogenesis and there was a strong correla-
tion between PPARɣ binding and target gene expression
[23]. Moreover, the profile of TFBS of PPARɣ changed substan-
tially during cellular differentiation [23]. Likewise, profiling 38 TFs
during differentiation of human pluripotent cells into the three
germ layers provided more details on such TF rewiring [25]. For
instance, the TFBS profile of NANOG in endoderm was much
similar to pluripotent cells, while GATA4 showed pronounced
rewiring in the same developmental context [25].

Transitions in cellular states during development also rely on
epigenetic remodeling [10, 23–25]. Epigenetics encompasses
inheritable changes in gene activity that do not depend on the
DNA primary sequence [26]. Epigenetics include DNA



methylation, post-translational modifications of histone tails, and
non-coding RNAs. DNA methylation represents the deposition of
a methyl group in the carbon five of a cytosine by DNA methyl-
transferases 1, 3a, and 3b (DNMT1, DNMT3A, DNMT3B) in a
symmetrical CpG context [27]. DNA methylation in CREs associ-
ates with gene repression, while its deposition in gene bodies
correlates with gene activity. Despite much of DNA methylation
being constant across cell types, DNA methylation levels increase
during cell differentiation [26, 27]. Moreover, histones are basic
proteins with high affinity for DNA [28]. There are four core types
of histones (H2A, H2B, H3, andH4) that form globular structures
known as nucleosomes, which is the basic unit of packing genomes.
Each nucleosome consists of eight histones (two copies of each
histone type) and tightly packs ~150 base pairs of DNA
[28]. This interaction between the nucleosome and bound DNA
is influenced by post-translational modifications of histone tails that
impact the accessibility of the bound DNA. There are over 25 types
of histone modifications [28]. For instance, histone acetylation
associates with euchromatin formation, while histone methylation
may be in both euchromatin and heterochromatin [26]. During
cellular differentiation, DNA methylation and epigenetic modifica-
tions act in concert to make more stable chromatin states
[24, 25]. For example, facultative heterochromatin in somatic
cells shows enrichment for DNA methylation and histone 3 tri-
methylation at lysine 9 (H3K9me3) [29].
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There are two developmental time windows when epigenetic
patterns undergo a genome-wide reprogramming [26, 27]. Few
hours after fertilization, sperm cells experience substantial nuclear
remodeling, which includes global DNA demethylation [30] and
exchange of sperm-specific protamines by histones stored in the
oocyte [31]. Further, both paternal and maternal genomes experi-
ence extensive reprogramming of DNA methylation and histone
modifications during preimplantation development [32, 33]. This
reprogramming occurs as a passive loss of epigenetic marks up to
the blastocyst stage and gradual reestablishment during fetal and
placental developments. The second stage of intense epigenetic
reprogramming occurs during gametogenesis, when primordial
germ cells display very low levels of epigenetic marks [34] that
will be established in a gender-specific fashion [35, 36].

The complexity of cellular states and the underlying mechan-
isms driving differentiation motivates the following question:
Could one reverse these differentiation-associated mechanisms?
And to what extent? The definitive answer to the aforementioned
question came from the development of nuclear transfer
(NT) technology. This chapter aims to review seminal develop-
ments in the field of animal cloning, thus revealing technical and
biology-driven advances that systematically pushed the technology
forward and refreshed the excitement of its applications in basic
science and commercial endeavors.
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2 Nuclear Equivalency and Animal Cloning

The determinants of cellular differentiation were elusive a century
ago, despite the knowledge of developmental phenomena. Amphi-
bians (mostly frogs and salamanders) were preeminent animal mod-
els in embryology research during the first half of the twentieth
century. This preference for amphibians was due to multiple rea-
sons, which included the large size of oocytes and eggs (immature
and mature gametes, respectively), ex vivo development, and resis-
tance to physical damage [37]. Based on rudimentary tools and
technical skill, embryologists showed that blastomeres remained
totipotent when separated or spatially rearranged in early embryos.
The limitation of this experimental approach was that it becomes
technically infeasible when embryos reach gastrulation and cells
become too small and have stronger cell-cell adhesions. Nonethe-
less, these findings showed that early blastomeres were undifferen-
tiated, but it remained unknown what happened during later stages
of development [38].

Initial investigations on the genetic basis of cellular differentia-
tion relied mostly on cytogenetics [39]. There was an understand-
ing that somatic cells have few euchromatic regions and that such
open chromatin state correlated positively with gene activity. How-
ever, cytogenetics at that time did not offer adequate resolution to
distinguish between potential changes in gene activity from DNA
rearrangements during cell differentiation. Therefore, the logic of
such “adaptations” by which genes undergo during cell lineage
commitment was unknown [39]. To unequivocally test the theory
of nuclear equivalency (i.e., cells retain the exact same genome
throughout their lifespan), the ultimate test would be to introduce
a differentiated cell nucleus into an enucleated oocyte (egg) and
determine its ability to choreograph development [38–40]. Despite
the simplicity of this concept, it demanded effort to evolve into the
NT technology known today.

Initial evidence suggesting the feasibility of NT in vertebrates
came from early NT experiments in amoeba [41] and demonstra-
tions that partial enucleation of zygotes (i.e., removal of the female
pronucleus) impaired embryonic development in frogs and sala-
manders [42, 43]. Further, enucleated eggs allow testing the
potency of embryonic cells of the leopard frog Rana pipiens
[38, 44]. One initial concern on developing a NT protocol was to
avoid damage to oocytes and donor cells during micromanipulation
[38]. Eggs were subject to pricking that caused their activation
(Fig. 1). Enucleation occurred after activation by aspirating the
nucleus out of the animal pole with a glass micropipette under a
stereomicroscope [38, 40, 44, 45]. Donor cells of late blastula had
roughly the same size of somatic cells [38]. The donor cell sucked
into a slightly larger glass micropipette led to the rupture of the



cellular membrane and underwent injection into the enucleated
egg [38, 40, 44]. This NT protocol in R. pipiens generated cloned
blastulae at high frequencies (~40–50% reconstructed eggs) from
blastula donor cells and many metamorphosed into healthy frogs
[40]. Therefore, this represented the first NT protocol and initiated
a series of developments in cloning technology (Fig. 2). In contrast,
somatic cell NT (SCNT) using endoderm nuclei showed much
lower cloning efficiency (17–33% blastulae) and very few clones
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Fig. 1 Somatic cell nuclear transfer (SCNT) technology in amphibians and mammals. (a) SCNT in amphibians
begins with egg enucleation using micromanipulation (Rana pipiens) or exposure to ultraviolet (UV) light
(Xenopus laevis), which also causes oocyte parthenogenetic activation. Enucleated eggs undergo reconstruc-
tion by nuclear injection. Complete blastula may lead to cloned tadpoles and metamorphosed frogs. Partial
blastulae cannot support full-term development but may acquire such ability by serial SCNT. (b) Mouse SCNT
relies on oocyte enucleation by aspiration of the metaphase plate and reconstruction by nuclear injection using
a piezo unit. Livestock SCNT uses oocyte enucleation by cytoplasm aspiration and exposure to UV (for
assessing enucleation). Alternatively, oocytes are cultured with compounds that induce the formation of
cytoplasmic protrusions holding the maternal chromosomes. These protrusions guide oocyte enucleation
without UV exposure. Pol-scope microscopy also permits visualizing oocyte chromosomes without DNA dyes
or UV. Reconstruction of livestock enucleated oocytes occurs by cell fusion (electrofusion or Sendai virus).
Both mouse and livestock reconstructed oocytes undergo parthenogenetic activation and in vitro culture.
Cloned blastocysts allow full-term development and the derivation of NT-derived embryonic stem cells
(NT-ESCs)



reached the larval stage [46]. This was strong evidence that cloning
efficiency was inversely proportional to the differentiation status of
the donor cell [40, 46, 47].
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Fig. 2 Timeline of technical and biology-driven advances contributing to the development and applications of
mammalian cloning by somatic cell nuclear transfer (SCNT) technology. Technical advances in blue, biology-
driven advances in green, and key cloning achievements in yellow. CB: cytochalasin B, iHDAC: inhibitors of
histone deacetylases, MII: metaphase II, NT: nuclear transfer, SV: Sendai virus, UV: ultraviolet light

Cloning technology was soon applied to the crawled frog
Xenopus laevis [48, 49], albeit requiring technical adaptations
[40, 50, 51]. The X. laevis egg has an impenetrable jelly which
frustrated attempts to inject them [51]. The exposure of eggs to
ultraviolet (UV) abolished their developmental capacity thus skip-
ping enucleation by micromanipulation (Fig. 1), and triggered
parthenogenetic activation [40, 51]. Surprisingly, the UVexposure
dissolved the jelly and facilitated nuclear injections [51]. Although
cloning of X. laevis was less efficient than R. pipiens using blastula
cells (~15–30% reconstructed eggs formed blastulae), it fostered
reprogramming of endoderm cells from pre-hatching tadpoles
(0.35% reconstructed eggs) up to metamorphosed frogs
[49]. The discovery of mutant X. laevis carrying one nucleolus
(wild-type animals have two nucleoli) allowed tracking the fate of
mutant donor cells and ensuring that clones originated from them
[49, 51, 52]. Since few somatic cells were amenable to nuclear
reprogramming, it remained unsolved if these cells harbored phe-
notypic plasticity (e.g., somatic stem cells) and did not reflect the
phenotype of most somatic cells [49]. The use of intestine epithe-
lium, keratin-positive skin cells, and spleen lymphocytes as nuclear
donors gave more appealing evidence that fully differentiated cells
are amenable to nuclear reprogramming [52–54], albeit these
experimental settings did not convincingly demonstrate their origin
from fully differentiated cells. These works did not apply lineage
tracing approaches for tracking differentiated donor cells, some
donor cells were negative for differentiation markers, and DNA
rearrangements in lymphocytes were not yet known [52–
54]. Since few reconstructed eggs using intestine epithelium devel-
oped into complete blastulae (~7%), abnormal embryos used as
nuclear donors for a second round of SCNT (known as serial



SCNT) led to viable feeding tadpoles [53]. These results from serial
SCNT strongly suggested that non-genetic factors were the under-
lying blocks to cloned development [55]. Despite correct interpre-
tation of hindering constraints to nuclear reprogramming, the
advantage of serial SCNT in X. laevis was due to its ability to
enhance DNA replication in donor cells [56].
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The pioneer work on NT technology [38] inspired its adapta-
tion to other species, which included the Drosophila melanogaster
[57] and the teleost fish Misgurnus fossilis L. [58]. Initial NT
experiments in Drosophila injected multiple donor cells per enu-
cleated egg [57, 59], thus limiting its ability to determine the
developmental potency of donor cells. Upon stepwise adaptation
of NT protocol, blastoderm cells injected into unfertilized eggs
resulted in 1–2% clones developing up to larval stages
[60]. Gasaryan et al. [58] took advantage that teleost eggs placed
in tap water undergo parthenogenetic activation but fail to cleave.
Eggs were exposed to X-ray irradiation of 38–49 rads to ensure
enucleation, while donor cells came from uncultured blastulae
[58]. From a total of 1,111 NTs to enucleated (n ¼ 791) and
non-enucleated (n ¼ 320) eggs, reconstructed eggs cultured in
Niu-twitty solution formed 200 gastrulae (18%), and 15 (1.3%)
reached the feeding larvae stage [58]. In contrast, no cleavage was
found after activation of 1,000 eggs, which included enucleated
and intact gametes. The genetic contribution of teleost blastula
cells to cloned development came from cytogenetics (e.g., 66%
diploid embryos) and carboxylesterase isoenzyme genotyping [58].

The initial three decades of non-mammalian cloning showed
that somatic nuclei are amenable to nuclear reprogramming,
acquire the ability to orchestrate embryogenesis, and generate
clones that reach adulthood and prove to be fertile. In turn, cloning
efficiency was low, accompanied by substantial losses during cloned
development, and even serial SCNT did not abrogate such inherent
biology-driven limitations.

3 Mammalian Cloning from Embryonic Nuclei

The development of NT technology in mammals lagged behind
until the 1970s (Fig. 2). Unlike their amphibian counterparts,
mammalian oocytes (both immature and mature gametes) are
smaller (1,000-fold) and less resistant to physical damage
[61, 62]. Other caveats in mammals included limited knowledge
on oocyte activation and embryo in vitro culture [61–64]. In turn,
two early developments contributed to early NT works in mam-
mals, namely initial demonstrations of partial zygote enucleation by
removing one pronucleus [62] and oocyte reconstruction by cell
fusion via inactivated Sendai virus (SV) [65].
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The first successful description of NT in mammals was done in
rabbits, which led to cloned embryonic development [61]. Oocytes
underwent reconstruction by nuclear injection or SV-mediated
fusion and the majority (70–100%) survived micromanipulation.
The author avoided oocyte enucleation, most likely to avoid their
lysis. There were two technical innovations that included donor cell
synchronization in metaphase with nitrous oxide and their lineage
tracing with tritiated thymidine [61]. Nonetheless, ~2% (15 of 694)
of reconstructed oocytes cleaved and only four developed into
embryos harboring 18–26 cells [61]. The low embryonic develop-
ment was likely due to poor oocyte activation, which was insuffi-
ciently stimulated by oocyte cooling to 5 �C during NT. In mice,
the injection of morulae nuclei carrying T6 chromosomes to intact
(non-enucleated) zygotes led to low survival (9%) but more than
half of reconstructed embryos formed morulae and blastocysts
in vivo [66]. The fate of donor nuclei was suggested by T6 chro-
mosomes in cloned blastocysts, albeit one drawback was the slower
developmental kinetics [66].

A key discovery for mammalian NT came from an unexpected
place. Hoppe and Illmensee [67] cultured mouse zygotes in
medium containing a cell-permeable and reversible inhibitor of
actin filaments called cytochalasin B (CB), thus intending the
diploidization of single pronucleus in partially enucleated zygotes.
Curiously, CB treatment increased zygote survival after microma-
nipulation [67]. Another report replicated these findings and
showed that pre-treatment with CB before enucleation nearly dou-
bled the survival of partially enucleated zygotes [68]. This tweak by
CB allowed more sophisticated NT experiments (also known as
microsurgery) for testing the developmental potency of ICM and
TE nuclei [69, 70]. The injection of ICM nuclei into intact zygotes
led to blastocysts after in vitro culture, while zygotes reconstructed
with TE cells did not develop beyond the 8-cell stage [69]. The
enucleation of CB-treated zygotes alongside reconstruction with
ICM and TE gave reasonable survival rates (~40%) and supported
development up to blastocysts [70]. These reports suggested that
mouse ICM cells are more amenable to reprogramming than their
TE counterparts [69, 70].

Despite some progress in animal cloning using embryonic
donor cells, NT protocols remained partial (without enucleation)
[69] or were difficult to replicate independently [64, 70, 71]. To
circumvent such roadblocks, the use of CB and large injection
pipettes to enucleate zygotes removed oocyte cytoplasm containing
both pronuclei without plasma membrane lysis [63]. A pronuclear
karyoplast (cytoplasm bridge carrying two pronuclei) from another
zygote was inserted into the perivitelline space of the enucleated
zygote for cell fusion using SV (Fig. 1b). These two steps allowed
the survival of >90% of reconstructed zygotes that formed blasto-
cysts in vitro and gave rise to newborn mice at similar rates than
non-manipulated controls [63]. This novel NT protocol was



accurate, reliable, and easy to master [64, 71]. In the following
year, two independent groups applied this NT protocol to demon-
strate the non-equivalence of male and female pronuclei during
mouse development [72–74], thus acting as strong evidence for
genomic imprinting. The reconstruction of androgenetic and
gynogenetic embryos (carrying two male or female pronuclei,
respectively) led to high preimplantation development [74]. The
transfer of androgenetic or gynogenetic embryos to recipient
female mice culminated in reasonable implantation rates
(17–35%), albeit embryos were unviable and inevitably underwent
reabsorption or displayed severe growth retardation [72–74].
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Early NTexperiments relied on zygotes as recipients since there
was no efficient method for oocyte activation in mammals [66, 69,
70]. This useful experimental setting for NT with embryonic donor
cells also led to a premature conclusion. The reconstruction of
enucleated zygotes with blastomeres of cleavage-stage embryos
gave intriguing results. Unlike pronuclear exchange that led to
nearly all reconstructed zygotes reaching the blastocyst stage
(~95%), the efficiency dropped to 19% when using 2-cell stage
blastomeres as donors [75]. The use of donor cells from more
advanced developmental stages (4-cell, 8-cell, and ICM) did not
affect reconstruction rates, albeit very few embryos reached the
morula stage [75]. Additional experiments showed that enucle-
ation (but not nuclear injury or toxicity caused by the injection
medium) was the cause of developmental arrest of cloned embryos.
This progressive loss of developmental potential led to the conclu-
sion that mammalian cloning was impossible [75]. Likewise, rabbit
ICM cells showed limited potential to develop into cloned blasto-
cysts, while cloned embryos from TE cells faced developmental
arrest at the 8-cell stage [76].

Cloning work in amphibians motivated the field to overcome
the hurdles described above [64, 71]. The first NT in large mam-
mals provided more technical and biology-driven improvements
[77]. Sheep metaphase II (MII) oocytes once enucleated by bisec-
tion using a pulled glass pipette underwent reconstruction by
SV-mediated fusion or electrofusion. The later reconstruction
approach proved much faster (1 h instead of 4 h) and supported
high (42–48%) blastocyst development [77]. Reconstructed
oocytes with 8-cell or 16-cell stage nuclei developed into full-
term lambs and viable 60-day pregnancies (recipients killed to
assess the development of clones), respectively [77]. This work
was soon followed by several reports of mouse and livestock cloning
using donor cells from early embryos [71, 78, 79].

Besides reinforcing the amenability of reprogramming embry-
onic nuclei to totipotency [70, 77, 80], these works collectively
gave important insights into a key factor impacting cloning effi-
ciency [71, 78, 79]. The use of MII oocytes (or 2-cell stage blas-
tomeres) proved more efficient than zygotes as recipients for
mammalian cloning [71, 79]. The drawback of MII oocytes is the



high levels of maturation/meiosis/mitosis-promoting factor
(MPF) and thereby requires cell cycle co-ordination with donor
cells [78]. Most blastomeres in non-synchronized preimplantation
embryos are under interphase of the cell cycle (S-phase) (80–90%)
due to short (<1 h) G1/G2 phases [76, 78]. The high MPF level
ruptured the nuclear membrane of blastomeres causing a
metaphase-like premature chromosome condensation (PCC) fol-
lowed by pronucleus formation and nuclear swelling [76, 78].How-
ever, PCC damaged the chromosomes of S-phase nuclei and caused
developmental arrest [78, 81, 82]. Embryonic nuclei at G1 phase
remained intact after PCC and gave rise to high yields of cloned
embryos [78, 81]. The activation of oocytes before reconstruction
lowers MPF levels and creates a cytoplasmic environment that
supports non-synchronized blastomeres (G1, S, or G2 phases) as
nuclear donors [78]. This MPF-low “universal recipient” oocyte
did not trigger PCC and nuclear swelling to the magnitude of MII
oocytes but may lead to high blastocyst yields, at least under some
experimental conditions [76, 78].
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A prelude to SCNT came from cloning work using
non-cultured ICM cells and ICM-derived cell lines. Sheep enu-
cleated oocytes receiving ICM donor cells formed 38% blastocysts
upon transfer to ligated oviducts of recipient ewes in diestrous
[80]. The cloned lamb obtained did not survive most likely due
to dystocia because there were no gross malformations [80]. In
cattle, NT with ICM nuclei gave few blastocysts (3–7%) but rea-
sonable (13–15%) calving rates [83, 84]. Suspension culture of
ICM cells for NT translated into ~15% blastocysts and ~12% of
transferred blastocysts gave rise to cloned calves [85]. Alternatively,
sheep embryonic disk (ED) cells from day-9 blastocysts allowed the
derivation of a cell line with flattened morphology [86]. The recon-
struction of enucleated activated oocytes (universal recipients) with
unsynchronized cultured ED cells (up to passage three) led to
cloned lambs. Upon passage six, ED cells (renamed to TNT4)
expressed the markers of differentiation cytokeratin and nuclear
lamin A/C [86]. To facilitate the reprogramming of gene expres-
sion [87], authors cultured TNT4 cells under serum deprivation
(0.5% serum) conditions instead of the usual supplementation with
10% fetal calf serum. The serum deprivation forces cells to exit the
cell cycle and remain quiescent at the G0 phase [86]. The use of
quiescent TNT4 cell donors offered similar blastocyst rates to ED
cells, while recipient conditions (pre-activated, simultaneous fusion
and activation, or post-activated MII oocytes) did not affect blas-
tocysts yields. Five lambs were born from the transfer of cloned
blastocysts obtained from TNT4 cells at passages 6–13 and the
three oocyte recipient conditions [86]. ICM-derived cells were
not equivalent to embryonic stem cells (ESCs) because there was
no protocol for maintaining cattle pluripotent cells under in vitro
culture [85]. Moreover, these reports were exciting because they
gave definitive proof that partially differentiated cells are amenable



to reprogramming [85, 86]. Furthermore, it paved the way for
genetically modifying cells in culture before NT to generate cloned
transgenic animals [86, 88, 89].
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4 The Development of SCNT in Mammals

SCNT in mammals did not await the unfolding of cloning using
embryonic nuclei. Rather, it began as cytological studies for inves-
tigating nuclear-cytoplasmic interactions [65, 90] and as an initial
assay before testing SCNT [91]. These studies took advantage of
fused couplets from somatic cells and oocytes, thereby allowing the
inspection of two nuclei of different origins simultaneously.
Although oocyte chromosomes remained unaltered upon cell
fusion, mouse cumulus or thymus cells underwent nuclear mem-
brane breakdown and a reversible PCC (lasted a few hours) with
clustered or scattered chromosomes within the oocyte
[90, 91]. Somatic nuclei behaved differently in activated oocytes,
displaying a “pronucleus-like” morphology [90, 91]. Under such
context, somatic cells held swelled nuclei (200-fold enlargement),
decondensed chromosomes, and visible nucleoli [90, 91]. The
decondensation of somatic nuclei reached similar levels and spatial
dispersion than of maternal chromosomes with almost simulta-
neous (<1 h interval) fusion and activation [92]. Further, these
oocytes extinguished gene transcription of somatic nuclei, thus
mirroring the female pronucleus. SCNT into pre-activated oocytes
(cell fusion >3 h after activation) did not abolish gene transcription
of somatic nuclei [92]. When cell fusion occurred several hours
after oocyte activation, somatic nuclei kept their naive chromatin
conformation [91]. Due to technical constraints, these studies
faced spontaneous oocyte activation [90] or fusion between multi-
ple somatic cells to single oocytes [91]. Nonetheless, these studies
showed that mammalian somatic nuclei undergo nuclear remodel-
ing similar to embryonic cells. However, the biological relevance of
these cytogenetic studies still required proof of embryogenesis after
SCNT [90].

Accumulating evidence of mammalian cloning from embryonic
nuclei and suggestive evidence of similar nuclear remodeling at the
cellular level with thymocyte nuclei set the stage for cloning using
somatic cells. Initial efforts revealed that mouse, rabbit, and cattle
somatic nuclei (thymocyte, fetal fibroblasts, and granulosa, respec-
tively) undergo reprogramming upon SCNT and orchestrate
cloned preimplantation development [83, 93]. The transfer of
19 cloned blastocysts derived from granulosa cells did not evolve
into implantation in cattle [83]. A common fact of these studies was
that donor cells were not subject to cell cycle synchronization (i.e.,
no description available) [83, 93]. Since driving donor cells to a
quiescent state favored sheep cloning [86], authors relied on this



approach to use fetal fibroblasts as donor cells for SCNT
[94]. Reconstructed oocytes were subject to in vivo embryo culture
(oviduct of recipient ewes) or in vitro culture. From a total of
144 reconstructed oocytes, 47 became morulae or blastocysts
[94]. Upon transfer of 40 embryos to synchronized recipients,
three cloned lambs were born but one died soon after delivery.
Based on the number of embryos transferred to recipients, the
cloning efficiency using fetal fibroblasts (7.5%) was similar to
using ED cells (5.6%) [94].
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An additional experiment was carried out using donor cells
from mammary epithelium of a 6-year-old ewe carrying a last
trimester pregnancy [94]. Quiescent mammary cells used for
SCNT formed fewer blastocysts than the other donor cell types
(ED cells and fetal fibroblasts), albeit the transfer of 29 embryos to
recipient ewes led to the birth of one cloned lamb [94], better
known as Dolly.

5 Applications of Mammalian Cloning by SCNT

The cloning of an adult mammal caused much excitement and
brought attention to its potential applications [88, 89, 95]. The
full reprogramming of somatic nuclei of adult mammals gave more
appealing evidence that the genome remains unchanged during the
animal’s lifespan. In a few years, mammalian cloning by SCNT
under intense investigation led to cloning of 20 mammalian species
[96]. Most proof-of-principle cloning studies relied on similar
experimental conditions, albeit some species required protocol
adaptations to match to their unique physiology, such as the block-
ade of spontaneous activation in rat oocytes [97] and shortening
oocyte activation associated with non-synchronous embryo transfer
in rabbits [98]. Despite low cloning efficiencies, the technology
proved replicable, and thousands of clones (mostly cattle and other
livestock) were born in the following years [99].

The most straightforward application of cloning by SCNT is
the replication of desirable genomes. Appealing individuals eligible
for cloning may come from rare livestock populations, endangered
species, elite livestock, or companion animals [100–103]. Cloning
also offers the potential to bring back genomes stored for long
periods [104] and thus assisting conservation programs of genetic
resources. The genomes of non-viable cells may be suitable for
cloning [105], thereby expanding the repertoire of approaches to
preserve rare genetic material. For instance, freeze-drying (also
known as lyophilization) may become a more appealing approach
for the conservation of genetic resources when combined with
SCNT protocols [106].

The potential of animal cloning in the context of transgenesis
was a driving force in the pursuit of SCNT in mammals



[88, 89]. Before cloning, rare transgenic animals were the
end-product of injecting thousands of zygotes and the random
integration of exogenous DNA [89, 107]. In contrast, somatic
cells during in vitro culture are eligible to genetic modifications
(addition or removal of DNA), selection of genetically modified
cells (transgenic without off-target mutations), and expansion of
transgenic cell clones before SCNT [89, 108]. This strategy ensures
that all clones born harbor the genetic modification made on the
donor cell line. The use of recloning and gene editing technologies
made possible the generation of healthy clones carrying multiple
site-specific editions in their genome [109]. The cloned transgenic
animals serve as founder animals to generate herds of transgenic
animals by natural breeding or assisted reproductive technologies
[108]. Transgenesis in livestock led to novel disease models [110],
large-scale production of recombinant proteins [111], organs with
potential for xenotransplantation [112], among other applications.
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Cloning by SCNT also contributes to unrevealing biological
processes. For instance, the epigenetic reprogramming during
cloning offered the possibility of distinguishing between the
genetic and epigenetic control of a given phenomenon. Tumori-
genesis is the culmination of stepwise accumulation of both genetic
lesions and epigenetic alterations [113]. SCNT using cancer cells as
donors would reset their epigenetic state and thereby generate
clones with the sole burden of the genetic lesions. In other
words, the phenotypic analyses of clones from cancer cells would
uncouple the contribution of genetic mutations from acquired
epigenetic alterations during cancer initiation and progression.
The use of mouse cells from multiple cancer models led to few
reconstructed oocytes developing into blastocysts (67 out of 2,201;
3%) [114]. From 57 cloned blastocysts explanted in ESC culture
conditions, two gave rise to stable NT-ESC lines (3.5%). Both
NT-ESC lines came from a melanoma model driven by
doxycycline-inducible Ras oncogene combined with the deletion
of the tumor suppressor Ink4a/Arf [114]. There were two reasons
for not attempting to generate full-term clones directly from these
SCNT embryos. Firstly, to circumvent the developmental abnorm-
alities commonly found in cloned pregnancies. Secondly, to explore
the potential of chimeras, which have wild-type cells that support
development with another cell population carrying phenotypes not
compatible with full-term development. The injection of NT-ESCs
into wild-type host embryos ultimately resulted in mouse chimeras
that developed cancers with shorter latency [114], greater pene-
trance, and expanded tumor spectrum than the original disease
model. As a more stringent test of developmental potency,
NT-ESCs were injected into tetraploid blastocysts (tetraploid com-
plementation assay). Since polyploid cells progressively become
largely restricted to extraembryonic tissues, injected pluripotent
cells must orchestrate fetal development. Nonetheless, the fetal



development from NT-ESCs inevitably arrested on embryonic day
9.5 [114]. Authors argued that secondary changes accumulated
during cancer progression do not abrogate mouse development
but predispose them to more aggressive tumors.
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Another example of exploring the role of epigenetics during
development came from the quest for elucidating the mystery of
olfactory receptor choice. The mouse genome has >1,000 genes
encoding olfactory receptors and each neuron expresses a specific
receptor from this vast repertoire [115]. To exclude the possibility
of DNA rearrangements locking receptor choice, two independent
groups used olfactory sensory neurons (OSN) as donor cells for
SCNT [116, 117]. The cellular identity of OSNs was based on a
knock-in reporter line in which the green fluorescent protein (GFP)
was expressed under the control of the olfactory marker protein
(exclusively expressed in mature OSNs). Dissociated tissue allowed
the identification of GFP-positive OSNs under epifluorescence
before their use for SCNT. These two reports described
27 NT-ESC lines from nearly 2000 reconstructed oocytes alto-
gether [116, 117]. NT-ESC lines generated chimeras with wide-
spread tissue contribution, suggestive of pluripotency in vivo.
Clonal mice were born from tetraploid complementation [116],
and recloning using NT-ESC donor cells gave rise to cloned pups
[117]. Moreover, OSNs expressing specific olfactory receptors (i.e.,
P2, M71) for SCNT ultimately generated chimeric and clonal mice
with alternative receptors [116, 117]. Hence, epigenetic mechan-
isms govern olfactory receptor choice in OSNs and post-mitotic
cells may undergo extensive nuclear reprogramming.

The utilization of T lymphocytes as donor cells put to rest the
quest to demonstrate the ability to reprogram terminally differen-
tiated cells [118]. Although lymphocytes could be reprogrammed
by SCNT and making clonal mice from NT-ESCs [95, 119], it did
answer if oocytes alone supported full epigenetic resetting. To test
their potential for nuclear reprogramming, authors retrieved natu-
ral killer T (NKT) cells and helper T cells (hTCs) from mice and
used them for SCNT [118]. While hTCs led to few morulae and
blastocysts (12%), NKT supported their development at much
higher rates (71%). While hTCs failed to support full-term devel-
opment, NKT cells gave rise to clones at similar rates to other cell
types (~1.5%) [118]. DNA rearrangements at the TCRVa14 and
TCRVb loci in clones and their placentas gave definitive proof that
terminally differentiated cells are amenable to nuclear reprogram-
ming into totipotent cells [118].

The birth of Dolly was soon followed by the derivation of
human ESCs [120]. This latter discovery prompted the idea of
combining these two technologies for regenerative medicine,
which became known as therapeutic cloning [121]. Instead of
attempting to clone humans (i.e., reproductive cloning), the idea
was to generate genetically matched NT-ESCs from patients and



differentiate them into the desired cell type which is affected by
disease [121, 122]. These disease-specific cells obtained by repro-
gramming could be used for in vitro models for understanding
disease and screening therapeutics [123]. The derivation of
mouse NT-ESCs proved feasible [114, 116, 117, 124, 125] and
these cells were functionally similar to ESCs as demonstrated by
in vitro differentiation potential, and extensive contribution to
embryonic development alongside germline transmission
[116, 117, 126]. Detailed molecular analyses of numerous cell
lines demonstrated that NT-ESCs are indistinguishable to ESCs
based on transcriptomes, DNA methylation maps, and differentia-
tion potential [127, 128]. Proof-of-principle studies in the mouse
suggested the potential of therapeutic cloning by ameliorating the
effects of immunodeficiency (coupled with restoring Rag2 expres-
sion) and Parkinson’s disease models [129, 130]. The derivation of
NT-ESCs in Rhesus monkeys (Macaca mulatta) [131] and humans
[132] were additional steps toward the exploration of therapeutic
applications.
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It became evident that constraints to obtaining human oocytes
and the complexity of SCNT would complicate the realization of
therapeutic cloning [133, 134]. An alternative to oocytes could
come from surplus zygotes from human-assisted reproduction.
Due to the inability of interphase zygotes to reprogram embryonic
and somatic cells [66, 69, 70, 135], one report described the
synchronization of mouse zygotes in metaphase before enucleation
[136]. The reasoning of metaphase arrest was that pronuclei
enclose reprogramming factors and impede their interaction with
the somatic nucleus [137]. Indeed, enucleation of zygotes arrested
at metaphase induced nuclear reprogramming, thus allowing
mouse cloning from donor ESCs and derivation of NT-ESCs
from somatic cells [136, 138]. Nonetheless, the use of zygotes
did not show promising results in humans because SCNT embryos
failed to undergo EGA and faced developmental arrest at the mor-
ula stage [139].

The demonstration that expression of key TFs in somatic cells
reprogrammed them into induced pluripotent cells (iPSCs), which
are equivalent to ESCs and do not depend on oocytes or SCNT
[140–142]. The ethical and technical advantages of iPSCs gener-
ated much enthusiasm for its development and applications. It
circumvented the moral issues of making human embryos for
deriving NT-ESCs, the potential risks of leading to human repro-
ductive cloning, and the constraints of relying on human oocytes
for SCNT [134]. Comparison of genetically matched human iPSCs
and NT-ESCs showed similar transcriptomes, DNA methylation
maps, and de novo mutations [143], thus suggesting that repro-
gramming methods generate pluripotent cell lines with similar
molecular profiles and differentiation potential. Nowadays, the
iPSC technology dominates the field of regenerative medicine and



numerous clinical trials of cell therapy rely on iPSC-derived
cells [144].
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6 Technical Adaptations of SCNT Protocols in Mammals

The protocol of SCNT is complex and time-consuming (Fig. 1).
Beyond biology-driven adaptations to mammalian species men-
tioned above, the SCNT protocol remains essentially the same as
the pioneer report in amphibians [38, 71]. The sole substantial
simplification was the alternate oocyte enucleation approach devel-
oped for SCNT in X. laevis [50, 51]. The exposure to UV light did
not affect oocyte developmental competence but impaired the
maternal chromosomes [50]. This functional oocyte enucleation
method by UV skipped the physical removal of oocyte chromo-
somes and was an actual shortcut to SCNT [48, 49]. Nonetheless,
there were few technical adaptations that facilitated SCNT in mice
and livestock (Fig. 2).

Attempts to adapt the UV-mediated enucleation to mammals
failed due to developmental arrest most likely due to DDR pathway
activation [145, 146]. Unlike mammals, amphibian pre-blastula
development cannot activate the DDR pathway [147] and thereby
supports embryonic development with damaged chromosomes
[48, 49]. DNA intercalating drugs such as actinomycin D and
mitomycin C have potential as alternative methods for oocyte
functional enucleation [148, 149]. These approaches impeded par-
thenogenetic development after chemical activation of bovine
oocytes but gave rise to blastocysts after SCNT, albeit at low
efficiencies. Nonetheless, the removal of damaged oocytes fully
recovers developmental potential [148, 149], further suggesting
that the roadblock was restricted to DDR activation. Perhaps
chemical inhibition of DDR [150] after oocyte reconstruction
may support cloned development at high efficiency using func-
tional enucleation with DNA intercalating drugs.

Mammalian oocytes incubated in DNA dyes and briefly
exposed to UV reveal the location of the oocyte spindle and ensure
enucleation by micromanipulation [151]. This approach became
commonplace for oocyte enucleation in livestock because of their
dark oocyte cytoplasm that impedes visual checking of successful
enucleation [80, 152]. Two approaches became popular as alter-
natives to UV for ensuring oocyte enucleation. Pol-scope micros-
copy allows the visualization of oocyte spindles due to their
birefringence [153]. Under the Pol-scope, oocytes from several
species (mouse, golden hamster, bovine, and human) underwent
enucleation at high efficiency and it did not affect preimplantation
development of cloned mouse embryos [153]. Some compounds
(demecolcine, nocodazole, and sucrose) cause the formation of
cone-like protrusions in >70% of treated oocytes [154–



156]. These protrusions contain maternal chromosomes in ~100%
oocytes and easily guide the enucleation without UV exposure
[154–156]. These alternatives do not affect the oocyte develop-
mental competence (similar cleavage rates, blastocyst rates, and
blastocyst cell numbers) and support the production of cloned
livestock [156, 157]. Therefore, chemically assisted enucleation
methods improve oocyte enucleation but still require micromanip-
ulation [154–157].
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The first mouse cloning from somatic cells described a new
strategy for oocyte reconstruction [158]. The piezo-impact pipette
drive unit facilitated the rupture of donor cell membrane and
release of the donor nucleus while discarding most of its cytoplasm.
Upon oocyte reconstruction, the piezo unit allowed penetrating
the oocyte oolemma and injecting the somatic nucleus with mini-
mum cytoplasm [158]. Direct comparisons between cell fusion and
piezo-driven nuclear injection in livestock showed conflicting
results [159, 160]. One study in pigs found similar cleavage and
blastocyst rates between oocyte reconstruction methods [160] but
the other found comparable cleavage rates but much lower blasto-
cyst rates using the piezo unit in cattle (35–39% vs. 11–18%)
[159]. One similar study in mice revealed that SCNT embryos
made using the piezo unit display more apoptotic cells and lower
developmental potential than those from electrofusion
[161]. Despite these facts, the vast majority of mouse and some
livestock SCNT protocols use piezo units for micromanipulation.

An alternative SCNT protocol came from the development of
handmade cloning (HMC), a SCNT protocol without micromani-
pulators [162, 163]. The traditional SCNT requires micromanipu-
lators and micropipette-making equipment, which makes the
experimental cloning setup quite expensive. The HMC protocol
utilizes oocyte enucleation by bisection with a sharp blade con-
trolled manually [162]. Halved oocytes are checked under UV to
select enucleated ones and further subject them to two rounds of
electrofusion. The first cell fusion combines the donor cell with a
halved oocyte, while the second round fuses the reconstructed
oocyte with another halved oocyte [162, 163]. One limitation of
HMC is the need to perform embryo in vitro culture individually
since it relies on starting zona pellucida-free oocytes [163]. HMC is
particularly popular in livestock and numerous reports described
clones using this protocol [164].

7 Improving SCNT-Mediated Reprogramming

Despite robust embryonic development after SCNT, molecular and
cellular analyses showed incomplete reprogramming even at early
stages of embryo development. Immunofluorescence analysis for
epigenetic marks showed persistent DNA methylation levels and



repressive histone marks concomitant with limited acquisition of
euchromatic marks [165, 166]. This epigenetic memory (epige-
netic states associated with the cell-of-origin) correlated with lim-
ited reactivation of embryonic genes [167], persistent expression of
somatic genes [168], skewed X chromosome reactivation [169],
and loss of gene imprinting [170]. At the cellular level, cloned
embryos may display energy metabolism resembling somatic cells
[171], with an increased number of apoptotic cells [172], among
other detrimental phenotypes.
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This plethora of epigenetic abnormalities in cloned embryos
inevitably leads to substantial losses, mostly during peri-
implantation development. Cloned pregnancies frequently fail to
develop functional placentas [173], which begins with impaired TE
differentiation [174], inadequate embryo-maternal signaling
[175], and abnormally large placentas [176]. Likewise, full-term
clones might display an array of abnormal phenotypes [177], thus
including overgrowth [178], obesity [179], among others. Similar
developmental constraints to those found in cloned development
come from the phenotype of mice deficient [180] or overexpressing
epigenetic regulators [181], which frequently display preimplanta-
tion development at mendelian rates but inevitably die in utero
after implantation [180, 181]. These similarities suggest that gas-
trulation and organogenesis pose a greater challenge to embryos
with epigenetic perturbations.

Mammalian cloning using various somatic cell types culminated
in a view that its efficiency was inversely proportional to the differ-
entiation status of the donor cell [47]. Since the epigenetic state of
donor cells represents the main factor determining reprogramming
potential, much work intended to understand the molecular road-
blocks to safeguarding the cellular identity of somatic cells. Based
on the notion that epigenetics governs cloning efficiency, treatment
of donor cells with epigenetic modulators should facilitate repro-
gramming. Bovine somatic cells treated with 5-aza-2-
0-deoxycytidine (5-aza; cytidine analog that prevents DNA
methylation) and trichostatin A (TSA; deacetylase inhibitor) dis-
played lower DNA methylation and higher acetylation levels,
respectively [182]. TSA-treated cells were more amenable to
nuclear reprogramming as shown by higher blastocyst rates, albeit
5-aza was toxic and lowered embryo yields. Further, treatment of
mouse reconstructed oocytes with TSA gave a threefold to fourfold
increase in blastocyst rates [183, 184] and gave a more than fivefold
(2.5–6.5% of transferred embryos) increase in live births
[183]. Mechanistically, TSA recovers global levels of histone
3 dimethylation at lysine 4 (H3K4me2) and partially diminishes
the H3K9me3 of SCNT embryos in comparison to fertilized
embryos [185]. These modulations of histone marks in SCNT
embryos were also accompanied by chromatin decondensation
and increased DNA replication [185] alongside improved



activation of EGA-associated genes [186]. Mouse SCNTwith post-
activation TSA treatment allowed serial cloning for 25 generations
with reasonable efficiency (2–25%) [187], while clones had similar
postnatal viability, telomere length, and transcriptomes (liver and
brain). The effect of TSA was steady across generations and proved
better than non-treated SCNT [187], which did not allow serial
cloning for more than six generations [187, 188].
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8 Genomics Revealed Roadblocks to Nuclear Reprogramming

The initial identification of key mechanisms associated with epige-
netic memory enabled improvements in cloning efficiency,
although it did not reveal the identity of genes or genomic regions
needing remodeling during nuclear reprogramming. Genome-
wide approaches offered this opportunity to explore nuclear repro-
gramming at much greater resolution that ultimately uncovered
contextual chromatin states that act as roadblocks to reprogram-
ming and that govern large portions of the donor cell identity
(Fig. 2).

Transcriptomic analyses demonstrated that cloned embryos
display aberrant expression of hundreds of genes during the EGA
[189] and at the blastocyst stage [190, 191]. This flawed gene
expression pattern derives from the combination of an inability to
reactivate embryonic genes [167] and to properly silence genes
active in donor cells [168]. For example, one genome-wide study
using mouse cloned blastocysts found that the majority of dysre-
gulated genes were found in the X chromosome [190]. Despite
substantial variation among cloned blastocysts, a set of 129 genes
were systematically aberrantly expressed in comparison with in vitro
fertilization (IVF) embryo controls. Cloned embryos showed
higher expression of the long non-coding RNA Xist, which is a
major effector of X chromosome inactivation [190]. Curiously,
both male and female clones displayed ectopic Xist expression in
active X chromosomes. Upon SCNT using somatic cells with one
Xist-deficient X chromosome (XΔxist), cloned embryos had 73–85%
fewer dysregulated genes, which included both X-linked and auto-
somal genes. X-linked genes with enrichment for the repressive
mark H3K9me2 did not respond to Xist ablation [190]. More
importantly, cloning efficiency using XΔxist cumulus and Sertoli
cells improved eightfold to ninefold to 12.7% and 14.4%, respec-
tively. Of note, the impact of correcting Xist expression was inde-
pendent of TSA treatment. This conclusion lies in the inability of
TSA to ameliorate the expression of X-linked genes of cloned
embryos and the additive effect of TSA and Xist RNAi-mediated
knockdown on boosting mouse cloning efficiency to ~20% [192].

An independent study found >1,200 differentially expressed
genes between mouse IVF and SCNT embryos at the 2-cell stage



[189]. A total of 372 somatic genes remained active and
301 embryonic genes failed to become active in SCNT embryos.
By mapping the genomic location of differentially expressed genes
between zygotes and 2-cell IVF embryos, this work revealed
811 genomic regions associated with EGA [189]. From those,
222 genomic regions were refractory to reprogramming in SCNT
embryos and referenced as “reprogramming resistant regions
(RRRs).” Few genes overlap with RRRs because these are gene-
poor genomic regions but are abundant for repeat sequences
[192]. In silico analyses revealed that RRRs overlap with
H3K9me3 regions in multiple somatic cell types. The injection of
reconstructed oocytes with mRNA of the H3K9me3-specific his-
tone demethylase Kdm4d greatly diminished H3K9me3 levels in
SCNT embryos, while a catalytic-defective Kdm4d mRNA did not
affect such embryos [192]. The Kdm4d injection corrected the
expression of 737 dysregulated genes (~60%) in 2-cell SCNT
embryos. This strategy also had a profound impact on blastocyst
rates because SCNT using multiple cell types (cumulus cells, Ser-
toli, and embryonic fibroblasts) improved from 10–26% to 80–88%
blastocysts [192]. After embryo transfer, cloning efficiency
increased from 0% and 1.0% to 7.6% and 8.7% of live pups using
cumulus and Sertoli as donor cells, respectively. Finally, embryonic
fibroblasts deficient for two H3K9me3 methyltransferases Suv39h1
and Suv39h2 when used for SCNT recapitulated the improvements
in cloning efficiency up to the blastocyst stage [192].
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The greater resolution provided by genome-scale approaches
made clearer the settlebacks made by incomplete reprogramming
of DNA methylation profiles [193, 194]. For instance, repetitive
DNA elements were refractory to demethylation [193], which may
be due to the cumulative deposition of H3K9me3. Notwithstand-
ing the reprogramming potential of oocytes, the DNA methylation
maps of mouse somatic cells were much resistant and remained
largely different from fertilized zygotes [194]. Mouse cloned blas-
tocysts hold similar global DNAmethylation levels to IVF controls,
but genomics found thousands of differently methylated regions
(DMRs) between them. Blastomere biopsying in 2-cell and 4-cell
cloned embryos provided an assay to correlate DNA methylation
maps and developmental potential [195, 196]. Clones displayed
epigenetic memory as evidenced by persistent DMRs (resistant to
reprogramming) and sequences that regained DNA methylation
(re-methylation) during embryonic development [194]. Those
re-methylated regions were mostly promoters and genomic regions
harboring repeat elements. Upon injection of short interfering
RNAs (siRNAs) for Dnmt3a/3b into enucleated oocytes, cloned
preimplantation development was modestly ameliorated although
full-term development increased from 0.88% to 5.33% [194]. Com-
bined injection of Dnmt3a/3b siRNAs and Kdm4d/Kdm5b
mRNAs further increased cloning efficiency to 17.21% [194],



thereby suggesting non-redundant roles of DNA methylation and
repressive histone marks in difficulting reprogramming. Vitamin C
(VC) inhibits DNAmethylation by blocking the conversion of Fe3+

into Fe2+ and therefore limiting Fe2+ and oxoglutarate mediated
reactions necessary for this epigenetic mechanism [197]. Post-
activation treatment of SCNT embryos with TSA and VC increased
mouse cloning efficiency from 0.0% to 15.2%. Moreover, TSA + VC
improved the transcriptional status of ~200 genes at the 2-cell
stage, albeit it did not most affect genes located in RRRs [197].
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The demonstration of major challenges during EGA, there was
a search for factors driving EGA and that may become dysregulated
during reprogramming. The chromatin conformation plays a major
role during the onset of the EGA by allowing TFs and the tran-
scription apparatus to engage with target genes. Histone 3 acetyla-
tion at lysine 9 (H3K9ac) correlates with gene activity during EGA
and the failure to increase H3K9ac in SCNT embryos may pose
another barrier to reprogramming [198]. TSA recovered most
H3K9ac peaks in SCNT embryos (not in RRRs) although it did
not translate into a more similar transcriptome to fertilized con-
trols. Prospection of TF factors driving EGA found enrichment for
Dux and GATA3 binding motifs [198]. Gene expression analysis
found that only Dux was downregulated in SCNT embryos.
Remarkably, Dux mRNA injection rescued most SCNT embryos
from the 2-cell block while cloned embryos from Dux�/� cells
failed to develop [198]. Exogenous Dux increased cloning effi-
ciency from 1.01% to 10.71% and was higher than the injection of
Kdm4dmRNA (7.81%) [199]. The combination ofDux orKdm4d
mRNA with Dnmt3a/3b siRNAs further increased cloning effi-
ciency to 18.6% and 12.24%, respectively. Cloning using Dux
mRNA alongside Dnmt3a/3b siRNAs also rescued the large pla-
centa phenotype [199]. Moreover, the effects of both TSA and
Kdm4d mRNA strategies depend on Dux function.

Other histone modifications have important roles in gene tran-
scriptional control and challenge reprogramming. The histone
3 trimethylation at lysine 4 (H3K4m3) and histone 3 trimethylation
at lysine 27 (H3K27me3) modifications are associated with gene
activity and repression, respectively. When found together, these
histone marks form bivalent domains that pose genes for potential
activation or long-term repression during cellular differentiation.
Genes active in somatic cells may remain active or experience pre-
cocious activation in SCNT embryos [168]. This “gene-on” epige-
netic memory was shown to largely depend on H3K4me3 and the
histone variant H3.3 in both X. laevis and human SCNT embryos
[200, 201]. A study that performed mouse SCNT with XΔxist

donor cells combined with Kdm4d mRNA found that despite
higher cloning efficiencies, the large placenta phenotype persisted
in these clones. A transcriptomic analysis revealed that mouse
SCNT embryos showed aberrant expression of multiple imprinted



Δgenes (e.g., Sfmbt2, Jade1,Gab1, Somc1), irrespectively of the X xist

status and injection of Kdm4d mRNA [202]. Chromatin analysis
found widespread loss of H3K27me3 at CpG islands and gene
promoters of active genes in somatic cells but also caused the
erasure of non-canonical imprinting [203]. This subset of imprint-
ing marks contemplates 76 domains of H3K27me3 accumulated
during oogenesis that remain in extraembryonic tissues but are lost
during organogenesis [204]. In the mouse, the recovery of Slc38a4
gene transcription rescued the large placenta phenotype in cloned
pregnancies [205] and Sfmbt2 deletion improved cloning
efficiency [203].
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Single-cell transcriptomic analysis showed that Kdm4b has
higher expression in SCNT embryos that reach the blastocyst
stage, and Kdm4b injection was more efficient to cloned develop-
ment in vitro [196]. Combined injection of Kdm4b and Kdm5b
mRNAs improved blastocyst yields, NT-ESC derivation efficiency,
and full-term development. In cattle, the injection of a
H3K27me3-specific demethylase KDM6A in reconstructed
oocytes leads to morulae with transcriptomes more like fertilized
counterparts [206], thus including EGA genes. Further, KDM6A
injection increases cloned blastocyst yields and ICM cell numbers.
Nonetheless, there are species-specific differences regarding epige-
netic marks hindering reprogramming. Pig SCNTembryos showed
profound differences in gene expression at the EGA (1,230 dysre-
gulated genes) and RRRs contributed to this partial block of the
EGA [207]. Curiously, RRRs also displayed enrichment for
H3K9me3 and H3K27me3 but gene-on transcriptional memory
did not overlap with H3K4me3 deposition. Injection of KDM4A
mRNA increased blastocyst development but exogenous KDM6A
mRNA was toxic and caused embryonic arrest [207]. The combi-
nation of injected KDM4A mRNA and GSK126 treatment
(Enhancer of zeste homolog 2—Ezh2 inhibitor) increased blastocysts
and recovered ~50% of dysregulated genes. Thymine DNA glyco-
sylase (TDG) is a pig-specific epigenetic regulator during preim-
plantation development and was not reactivated upon H3K9me3
and H3K27me3 removal [207]. Ectopic expression of TDG in
SCNT embryos assisted in genome-wide DNA demethylation.

Epigenetic mechanisms act in concert to modulate chromatin
structure and accessibility to transcriptional machinery. Therefore,
addressing chromatin accessibility would favor a more reliable esti-
mation of reprogramming outcome than assessing few histone
marks or DNA methylation maps. DNase I hypersensitive sites
(DHSs) are chromatin regions susceptible to DNA cleavage by
DNAse I since protein-bound nucleic acids resist cleavage
[208]. Somatic cells lose most DHSs after SCNT into oocytes,
despite some accessible chromatin remaining open and
H3K9me3-rich regions not acquiring DHSs [208]. Part of DHSs
lost during nuclear remodeling suggest displacement of somatic



cell-specific TFs due to closure of CREs enriched for TFs. Addi-
tional details came from an alternative reprogramming assay. The
injection of mammalian somatic cells into X. laevis GV oocytes
(100–300 cells per oocyte) represents an attractive assay to assess
nuclear reprogramming in a DNA replication-independent fashion
[209]. Mouse embryonic fibroblasts injected into X. laevis oocytes
displayed closure of DHSs in enhancers. In turn, novel DHSs
displayed motifs for pluripotency-associated TFs (e.g., Utf1,
Rarɑ) [209]. Modulation of Rarɑ signaling affected reprogram-
ming and TSA treatment increased the reactivation of Oct4 and
Utf1 by 19- and 30-fold, respectively. Nearly half of reactivated
embryonic genes had an accessible chromatin configuration [209],
thus reinforcing the notion that the epigenetic state of donor cells
contributes to the reprogramming outcome. Mapping the deposi-
tion of nucleosomes also revealed details of such remodeling of
chromatin accessibility [210, 211]. Porcine somatic cells after
SCNT undergo widespread nucleosome depletion [210], particu-
larly in the X chromosome. Nucleosomes adjacent to the transcrip-
tion start site were lost after SCNT, which suggest chromatin
relaxation and propensity for gene activation. Housekeeping
genes were not affected [210] and reinforce the notion of orche-
strated, non-stochastic reprogramming mechanism. There were
somatic genes that became silent but retained an open
nucleosome-free chromatin configuration [210], thus representing
evidence of epigenetic memory. Further work in mice elucidated
that some nucleosome dynamics were due to the progression of cell
cycle in SCNT embryos [211]. SCNT embryos display different
patterns of nucleosome-depleted regions at the 2-cell stage, which
may contribute as another constraint to adequate EGA. Further-
more, RRRs retain nucleosome-rich regions and reinforce the
notion of epigenetic memory [211]. Enhancers were more faith-
fully remodeled than promoters and nucleosome-depleted regions
overlapped with histone acetylation in SCNT embryos [211].
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Nuclear reprogramming upon SCNTmust also reset the three-
dimensional configuration of high-order chromatin to resemble the
state found in early embryos [212, 213]. Upon SCNT, recon-
structed oocytes displayed metaphase-like chromosome configura-
tion with stepwise dissolution of chromatin interactions
[212, 213]. Short-distance interactions (<1 megabase pairs—
Mbp) and intermediate-distance interactions (1-10Mbp) decreased
and increased, respectively in SCNT embryos. Longer-distance
interactions took much longer to remodel in cloned embryos
[212]. Nonetheless, these findings support a fast and genome-
wide restructuring of the somatic epigenome. Topologically asso-
ciating domains (TADs) are high-order chromatin structures that
isolate certain CRE interactions (enhancers and promoters) and
represent building blocks of genome organization [214]. After
SCNT, donor cell-associated TADs were lost and progressively



re-established mirroring the configuration found in fertilized
embryos [212, 213]. The more evident delayed high-order chro-
matin setting in cloned embryos during cleavage stages corrobo-
rates with inadequate EGA. H3K9me3 was an epigenetic barrier to
reprogramming the donor cell at the high-order chromatin level
and injection of Kdm4dmRNA could partially rescue the reorgani-
zation of H3K9me3-enriched TADs of somatic origin
[212]. Depletion of cohesin, a chromatin architectural protein
also favored TAD resetting and improved the yields of cloned
blastocysts [213]. Further, cohesin-depleted cells (both donor
cells and cloned embryos) showed the upregulation of nearly half
of genes associated with the minor EGA [213] that anticipates the
major EGA [215]. The fast reactivation of such EGA genes in
SCNT embryos generated with cohesin-depleted cells strongly
suggests them as direct targets of cohesin [213].
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9 Concluding Remarks and Perspectives

Cloning by SCNT was pivotal to the conceptual basis of how
epigenetic mechanisms contribute to the establishment of cellular
identity during development. Beyond its scientific impact, animal
cloning exploitation contributed to improving livestock produc-
tion, provided numerous recombinant bioproducts, assisted in
making disease models, and offered the foundation to reprogram-
ming human cells for therapeutic applications. Despite much inven-
tiveness in employing SCNT for scientific and commercial
endeavors, progress in understanding nuclear reprogramming
(and improving cloning efficiency) proved much harder. Genome-
scale studies underscored multiple epigenetic barriers to nuclear
reprogramming. Such approaches provided contextual epigenetic
constraints to nuclear reprogramming but also revealed few dysre-
gulated loci had substantial contribution to common phenotypes
found in clones and their placentas.

More recent developments in genomics may prompt additional
discoveries in nuclear reprogramming. Single-cell genomics con-
templates cellular heterogeneity which is found in early embryos.
There are studies that applied single-cell technologies to SCNT
embryos, but their epigenetic heterogeneity remains much unex-
plored. Further, single-cell multi-omics dissects the interplay of
different regulatory layers (e.g., DNA methylation maps, transcrip-
tome) and should disclose the interplay of epigenetic marks and
chromatin states [216]. The combined use of single-cell multi-
omics [216] with spatial transcriptomics [217] or molecular
recording technologies [218] may assist in solving the cell-cell
interactions and timely constraints of nuclear reprogramming,
respectively.
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Fig. 3 Exploring somatic cell nuclear transfer (SCNT)-mediated reprogramming using single-cell multi-omics.
Reconstructed oocytes and SCNT embryos having full-term developmental potential (green) are rare events in
cloning experiments (considering an ~5% cloning efficiency). Even the most efficient mouse cloning protocols
(~20% efficiency) hold relatively few events of faithful nuclear reprogramming (green and orange combined).
As development progresses, faithful reprogramming events become more representative among batches of
SCNT embryos but turn into less informative entities about initial oocyte-mediated reprogramming processes
and accumulate confounding factors (cellular heterogeneity, selective pressure for surviving embryos, and
cellular differentiation at the blastocyst stage). Only extensive single-cell multi-omics would circumvent these
limitations and thus allow to unravel these rare events of faithful reprogramming. Schematic cloning
experiment with 80% cleavage and 50% blastocyst rates

The other front needing progress is in scaling SCNT embryo
production. Irrespective of the progress in exploiting SCNT
embryos at genome scales, the number of viable clones (harboring
faithful reprogramming events) remains very low(<5%), and clon-
ing experiments usually yield fewer than 100–200 SCNT embryos.
Even genomic technologies that require low inputs
(50–1,000 cells) will contemplate very few SCNT embryos that
would reach full-term development due to the low cloning effi-
ciency (Fig. 3), thus making their contribution to the analysis
readout quite diminutive. Since genomics currently relies on a
majority of SCNTembryos that would not develop beyond implan-
tation, it captures more easily potential mechanisms that act as
roadblocks to nuclear reprogramming than the conditions that
support full-term development [213]. Therefore, the systematic
identification of rare events of faithful reprogramming will require
exploring hundreds or thousands of SCNT embryos at the single-
cell level, depending on their developmental stage (Fig. 3). An
example of such a scenario was the identification of cellular hetero-
geneity among human ESCs accompanied by the pinpointing of a
totipotent-like ESC subset (~1.6% of cultured cells). These
totipotent-like ESCs hold transcriptomes strikingly like the 8-cell
human embryo [219, 220] and could become an alternative model



to unrevealing EGA, just like the totipotent 2C-like ESCs in mice
[221]. Hence, these promising technological advances in genomics
and SCNT technology may reinvigorate the excitement in SCNT-
mediated reprogramming for both research and commercial
applications.
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Chapter 2

Epigenetic Reprogramming and Somatic Cell Nuclear
Transfer

Luna N. Vargas, Márcia M. Silveira, and Maurı́cio M. Franco

Abstract

Epigenetics is an area of genetics that studies the heritable modifications in gene expression and phenotype
that are not controlled by the primary sequence of DNA. The main epigenetic mechanisms are DNA
methylation, post-translational covalent modifications in histone tails, and non-coding RNAs. During
mammalian development, there are two global waves of epigenetic reprogramming. The first one occurs
during gametogenesis and the second one begins immediately after fertilization. Environmental factors
such as exposure to pollutants, unbalanced nutrition, behavioral factors, stress, in vitro culture conditions
can negatively affect epigenetic reprogramming events. In this review, we describe the main epigenetic
mechanisms found during mammalian preimplantation development (e.g., genomic imprinting, X chro-
mosome inactivation). Moreover, we discuss the detrimental effects of cloning by somatic cell nuclear
transfer on the reprogramming of epigenetic patterns and some molecular alternatives to minimize these
negative impacts.

Key words Epigenetics, Early embryo development, Nuclear transplantation, Reprogramming,
Somatic cell nuclear transfer

1 Epigenetics

Epigenetics is an area of genetics that studies the heritable mod-
ifications in gene expression that are not controlled by the primary
DNA sequence. Although all cells in an organism contain the same
genetic information, there are different patterns of gene expression
within the diversity of cell types—that are controlled by epigenetic
marks. These marks are chemical modifications in the chromatin,
which are inherited in daughter cells after a mitotic or meiotic
division and affect gene activity. These modifications are reversible;
environmental factors such as exposure to pollutants, unbalanced
nutrition, behavioral factors, and stress can influence them. The
main epigenetic mechanisms are DNA methylation, post-
translational covalent modifications in histone tails, and
non-coding RNAs.
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Fig. 1 Representation of the main epigenetic mechanisms. (a) DNA methylation is characterized by the
addition of methyl group (CH3) in the cytosine in the CpG context, creating the base 5-methylcytosine (5mC).
(b) The DNA is compacted in a histones octamer forming the nucleosomes, which is characterized by the
histones amino-terminal tails extend outside the nucleosome and are the target of post-translational covalent
modifications such phosphorylation (P), acetylation (Ac), methylation (Me), sumoylation (Su), ubiquitination
(Ub), glycosylation (Gly), deamination (De), and ADP ribosylation (ADP). These modifications are also respon-
sible to control the state of heterochromatin and euchromatin. (c) The spaced nucleosomes, unmethylated
DNA, and mRNA expression demonstrate a euchromatin state; however, the ncRNAs regulate the epigenetic
machinery to control this transcriptional activity. The ncRNAs act recruiting chromatin remodelers, such as
DNMTs, to specific sites in the genome; thus, these enzymes establish repressive marks of DNA methylation
and block the transcriptional activity

1.1 DNA Methylation DNA methylation involves the covalent addition of a methyl group
from the methionine cycle to the fifth carbon of the cytosine base of
DNA, creating a base called 5-methylcytosine (5mC) (Fig. 1a). In
mammals, DNA methylation occurs more frequently in a CpG
dinucleotides context. However, non-CpG (CpA, CpT, and CpC)
methylation was found in human mitochondrial DNA, human
pluripotent cells, and the mouse brain [1–5]. The CpG sites
distributed throughout the genome are predominantly methylated
(70–80%); on the other hand, regions with a high density of CpG,
called CpG islands, are frequently unmethylated [6, 7]. DNAmeth-
ylation may be involved in both repression and activation of gene
transcription. Methylated CpG islands located at gene promoters
prevent binding of transcription factors, thus leading to gene inac-
tivation. Inversely, gene body methylation allows transcription fac-
tor binding on the promoter and gene transcription [8].

The enzymes responsible for DNA methylation are known as
DNA methyltransferases (DNMTs). These enzymes methylate
DNA by two different mechanisms: maintenance methylation and
de novo methylation. The maintenance methylation, a process that
occurs in mitotically active cells, is catalyzed by DNA methyltrans-
ferase 1 (DNMT1) [9]. During the semiconservative process of



DNA replication, this enzyme recognizes hemimethylated DNA
and copies the preexisting methylation patterns to the new DNA
strand. This mechanism maintains DNA methylation patterns in
the differentiated cells (i.e., epigenetic memory). De novo methyl-
ation creates new DNAmethylation patterns during gametogenesis
and embryogenesis, a reaction catalyzed by DNAmethyltransferase
3a (DNMT3A) and DNA methyltransferase 3a (DNMT3B)
[10]. These enzymes rely on DNA methyltransferase 3L
(DNMT3L) as a cofactor. DNMT3L lacks catalytic activity but
stimulates DNMT3A and DNMT3B methyltransferase activities
[11, 12]. There is an additional isoform of the DNMTs family,
DNA methyltransferase 2 (DNMT2), which has a role in tRNA
methylation [13, 14].
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Inversely to DNA methylation, DNA demethylation is the
process of removing the methyl group from cytosine, which can
occur by passive or active mechanisms. Passive demethylation
occurs when the DNA strands synthesized during replication are
not methylated due to the loss of the maintenance methylation
machinery, resulting in a dilution of 5mC marks in each cell divi-
sion. On the other hand, active demethylation involves enzymatic
reactions. The enzymes responsible for this process belong to the
family of ten-eleven translocation (TET) enzymes, which include
TET1, TET2, and TET3. These enzymes perform sequential oxida-
tion reactions to convert 5mC into 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC).
Further, the base excision repair pathway (thymine DNA glycosy-
lase—TDG) recognizes the modified bases 5fC and 5caC and
replaces them with non-methylated cytosine.

1.2 Histone Code The compaction of genomic DNA in eukaryotic cells involves the
association of a histones octamer with 146 base pairs of DNA. The
octamer is compost of four pairs of histones (H2A, H2B, H3, and
H4), and its association with the DNA form the fundamental unit
of the chromatin, the nucleosome. In the next level of chromatin
packing, each nucleosome is connected to the adjacent through of
linker DNA associate with the histone H1. The DNA wrapped in
the nucleosome is normally inaccessible to binding proteins and
transcription factors. However, histone proteins have amino-
terminal tails that extend outside the nucleosome and may be a
target of modifications that affect the global chromatin structure
(Fig. 1b).

The main post-translational covalent modifications in histone
tails include methylation, acetylation, phosphorylation, ubiquitina-
tion, glycosylation, sumoylation, deamination, ADP ribosylation,
among others. The combinatorial potential of these modifications
is called “histone code.” These modifications control the recruit-
ment of remodeling enzymes that affect the accessibility of DNA
transcription machinery, thereby controlling the gene activation
and repression.
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The most studied modifications are histone methylation and
acetylation. Histone methylation is a reaction that involves the
transfer of a methyl group mainly to arginine (R) or lysine
(K) residues, which are catalyzed by histone methyltransferases
(HMTs). The effects of methylation depend on the modified resi-
due and the degree of methylation; arginine can be mono- or
dimethylated and lysine mono-, di-, and trimethylated (me1,
me2, and me3, respectively). The most frequent methylation
marks occur on the tail of histone H3 and lysine residues. Normally,
active transcription marks are histone 3 lysine 4 methylation
(H3K4me), histone 3 lysine 36 methylation (H3K36me), and
histone 3 lysine 79 methylation (H3K79me), whereas the repres-
sive marks are histone 3 lysine 9 methylation (H3K9me), histone
3 lysine 20 methylation (H3K20me), and histone H3 lysine 27 tri-
methylation (H3K27me) [15–17]. The transfer of an acetyl group
to the lysine residues characterizes the histone acetylation, reaction
catalyzed by histone acetyltransferases (HATs). The addition of the
acetyl group influences the compaction state of chromatin by neu-
tralize the positive charge of lysine and decrease the affinity between
histones and DNA. Due to the potential of chromatin unpacking,
acetylation is associated with active transcription, while deacetyla-
tion leads to transcriptional silencing.

1.3 Non-Coding RNA Non-coding RNAs (ncRNAs) are RNAs that have regulatory roles
in transcription but are not translated into proteins. The family of
ncRNAs includes transfer RNAs (tRNA), ribosomal RNA (rRNA),
small interfering RNAs (siRNAs), microRNAs (miRNAs), piwi-
interacting RNAs (piRNAs), and long ncRNAs (lncRNAs).
Among these, some are key regulators of gene expression. These
regulatory ncRNAs act directing epigenetic machinery to specific
sites in the genome, mainly altering DNA methylation and histone
epigenetic patterns.

The piRNAs are a class of ncRNA with a length of 26–32
nucleotides, which are responsible for the control transposable
elements in the germline and stem cells [18]. This ncRNA pro-
motes the recruitment of DNA methylation enzymes and guides
these proteins to transposon sequences to establish repressive
marks, therefore modulating gene expression at the transcription
level. This event is important to maintain genome stability during
de novo DNA methylation [19].

The lncRNAs are transcripts with a length of >200 nucleotides,
which play a role in several regulatory functions. They are involved
in the recruitment of chromatin remodeling complexes that estab-
lish different epigenetic states, both activating and repressing gene
expression [20]. Among the remodelers, the polycomb repressive
complex 1 (PRC1) and polycomb repressive complex 2 (PRC2)
have an essential role in chromatin regulation by lncRNAs
[21]. Further, lncRNAs are involved in important epigenetic
events, such as inactivation of the X chromosome and genomic
imprinting [22, 23].
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2 Epigenetic Reprogramming During Mammalian Preimplantation Development

There are two global waves of epigenetic reprogramming during
mammalian development [24]. The first one occurs during game-
togenesis. It initiates when primordial germ cells (PGC) migrate
and colonize the gonads of the developing fetus, fact that initiates a
genome-wide active DNA demethylation process [25]. PGCs lose
their DNA methylation patterns, including imprinted and
non-imprinted DNA methylation marks [25–27], as described in
detail below (Fig. 2). Moreover, the inactive X chromosome in the
female fetus is later reactivated [26]. Exceptions to this rule are the
DNA methylation patterns of CpG-rich DNA sequences of young
(retro)transposons (Fig. 2), which are partially protected of this
global demethylation process [26, 28–30]. Concomitant with this
global DNA demethylation, an accumulation of
5-hydroxymethylcytosine (5hmC) occurs, in agreement with this
modified cytosine being part of the physiological process of cyto-
sine DNA demethylation [31]. By the end of the DNA demethyla-
tion process, PGCs differentiate into oocyte and spermatozoa
progenitors in female and male fetuses, respectively.

In the male fetus, the de novo DNA methylation process con-
ducted especially by the DNMT3A andDNMT3B (Fig. 2). It starts
during fetal development and males are born with prospermatogo-
nias showing high DNA methylation levels [27, 28]. On the other
hand, females are born with oogonias showing low DNA methyla-
tion levels [28]. These germ cells will experience genome-wide de
novo DNA methylation during the oocyte growth phase (Fig. 2),
while full-grown oocytes will complete their specific DNA

Fig. 2 DNA methylation reprogramming during the mammalian early development. All events are detailed
described in the text. Curves do not represent the exact amount of methylation, and the axes are not
represented in a scale



methylation pattern only after reaching puberty, when females may
complete oogenesis [32]. Importantly, imprinted genes gain their
newDNAmethylation marks asynchronously during de novo DNA
methylation (Fig. 2). For instance, the female fetus receives allele-
specific DNAmethylation in maternally imprinted genes before the
paternally imprinted alleles [33]. The opposite occurs in the male
fetus (Fig. 2). In sum, mature oocytes and spermatozoa are highly
specialized cells showing highly methylated genomes.
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The second wave of DNA demethylation begins immediately
after fertilization. The paternal genome demethylates actively by
TET enzymes (Fig. 2). Consequently, 5hmC marks accumulate
[31]. On the other hand, the maternal genome is mainly demethy-
lated by a passive mechanism dependent on DNA replication.
Therefore, the maternal genome starts to be demethylated latter
than the paternal one [24, 27, 34, 35], in a passive manner (Fig. 2).
In cattle, around the 8-to-16-cell stage transition, embryos showed
their lowest levels of DNA methylation [34]. From this embryonic
stage onward (Fig. 2), the process of de novo methylation begins
[34, 36], and the first cell differentiation occurs in the blastocyst,
thus generating the trophectoderm and the inner cell mass (ICM).
Similarly to what occurs during the first wave of DNA demethyla-
tion commented above, the DNA methylation patterns of (retro)-
transposons are also partially protected from demethylation
(Fig. 2). The maintenance of high DNA methylation levels during
this entire developmental time window may be involved in sustain-
ing these DNA elements silenced. There is evidence of microRNAs
silencing in this phenomenon, in a similar way to piwiRNA-
mediated transposon silencing during mammalian
spermatogenesis [37].

After differential DNA methylation patterns are established at
imprinted regions during gametogenesis, these marks remain
refractory to demethylation during preimplantation development.
This protection of epigenetic marks maintains imprinting in
somatic tissues throughout the animal lifespan [27, 38] (Fig. 2).
In sharp contrast, the trophectoderm shows lower methylation
levels at non-imprinted regions compared to the ICM as develop-
ment progresses [24].

Considering the entire lifespan of an animal, the early develop-
mental time window, that encompasses early gametogenesis and
preimplantation development, is one of the most critical periods
regarding the relationship between the epigenome and the envi-
ronment. This is the period in which the epigenome is most sus-
ceptible to the adverse effects stemming from the environment
because it is the reprogramming events that take place. Among
several harmful environmental effects that negatively affect the
epigenome are the in vitro conditions in the context of assisted
reproductive technologies (ARTs), such as the somatic cell nuclear
transfer (SCNT) [39, 40]. This subject will be discussed in more
detail later on this chapter.
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2.1 Genomic

Imprinting

Mammals are biparental diploid organisms that have two copies of
each autosomal chromosome, being one copy maternal and the
other of paternal origin. Mammalian genes were initially presumed
to be expressed equally from both parental alleles, coherently with
the fundamental rule of Mendelian genetics. This hypothesis was
challenged in the mid-1980s through pronuclear transfer experi-
ments carried out by Solter and Surani laboratories, which demon-
strated the first evidence of functional non-equivalence of
mammalian parental genomes [41, 42]. This subset of genes with
such characteristics were termed imprinted genes [41–47].

Imprinted genes are expressed from a single parental allele,
while the other is silenced. This monoallelic expression is controlled
by DNA methylation, the histone code, and long non-coding
RNAs [48]. Furthermore, the genomic imprinting frequently
requires a more complex molecular machinery, such as enhancer
or insulator activities and transcriptional silencing by an antisense
gene [49–51]. Therefore, genomic imprinting is a highly regulated
epigenetic process. The regulation of genes located at an imprinting
cluster is controlled by differentially methylated regions (DMRs) at
imprinting control regions (ICRs). During gametogenesis,
gametes acquire parental-specific methylation patterns (Fig. 3).
These differences in allelic methylation status are retained at fertili-
zation and are maintained throughout development, including
during the genome-wide demethylation by recruiting DNMT1
through the recognition of a methylated sequence motif by Krüp-
pel-associated box-containing (KRAB) zinc finger protein system
[38, 52, 53].

DMRs acquired during gametogenesis are called primary or
gDMRs. However, gDMRs can exist in a permanent or transient
state after fertilization. The latter is a phenomenon termed tran-
sient imprinting [38]. Also, secondary or somatic DMRs (sDMRs)
are regions that acquire differential DNA methylation during
embryonic development [54, 55]. The first three characterized
imprinted genes were (insulin-like growth factor 2 receptor,
insulin-like growth factor 2, and H19 imprinted maternally
expressed transcript) the mouse homologs of Igf2r, Igf2, and H19
in 1991 [23, 56–58]. These three genes regulate normal embryo
growth, with the paternally expressed gene Igf2 being growth-
promoting and the maternally expressed imprinted genes Igf2r
and H19 being negative growth regulators [59]. The mouse Igf2
and H19 genes form a well-characterized imprinted locus. Briefly,
Igf2 and H19 genes are apart from each other by a genomic region
containing an ICR, which has binding sites for CCCTC-binding
factor (CTCF). Enhancers downstream H19 regulate both genes.
In the maternal allele, CTCF binds to the unmethylated ICR
leading to its insulator function, and thereby not allowing the
downstream enhancers to act on the Igf2 promoter. Thus, H19
expression is limited to the maternal allele. In the paternal allele,



ICR is methylated, so CTCF cannot bind to it, leading to loss of
insulator function, and allows the enhancer to activate Igf2
[60]. The main theory to explain the evolution of imprinting has
been the parental conflict or kinship theory since the Igf2/H19
cluster represents a parental tug-of-war between maternal and
paternal genomes for the control of offspring growth during preg-
nancy [61]. Alternatively, the maternal-offspring co-adaptation
theory argues that imprinted genes evolved to act co-adaptively to
optimize both the offspring’s development andmaternal provision-
ing and nurturing [62].
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Fig. 3 Genomic imprinting and its relationship with Somatic Cell Nuclear Transfer technique. During the
formation of the male (sperm) and female (oocyte) gametes, paternally imprinted (blue chromosome) and
maternally imprinted (red chromosome) patterns are established. Each gamete acquires parental of origin-
specific methylation patterns. Differences in allelic methylation statuses are retained after fertilization and
maintained throughout embryogenesis. In Somatic Cell Nuclear Transfer (SCNT), a somatic cell from the donor
is introduced into the perivitelline space of an enucleated oocyte. Imprinted marks need to be maintaining
after the SCNT procedure. However, SCNT has been linked with loss of imprinting (LOI), thus resulting in
imprinting disorders. LOI induces non-expression or biallelic expression of imprinted genes

Through the DNAmethylation marks, the genomic imprinting
involves the intergenerational transmission of epigenetic informa-
tion from gametes to a newly formed embryo. These DNA methyl-
ation patterns have been shown as crucial to support fetal growth



and placentation [63–65]. However, the loss of imprinting (LOI)
induces non-expression or biallelic expression of imprinted genes,
which may cause developmental abnormalities (Fig. 3). Many stud-
ies have linked ARTs, such as in vitro fertilization (IVF) and SCNT,
with leads to LOI and associated disorders. For example, the con-
genital overgrowth condition in humans and ruminants namely
Beckwith–Wiedemann syndrome and large offspring syndrome,
respectively [66–69]. Studies demonstrate that placenta-specific
maternally imprinted genes showed biallelic expression in SCNT,
thus suggesting LOI [70, 71]. Furthermore, studies revealed com-
plete loss of H3K27me3-dependent imprinting in SCNT blastocyst
embryos, which likely are the cause of the observed developmental
defects of preimplantation SCNT embryos [72, 73]. Additionally, a
study revealed that the loss of H3K27me3-dependent imprinting is
responsible for abnormal placental enlargement and low birth rates
following SCNT, through upregulation of imprinted
microRNAs [74].

Epigenetics and Somatic Cell Nuclear Transfer 45

ARTs (e.g., SCNT, intracytoplasmic sperm injection, IVF)
overlap with the timing of extensive epigenetic reprogramming or
parental-specific imprint acquisition (Fig. 3). Therefore, the expres-
sion of imprinted genes has been widely investigated in under ART
conditions [49, 50, 75, 76]. Studies investigated the DNA methyl-
ation pattern in a CpG island of the IGF2 imprinting gene, which is
related to regulating fetal and placental growth, thus aiming to
predict the impact of bovine ARTs. The spermatozoa showed a
hypermethylated pattern [77]. In contrast, oocytes demonstrated a
hypomethylated pattern [32]. However, this DNA methylation
pattern varies in mature oocytes [78]. ARTs have been widely
used in livestock production, albeit with a strong bias to cattle
breeding (both beef and dairy), and in human-assisted reproduc-
tion. Therefore, the correct establishment of genomic imprinting
during ARTs represents one enormous challenge for wider applica-
tion of these technologies.

2.2 X Chromosome

Inactivation

The X chromosome inactivation (XCI) is an evolutionary mecha-
nism that evolved in animals to compensate for imbalanced gene
dosage between sexes (dosage compensation). However, species
rely on different strategies to accomplish XCI. In mammals, one
X chromosome is inactivated in female embryos, thus leveraging
gene transcription between male (XY) and female (XX) individuals.
XCI was described for the first time by Mary F. Lyon in 1961 after
studies of Barr & Bertram 1949 and S Ohno 1959, which showed
that the nuclear spot present in female cells was an inactive X
chromosome [79–81]. XCI is not complete in mammals and
some genes escape inactivation [82]. Besides genes located in the
pseudoautosomal region, genes from many other regions of the X
chromosome also escape inactivation [83]. This incomplete X inac-
tivation explains, at least in part, differences associated with sexual



dimorphism and further supported by the phenotypes of X0
women (i.e., carrying only one X as sexual chromosomes) with
Turner syndrome [84]. If XCI were complete, with no genes
escaping inactivation, X0 women would not show altered
phenotypes.
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Fig. 4 Random X chromosome inactivation in mouse model. All events shown in the figure are detailed and
described in the text

The XCI occurs usually during preimplantation development
albeit with some differences among species. XCI takes place at
around the blastocyst stage in the mouse, whereas in cattle it
initiates in the elongated conceptus around implantation
[85]. Mechanistically, XCI has an imprinted control in mice,
where the paternal X chromosome (Xp) is chosen for inactivation
in both ICM and trophectoderm cells [86–89]. From the blastocyst
stage onward, trophectoderm cells remain with the Xp inactivated,
whereas epiblast cells reactivate the Xp and immediately initiate XCI
randomly [87] (Fig. 4). Once an X becomes inactive, this XCI
pattern remains throughout all cell divisions of the lifespan of the
animal [90]. During development, primordial germ cells (PGC)
reactivate their inactive X in female fetuses [91] and both X chro-
mosomes are in an active state in oocytes [87]. In humans and
rabbits, XCI seems to happen randomly [88], whereas in cattle
there is evidence of an imprinted control in the placenta [92, 93].
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All epigenetic mechanisms (e.g., long non-coding RNAs—
lncRNAs, DNA methylation, chromatin remodeling complexes,
and post-translational histone) contribute to XCI. Some of them
involved in the initiation of XCI, spreading of heterochromatic
marks along the X, or involved in the maintenance of X inactivation
throughout cell life. In embryonic stem cells, both X chromosomes
show active chromatin states sustained by pluripotency factors
[94]. During differentiation, it seems that an X pairing event is
necessary to start XCI [95]. Pluripotency factors, such as OCT4
(also known as POU5F1), accumulate on the X inactivation center
(XIC) on both X chromosomes and recruit other factors as the
(e.g., CTCF) for X pairing [94, 96]. Further, X chromosomes
separate and XCI occurs randomly, albeit the X undergoing XCI
remains enriched for bound CTCF [95]. To initiate XCI, the
lncRNA X inactive-specific transcript (XIST), located in the X
inactivation center (XIC), is transcribed only from the X chromo-
some that will become inactive [97]. An interesting fact is that
although XCI begins much later in cattle, XIST mRNA accumu-
lates early during preimplantation development [49]. On the other
hand, before XCI is triggered, a XIST antisense lncRNA called
(TSIX) is transcribed to block XIST expression [98].

The XIST gene has six conserved repeat sequences (A–F),
which are essential for its role during XCI [99]. XIST is the major
gene involved in the initiation of XCI and acts in cis on the X
chromosome. The Ying Yang 1 (YY1) factor links to a motif into
the repeat C of XIST and is essential to this cis-action during XCI
[100]. Another repeat sequence, the repeat A (located into the
exon one of XIST) transcribes a shorter lncRNA called repeat A
(RepA) before XIST expression [101]. XIC is a region on the X
chromosome that is enriched for lncRNAs and besidesXIST,RepA,
and TSIX, other lncRNAs located in the XIC also participate in the
initiation of XCI [90, 102]. For instance, the Expressed neighbor of
Xist (JPX/ENOX) and Five Prime to Xist (FTX) promote XIST
transcription, while the X Inactivation Intergenic Transcription
Elements (XITE) and testes-specific X-linked (TSX) promote TSIX
transcription [90, 103]. To initiate XIST transcription, after X
pairing is complete, on the future inactive X, CTCF is removed
from the XIST promoter by JPX, thus considering that CTCF
seems to have a binding preference for RNA instead of DNA
[104]. Thus, RepA is transcribed, then recruiting PRC2 to the
future inactive X and promoting XIST expression and its accumu-
lation in cis [101]. Then, PRC2 promotes the establishment of
repressive marks on the chromatin such as H3K27me3.

Other marks are deposited on the future inactive X such as the
histone variant MacroH2A, a specific variant histone of the inactive
X [94]. At the same time that XIST starts spreading on the future
inactive X chromosome, those repressive marks, also including
DNAmethylation, start to accumulate from the unique XIC region



present in the X chromosome. Repeat B of the XIST gene is
essential to spread the XIST RNA along the inactive X chromosome
and carrying PRC1 and PRC2 complexes to establish repressive
marks [105]. At the same time, the higher CTCF enrichment near
the TSIX promoter on the future inactive X prevents TSIX expres-
sion, thus allowing XIST expression. After this process, the inactive
X rearranges itself in a specific tridimensional folding pattern near
the nuclear membrane, with contributions of several nuclear factors
(CTCF, Cohesin, Structural Maintenance Of Chromosomes Flexi-
ble Hinge Domain Containing 1—SMCHD1) among others
[50, 106]. On the other hand, the presence of pluripotency factors
that remained near TSIX, XITE, and TSX RNAs, along with the
lower amount of CTCF induces TSIX expression on the future
active X. At least in the mouse, where the XCI is well understood,
TSIX recruits DNMT3A to the XIST promoter and for XIST
transcription repression on the active X [94, 107, 108]. Further,
it seems that TSIX also blocks the interaction between RepA and
PRC2, thus leading to impaired XIST expression [94, 101]. In the
absence of XIST accumulation, this X chromosome remains in an
active state. The ability of TSIX to induce methylation at the XIST
promoter does not seem to happen in cattle due to the lack of CpG
dinucleotides in the XIST promoter [92]. Furthermore, despite
TSIX expression being essential in mice to repressXIST expression,
this mechanism remains unclear in cattle. TSIX is predicted as a
pseudogene in several species, including cattle. Its original struc-
ture seems to have been lost along the course of evolution, and in
consequence, its sequence is not conserved among mammalian
species [92, 109].
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The XCI is essentially controlled by epigenetic mechanisms.
Therefore, it may be susceptible to harmful environmental condi-
tions, such as under ARTs [93, 110, 111]. X inactivation is essential
throughout the female lifespan and faithful XCI is required for full-
term development [89, 112]. Therefore, it becomes paramount to
better understand XCI at the molecular level in livestock and
humans, thus aiming to improve the efficiency of ARTs [49].

3 Epigenetic Reprogramming After Somatic Cell Nuclear Transfer

In the context of cloning by SCNT, the cytoplasm of the enucleated
oocyte needs to reprogram a highly differentiated somatic cell into
an undifferentiated zygote-like state, consequently restoring toti-
potency in the donor cell. In domestic species, SCNTembryos have
an in vitro developmental potential (i.e., up to the blastocyst stage)
similar to IVF embryos [113]. However, post-implantation devel-
opment of SCNT embryos is much lower than IVF counterparts,
which fewer than 10% of transferred blastocysts develop into viable
offspring, mostly due to the high prevalence of gestational losses



and developmental abnormalities [114–116]. The low cloning effi-
ciency is frequently associated with functional deficiencies occur-
ring at the onset of placentation [117]. There is vast evidence that
suggests that placentation deficiencies come from an erroneous
epigenetic reprogramming after SCNT [118–121].
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In mammals, the first cellular differentiation takes place at the
blastocyst formation. Blastomeres segregate into two cell lineages
resulting in the ICM and the trophectoderm. The ICM that will
give rise to the embryo proper and the trophectoderm will form the
chorion tissue and the embryonic part of the placenta to implant
into the uterine wall [122] During cloning by SCNT, it appears to
be an unbalance between embryonic and extra-embryonic tissues in
developing cloned pregnancies. A study with bovine conceptuses
derived by SCNT demonstrated a high incidence of uncoupling at
embryonic and extra-embryonic differentiation (both morphologi-
cally and molecularly) independent of their cell of origin, which
compromised further development [123]. This study also evalu-
ated day 18 extra-embryonic tissue and linked differentially
expressed genes (DEGs) with defects in microvilli formation or in
the extracellular matrix composition [123]. Another study on cot-
yledon tissues revealed DEGs by transcriptome-wide analysis.
This material was retrieved from cloned cattle at day 180 of gesta-
tion and showed that the DEGs were enriched for urea and ions
transmembrane transport components, thus indicating that the
disturbed maternal-fetal interactions in placentas [124]. Interest-
ingly, clones display several placental disorders, such as a reduced
number of placentomes with compensatory enlargement in rumi-
nants, placental edema, abnormal vascular development of the
placenta, and hydroallantois [39, 125–127].

The extra-embryonic tissue of the placental lineage seems to be
more susceptible to problems related to SCNT cloning [128]. Two
hypotheses were proposed by Yang et al. [129] to elucidate the
possible reasons. The first hypothesis is that cell fate determination,
achieved by activating or suppressing genes through epigenetic
modifications, is affected by SCNT. In a physiological attempt to
protect the cells that will give rise to the embryo, cells more prone
to errors are preferentially incorporated into the extra-embryonic
tissue rather than ICM. The second hypothesis, which is not mutu-
ally exclusive to the previous, is that the trophoblast cells may be
affected by epigenetic deregulations of genomic imprinting
[129]. Intriguingly, most imprinted genes are located in the pla-
centa [63, 130, 131].

A study reveals that non-canonical imprints, characterized by
genes mono-allelically expressed independent of inherited DNA
methylation, are localized preferentially at active endogenous
retrovirus-K (ERVK) long terminal repeats insertions, which act
as imprinted promoters specifically in murine extra-embryonic
lineages [132]. In eutherians, the expression of the retroviral
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envelope proteins of syncytin genes derived from an ERV is crucial
for the formation of the multinucleated syncytiotrophoblast, play-
ing an essential role in placental morphogenesis [133]. Analysis of
syncytin-like genes, FEMATRIN-1 and SYNCYTIN-RUM1, i
SCNT bovine placental cotyledon showed hypermethylation at
the FEMATRIN-1 locus in cloned stillborn calves. Furthermore,
deregulation in the expression of syncytin-like genes in cloned
calves compared to artificial insemination animals was found
[40]. These evidences reveal a fascinating symbiosis relationship.
The retroviruses are involved in a fundamental stage for the perpet-
uation of the host species [134–136]. Understanding this relation-
ship will bring far-reaching implications for improving ARTs.
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3.1 Molecular

Strategies to Improve

SCNT Efficiency

The erroneous epigenetic reprogramming in SCNT preimplanta-
tion embryos is one of the main causes of the low efficiency of this
technology. Therefore, many studies explored different strategies
aiming to improve reprogramming efficiency and overall full-term
cloning efficiency.

The treatment of fibroblasts with demethylating agents such as
procaine, S-adenosyl-l-homocysteine (SAH), and 5-aza-2-
0-deoxycytidine (5-Aza-dc) has shown a significant reduction in
global and locus-specific DNA methylation levels [137, 138]. One
study demonstrated that donor cells treated with SAH led to
improved SCNT preimplantation embryonic development
[139]. Similarly, cloned embryos treated with 5-Aza-dc also dis-
played enhanced preimplantation development [140]. The use of
small interfering RNA (siRNA) to silence DNMT1 in donor cells
showed an improvement in SCNT blastocyst rates but not at full-
term development [141, 142]. In turn, the injection of siRNA to
both DNMT3A and DNMT3B and exogenous mRNAs of histone
lysine demethylases (KDMs) for overexpression into enucleated
oocytes decreased DNA methylation levels and improvement of
cloning efficiency [143]. This strategy was successful because it
led to a hypomethylated donor genome that ultimately facilitates
epigenetic reprogramming after SCNT.

Another promising strategy is to treat donor cells with histone
deacetylase inhibitors (HDACi), to increase chromatin accessibility
of the donor cell to the oocyte reprogramming machinery
[144]. One study demonstrated that the donor cell treated with
the HDACi valproic acid (VPA) led to overexpression of pluripo-
tent genes and, consequently, an increase in the SCNT blastocyst
rates [145]. Another HDACi used widely is trichostatin A (TSA).
Reconstructed oocytes are treated with TSA occurs for 8–12 h
post-activation and it improves the blastocyst rates, but long-term
TSA treatment is toxic [146]. In contrast, SCNT embryos exposed
to the TSA for 20 h also improve embryo production [147]. In
non-human primates, the strategy that improved blastocyst rates
and allowed the production of healthy cloned monkeys was the



injection of lysine demethylase 4D (KDM4D) mRNA at the
one-cell and incubation with TSA for 10 h post-activation
[148, 149].
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An alternative to chromatin-modifying chemicals is to screen
viable SCNT embryos by molecular analyses. Several studies have
identified alterations at the transcriptional level in cloned embryos,
which point out to important genes such as monoamine oxidase A
(MAO-A), IGF2, and H19 [110, 150]. A better understanding of
these SCNT-associated molecular alterations would allow us to
identify reliable molecular markers and further select SCNT
embryos with less probability of abnormal development, with
high full-term development rates, and increased offspring survival.

The abnormal development of SCNT embryos also occurs due
to the alterations in genes involved in XCI, especially the ectopic
expression of XIST. For this reason, strategies using gene editing to
knockout and knockdown of XIST in cloned embryos showed
significant increase in cloning efficiency [151, 152]. Although
genetic editing has been used to improve the efficiency of SCNT
cloning, the most promising tool is the epigenetic editing using
Clustered Regularly Interspaced Short Palindromic Repeats/deac-
tivated Cas9 (CRISPR/dCas9). This technology allows the recruit-
ment of chromatin remodelers to specific target sites to establish an
euchromatin permissive state to epigenetic reprogramming
[153]. This CRISPR/dCas9 approach was already successful to
reprogramming somatic cells into induced pluripotent cells
[154]. Therefore, CRISPR/dCas9 could be useful to prevent epi-
genetic errors during epigenetic reprogramming, and conse-
quently, to improve SCNT cloning efficiency.
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56. Barlow DP, Stöger R, Herrmann BG, Saito K,
Schweifer N (1991) The mouse insulin-like
growth factor type-2 receptor is imprinted
and closely linked to the Tme locus. Nature
349:84–87

57. DeChiara TM, Robertson EJ, Efstratiadis A
(1991) Parental imprinting of the mouse

https://doi.org/10.7554/eLife.42368
https://doi.org/10.7554/eLife.42368
https://doi.org/10.1101/cshperspect.a018382
https://doi.org/10.1101/cshperspect.a018382


54 Luna N. Vargas et al.

insulin-like growth factor II gene. Cell 64:
849–859

58. Ferguson-Smith AC, Cattanach BM, Barton
SC, Beechey CV, Surani MA (1991) Embryo-
logical and molecular investigations of paren-
tal imprinting on mouse chromosome
7. Nature 351:667–670

59. Ideraabdullah FY, Vigneau S, Bartolomei MS
(2008) Genomic imprinting mechanisms in
mammals. Mutat Res 647:77–85

60. Nordin M, Bergman D, Halje M,
Engström W, Ward A (2014) Epigenetic reg-
ulation of the Igf2/H19 gene cluster. Cell
Prolif 47:189–199

61. Moore T, Haig D (1991) Genomic imprint-
ing in mammalian development: a parental
tug-of-war. Trends Genet 7:45–49

62. Wolf JB, Hager R (2006) A maternal–off-
spring coadaptation theory for the evolution
of genomic imprinting. PLoS Biol 4:e380.
https://doi.org/10.1371/journal.pbio.
0040380

63. Hanna CW (2020) Placental imprinting:
emerging mechanisms and functions. PLoS
Genet 16:e1008709. https://doi.org/10.
1371/journal.pgen.1008709

64. CleatonMAM, Edwards CA, Ferguson-Smith
AC (2014) Phenotypic outcomes of
imprinted gene models in mice: elucidation
of pre- and postnatal functions of imprinted
genes. Annu Rev Genomics Hum Genet 15:
93–126

65. Plasschaert RN, Bartolomei MS (2014)
Genomic imprinting in development, growth,
behavior and stem cells. Development 141:
1805–1813

66. Li Y, Donnelly CG, Rivera RM (2019) Over-
growth syndrome. Vet Clin North Am Food
Anim Pract 35:265–276

67. Chen Z (2013) Large offspring syndrome: a
bovine model for the human loss-of-imprint-
ing overgrowth syndrome Beckwith–Wiede-
mann. Epigenetics 8:591–601

68. Chen Z, Hagen DE, Elsik CG, Ji T, Morris
CJ, Moon LE et al (2015) Characterization of
global loss of imprinting in fetal overgrowth
syndrome induced by assisted reproduction.
Proc Natl Acad Sci U S A 112:4618–4623

69. Li Y, Hagen DE, Ji T, Bakhtiarizadeh MR,
Frederic WM, Traxler EM et al (2019) Altered
microRNA expression profiles in large off-
spring syndrome and Beckwith-Wiedemann
syndrome. Epigenetics 14:850–876

70. Hirose M, Hada M, Kamimura S, Matoba S,
Honda A, Motomura K et al (2018) Aberrant

imprinting in mouse trophoblast stem cells
established from somatic cell nuclear
transfer-derived embryos. Epigenetics 13:
693–703

71. Okae H, Matoba S, Nagashima T,
Mizutani E, Inoue K, Ogonuki N et al
(2013) RNA sequencing-based identification
of aberrant imprinting in cloned mice. Hum
Mol Genet 23:992–1001

72. Matoba S, Wang H, Jiang L, Lu F, Iwabuchi
KA, Wu X et al (2018) Loss of H3K27me3
imprinting in somatic cell nuclear transfer
embryos disrupts post-implantation develop-
ment. Cell Stem Cell 23:343–354

73. Matoba S, Liu Y, Lu F, Iwabuchi KA, Shen L,
Inoue A et al (2014) Embryonic development
following somatic cell nuclear transfer
impeded by persisting histone methylation.
Cell 159:884–895

74. Inoue K, Ogonuki N, Kamimura S, Inoue H,
Matoba S, Hirose M et al (2020) Loss of
H3K27me3 imprinting in the Sfmbt2
miRNA cluster causes enlargement of cloned
mouse placentas. Nat Commun 11:2150–
2150

75. dos Santos Mendonça A, Franco MM, de Oli-
veira Carvalho J, Machado GM, Dode MAN
(2019) DNA methylation of the insulin-like
growth factor 2-imprinted gene in tropho-
blast cells of elongated bovine embryo: effects
of the in vitro culture. Cell Reprogram 21:
260–269

76. Poirier M, Smith OE, Therrien J, Rigoglio
NN, Miglino MA, Silva LA et al (2019) Resil-
iency of equid H19 imprint to somatic cell
reprogramming by oocyte nuclear transfer
and genetically induced pluripotency. Biol
Reprod 102:211–219

77. Carvalho JO, Michalczechen-Lacerda VA,
Sartori R, Rodrigues FC, Bravim O, Franco
MM et al (2012) The methylation patterns of
the IGF2 and IGF2R genes in bovine sperma-
tozoa are not affected by flow-cytometric sex
sorting. Mol Reprod Dev 79:77–84

78. Mendonça AS, Guimarães ALS, da Silva
NMA, Caetano AR, Dode MAN, Franco
MM (2015) Characterization of the IGF2
imprinted gene methylation status in bovine
oocytes during folliculogenesis. PLoS One
10:e0142072. https://doi.org/10.1371/
journal.pone.0142072

79. Barr ML, Bertram EG (1949) A morphologi-
cal distinction between neurones of the male
and female, and the behaviour of the nucleolar

https://doi.org/10.1371/journal.pbio.0040380
https://doi.org/10.1371/journal.pbio.0040380
https://doi.org/10.1371/journal.pgen.1008709
https://doi.org/10.1371/journal.pgen.1008709
https://doi.org/10.1371/journal.pone.0142072
https://doi.org/10.1371/journal.pone.0142072


Epigenetics and Somatic Cell Nuclear Transfer 55

satellite during accelerated nucleoprotein syn-
thesis. Nature 163:676–677

80. Ohno S, Kaplan WD, Kinosita R (1959) For-
mation of the sex chromatin by a single
X-chromosome in liver cells of Rattus norve-
gicus. Exp Cell Res 18:415–418

81. Lyon MF (1961) Gene action in the
X-chromosome of the mouse (Mus musculus
L.). Nature 190:372–373

82. Shapiro LJ, Mohandas T, Weiss R, Romeo G
(1979) Non-inactivation of an
X-chromosome locus in man. Science 204:
1224

83. Brown CJ, Carrel L, Willard HF (1997)
Expression of genes from the human active
and inactive X chromosomes. Am J Hum
Genet 60:1333–1343

84. Zinn AR, Page DC, Fisher EMC (1993)
Turner syndrome: the case of the missing sex
chromosome. Trends Genet 9:90–93

85. Bermejo-Alvarez P, Ramos-Ibeas P,
Gutierrez-Adan A (2012) Solving the “X” in
embryos and stem cells. Stem Cells Dev 21:
1215–1224

86. Okamoto I, Heard E (2006) The dynamics of
imprinted X inactivation during preimplanta-
tion development in mice. Cytogenet
Genome Res 113:318–324

87. Payer B, Lee JT (2008) X chromosome dos-
age compensation: how mammals keep the
balance. Annu Rev Genet 42:733–772

88. Okamoto I, Patrat C, Thépot D, Peynot N,
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Chapter 3

Early Cell Specification in Mammalian Fertilized
and Somatic Cell Nuclear Transfer Embryos

Marcelo D. Goissis and Jose B. Cibelli

Abstract

Early cell specification in mammalian preimplantation embryos is an intricate cellular process that leads to
coordinated spatial and temporal expression of specific genes. Proper segregation into the first two cell
lineages, the inner cell mass (ICM) and the trophectoderm (TE), is imperative for developing the embryo
proper and the placenta, respectively. Somatic cell nuclear transfer (SCNT) allows the formation of a
blastocyst containing both ICM and TE from a differentiated cell nucleus, which means that this differ-
entiated genome must be reprogrammed to a totipotent state. Although blastocysts can be generated
efficiently through SCNT, the full-term development of SCNTembryos is impaired mostly due to placental
defects. In this review, we examine the early cell fate decisions in fertilized embryos and compare them to
observations in SCNT-derived embryos, in order to understand if these processes are affected by SCNTand
could be responsible for the low success of reproductive cloning.

Key words Blastocyst, Epiblast, Inner cell mass, Primitive endoderm, Totipotency, Trophectoderm

1 Introduction

A multicellular organism that originates from a single cell must
undergo a plethora of cellular differentiation events. The first
events of mammalian cellular differentiation occur during the pre-
implantation stages of embryo development soon after fertilization.
The totipotent zygote will experience multiple rounds of cell divi-
sion, passing through cleavage stages until reaching the morula
stage, which is the first stage that different cell populations become
noticeable as outer and inner cells. Subsequent formation of the
blastocoel allows the clear distinction of the inner cell mass (ICM)
from the trophectoderm (TE).

An embryo generated by somatic cell nuclear transfer (SCNT)
must endure the same differentiation events before implantation as
fertilized embryos. However, since the genetic material comes from
a differentiated cell, it must be reprogrammed. It contains marks of
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epigenetic differentiation that allow or repress genes that relate to
cell function not suitable for embryonic development. Successful
nuclear reprogramming is necessary for the establishment of
embryonic stem cell (ESC) lines [1], pregnancy, and live births [2].
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Although live births have been reported for several species, the
rate of full-term pregnancies from cloned embryos is much lower
when compared to in vitro fertilized embryos [2, 3]. A common
issue in different species is placental alteration [4], and these altera-
tions could be linked to a failure of gene imprinting in the placenta
of SCNT-derived embryos and X chromosome inactivation
[5]. SCNT-derived blastocysts can be effectively obtained, but
obtaining healthy offspring from them continues to be a challenge.
This review aims to link early cell specification in the early embryo
to the fate of SCNT embryos and overall cloning efficiency. First,
we will review cell differentiation in the fertilized embryo. This
would allow us to understand the significance of observations
related to cell differentiation in the context of SCNT.

2 Early Cell Specification During Mammalian Preimplantation Development

2.1 Differentiation of

the Trophectoderm

and the Inner Cell

Mass

Segregation of the trophectoderm (TE) and the inner cell mass
(ICM) is the first cell differentiation event during mammalian
embryonic development. The TE is an epithelial cell layer sur-
rounding the blastocoel and will form the placenta, while the
ICM will originate the embryo proper and other extra-embryonic
tissues [6]. This differentiation is preceded by a state of totipotency,
in which blastomeres have the potential to contribute to both TE
and ICM [7–9].

Blastomere isolation at the 2-cell [10], 4-cell [11], and 8-cell
[12] stage was reported to yield live births in mice, cattle, and
sheep, respectively, suggesting that some cells of the embryo retain
totipotency at earlier stages of development. This totipotency
potential reduces as development progresses [13]. In mice, at the
8-cell stage, there is embryo compaction leading to morula forma-
tion. At this stage, some blastomeres attain apicobasal polarity, and
further cell divisions lead to outside and inside cell
populations [14].

Most outer cells become polarized from this developmental
stage onwards, while inner cells remain apolar. Beyond the 16-cell
stage in mouse embryos, outer cells will become the TE and inner
cells will form the ICM. Thus, there are two proposed cell fate
specificationmodels in the early embryo, the polarity model and the
inside-outside model [15]. Mounting evidence throughout the
years suggests that cell polarity precedes cell positioning in defining
the cell fate of the blastomeres.

In mouse embryos, inhibition of polarization by reducing the
level of activity of polarization-related proteins Par-3 family cell



polarity regulator (PARD3) and protein kinase C alpha (PRKCA)
leads to the internalization of outside cells [16]. Outer apolar cells
are frequently internalized [17], and reduction of cell contractility
can be influenced by polarization, leading to internalization of cells
[18]. It was also shown that the presence of an apical domain leads
to TE differentiation and that transplantation of an apical domain
to an apolar cell induces TE features [19].
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Polarization and cell contractility influence cellular localization
of Yes1 associated transcriptional regulator (YAP1) [18, 20], a
co-factor for transcription of genes and part of the HIPPO signal-
ing pathway. HIPPO signaling was implicated in the segregation of
the TE after the observation that TEA domain transcription factor
4 (Tead4) knockout mice were infertile due to the absence of
blastocyst formation [21]. TEAD4 is a transcription factor present
in outside and inside cells [22]; however, TEAD4-mediated tran-
scription occurs when YAP1 is nuclear, as large tumor suppressor
kinase 2 (LATS2) kinase phosphorylates YAP1 in inside cells,
keeping YAP1 in the cytoplasm of mouse embryos [23]. It was
recently shown that YAP1 activity could be modulated by glucose
metabolism, which influences TE cell fate in the mouse [24]
(Fig. 1). On the other hand, the reduction of TEAD4 in bovine
embryos did not impair blastocyst formation and did not change
caudal type homeobox 2 (CDX2) expression [25, 26].

The nuclear localization of YAP1 and TEAD4 leads to tran-
scription of Cdx2 [23], which is a transcription factor associated
with TE specification in the mouse [27]. Thus, Cdx2 expression is
downstream of cell polarization, which in turn influences HIPPO
signaling. Although CDX2 is not required for segregation into TE,
it is needed for the maintenance of epithelial integrity in mouse
[28, 29] and bovine embryos [30] and also required for expression
of TE genes, such as heart and neural crest derivatives expressed
1 (Hand1) [28] and interferon-tau (IFNT) [31]. Curiously, CDX2
reduction in pigs impaired apical domain formation, while knock-
down of PRKCA did not affect CDX2 gene expression [32].

HIPPO signaling is required for silencing (directly or indi-
rectly) pluripotency-associated genes in the ICM. POU Class
5 Homeobox 1 (OCT4), SRY-Box Transcription Factor
2 (SOX2), and Nanog Homeobox (NANOG) are transcription
factors expressed in the ICM of mouse embryos [33–35] and
known as core members of a pluripotency network in ESCs [36–
38]. Cdx2—a direct target of YAP1 and TEAD4—specifically
silencesOct4 in mouse TE cells [28, 29, 39], leading to suppression
of pluripotency [39]. In humans [40], and cattle [41], OCT4 is
expressed in the TE despite CDX2 presence [42, 43]. It was
demonstrated that the bovine genome does not contain the pro-
moter regulatory element that allows CDX2 binding to silence
OCT4, and this difference at the genome sequence is shared with



other species such as humans, chimp, rhesus, rat, horses, dogs, and
rabbits [44].

62 Marcelo D. Goissis and Jose B. Cibelli

Fig. 1 Schematic representation of molecular mechanisms involved in the first lineage segregation between
the ICM and the TE in the mouse preimplantation embryo. Glc – glucose

SOX2 is the first marker restricted to inside cells in mouse
embryos [45, 46], and its absence in outside cells is due to repres-
sion caused by members of the HIPPO signaling pathway
[46, 47]. However, in bovine embryos, SOX2 is present in all
cells of the morula and then restricted to the ICM [48]. SOX2 is
not required for blastocyst formation as shown by its gene deletion
in mice [46] or knockdown experiments in bovine [48]. Interest-
ingly, it is proposed that heterogeneities in OCT4 and SOX2
action, location, or responses may bias cell fate to ICM as early as
the 4-cell stage [49–51]. However, others found no lineage bias in
early embryos in the mouse [52, 53] or cattle [54].

NANOG expression was also shown to be controlled by the
HIPPO pathway in human ESCs, as loss of YAP1 and TEAD4 led
to an increase in NANOG [55], but this has yet to be shown in
embryos. NANOG is associated with restricted expression in the
ICM of mouse embryos [35, 56]; however, Nanog transcripts can
be detected in the TE [45]. The deletion of Nanog leads to abnor-
mal development after implantation in the mouse [56], which is
related to the role of NANOG in the second cell lineage



specification between the epiblast and the primitive endoderm (PE)
within the preimplantation embryo.
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2.2 Differentiation of

the Epiblast and the

Primitive Endoderm

After the segregation between the TE and the ICM, the second
event of differentiation occurs within the blastocyst, in which ICM
cells will either commit to the epiblast or PE cell fates. The epiblast
cells will differentiate into the three germ cell layers and the germ-
line, whereas PE will form the visceral and parietal yolk sacs
[57, 58].

The PE emerges as a cell layer lining on top of the ICM and
facing the blastocoel cavity [57, 58]. Similar to the first segregation
between TE and ICM, there was a positional model, in which ICM
cells exposed to the blastocoel would become the PE [6]. However,
cells in the early mouse ICM are a mosaic of cells that have the
potential to become epiblast or PE [59]. After differentiation, PE
cells are sorted to the surface of the ICM by cell movement and
apoptosis [60].

Cells within the early mouse ICM express both transcription
factors NANOG and GATA binding protein 6 (GATA6) [60, 61],
which are markers of epiblast and PE, respectively. As development
progresses, ICM cells will become mutually restricted to NANOG
or GATA6 expression in a mixed pattern known as “salt-and-pep-
per” [59]. Initial studies suggested that fibroblast growth factor
(FGF) signaling could participate in PE formation [62]. Further
studies reinforced that FGF signaling via mitogen-activated protein
kinase kinase 1/mitogen-activated protein kinase 1 (MEK/ERK)
was involved in PE specification, more specifically through FGF
receptor activation of growth factor receptor bound protein
2 (GRB2) and subsequent activation of the MEK/ERK pathway
(Fig. 2). Grb2 knockout in mouse embryos resulted in the absence
of PE, while the ICMwas restricted to NANOG-positive cells [59],
similar to treatment of embryos with MEK inhibitors [63]. In turn,
embryos treated with fibroblast growth factor 4 (FGF4) displayed
an ICM restricted to GATA6-positive cells [63].

The interaction among NANOG, GATA6, and FGF4 has been
dissected in the early mouse embryo. Deletion of Nanog led to the
expression of GATA6 in all cells of the ICM; however, it impaired
differentiation of the PE due to lack of FGF4 and failure to express
downstream PE markers SRY-Box transcription factor 17 (SOX17)
and GATA binding protein 4 (GATA4) that are downstream tran-
scription factors involved with PE differentiation [64]. Fgf4 knock-
out corroborated its need for PE specification as only NANOG was
expressed in ICM cells, and no PE differentiation occurred [61]. As
expected, deletion of GATA6 in mouse embryos caused all ICM
cells to express NANOG. More interestingly, treatment of Gata6-
null embryos with FGF4 did not restore PE differentiation, thus
suggesting additional GATA6 regulated processes that are essential
for this event [65, 66].
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Fig. 2 Schematic representation of molecular mechanisms involved in the segregation of the epiblast (EPI) and
primitive endoderm (PE) in the preimplantation embryo

In bovine embryos, FGF signaling reduces NANOG-positive
cells [67]. Further, MEK inhibition did not change the number of
NANOG-positive cells but abolished SOX17-positive cells
[68]. The deletion of NANOG using CRISPR/Cas9 resulted in a
reduced GATA6 expression level with no apparent increase in the
number of GATA6-positive cells [69], different than what is
observed in the mouse.

2.3 Epigenetic

Dynamics Related to

Early Cell Specification

Early cell lineage specification in the developing embryo requires
coordinated spatial and temporal gene expression, as discussed
above. Expression of these genes is not only controlled by cellular
processes, signaling pathways, and transcription factor networks,
but it is also under the control of both transcriptional permissive or
repressive epigenetic mechanisms. The most understood epigenetic
modifications are DNA methylation and histone post-translational
modifications. Gain or loss of such epigenetic marks supports the
commitment to a differentiated state, preventing the expression of
genes related to other cell lineages and facilitating the expression of
other genes for further specialization [70].
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There are important events that change the epigenetic land-
scape after fertilization. These include protamine to histone
exchange in the paternal chromatin [71] and global erasure of
DNA methylation marks [72, 73]. Although re-establishment of
DNA methylation is more extensive in the ICM than in the TE
[74], it is possible that these patterns occur after cell specification in
the early embryo as no DNA methylation was observed in Oct4 or
E74-like ETS transcription factor 5 (Elf5) in both ICM or TE cells
[75]. Thus, we will focus on histone post-translational modifica-
tions linked to cell differentiation events in the embryo.

Histone post-translational modifications include methylation,
acetylation, ubiquitination of lysine residues, or phosphorylation of
serine or threonine residues. Methylation of histone residues is can
be associated with repressive chromatin states, such as histone
3 lysine 9 trimethylation (H3K9me3) or histone 3 lysine 27 tri-
methylation (H3K27me3), while histone 3 lysine 9 trimethylation
(H3K4me3) correlates with active gene expression. On the other
hand, acetylation of histones 3 and 4 tails is normally associated
with a permissive chromatin state. Enzymes, such as histone acet-
yltransferases, histone deacetylases, histone methylases, and histone
demethylases, catalyze these post-translational modifications
[76, 77].

After fertilization and exchange of paternal protamines with
oocyte-derived histones, an asymmetry of histone modifications is
observed between the paternal and maternal genomes. For exam-
ple, H3K9me3 was shown to be highly present in the maternal
pronucleus while undetected in the paternal pronucleus, but after
genome activation symmetry is restored, the paternal genome
acquires the same level of H3K9me3 as the maternal [78], similarly
to what is observed for H3K4me3 [79]. On the other hand, histone
4 lysine 20 trimethylation (H4K20me3) [80] and histone 3 lysine
64 trimethylation (H3K64me3) [81], both epigenetic marks asso-
ciated with heterochromatin, are removed from the maternal
genome at the pronuclear stage.

An absence of H4K20me was observed throughout preimplan-
tation development, despite the presence of another heterochro-
matin marker—H3K9me3—suggesting immature
heterochromatin present in preimplantation embryos [82]. Indeed,
the chromatin of early embryos was observed as uncompacted
fibers, which was also observed in the ICM, but not in the TE of
mouse blastocysts [83]. Also, corroborating the idea that a more
permissive chromatin state occurs in embryo development, chro-
matin immunoprecipitation of developing embryos revealed that
H3K4me3 accumulated more rapidly and broadly than
H3K27me3; however, a large gain of H3K27me3 was observed
in ICM and TE [84].

Interestingly, mouse embryos revealed intense staining for
H3K27me3 in the ICM, while the staining was restricted to the X



chromosome in the TE [80, 83]; whereas no clear differences were
observed in blastomeres of earlier stages [82]. Also, ICM and TE
show differential enrichment in promoter regions of developmen-
tally important genes. In the TE, H3K27me3 is enriched in Sox2
[86], and repressive marker H3K9me2 was enriched in the pro-
moter region of Nanog and Oct4. In the ICM, the Cdx2 promoter
region is enriched with H3K9 dimethylation (H3K9me2) [87].
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Although differences in some of the most studied epigenetic
markers seem to appear at the blastocyst stage as described above,
there are data suggesting that cell fate is biased toward ICM or TE
is predetermined at earlier stages [49–51, 86]. Differences in his-
tone 3 arginine 26 methylation (H3R26me) were observed in
blastomeres of 4-cell embryos. The cells with higher levels of
H3R26me and coactivator-associated arginine methyltransferase
1 (CARM1) would be biased to contribute to the ICM of mouse
embryos [88]. The knockdown of CARM1 in mouse zygotes
reduces H3R26me levels and increased the number of PE cells
[50], while injection of CARM1 mRNA led to increased OCT4
and SOX2 expression [50, 87]. Another methyltransferase,
PR/SET domain 14 (PRDM14), was also implicated in the early
bias of 4-cell blastomeres as injection of PRDM14mRNA led to an
increase in H3R26me, leading to a preferential contribution of
daughter cells to the ICM of mouse embryos [89].

2.4 X Chromosome

Inactivation and Cell

Lineage Specification

As mentioned above, X chromosome inactivation is noticeable in
TE cells by H3K27me3 staining [85]. This is in agreement with the
notion that XX cells must silence one X chromosome for dosage
compensation of gene expression [90]. Briefly, X chromosome
inactivation (XCI) involves the expression of a long non-coding
RNA (lncRNA) named X inactive specific transcript (Xist) that
coats the X chromosome in cis. It recruits both polycomb repressive
complexes 1 and 2 (PRC1 and PRC2) that will lead to histone H2A
lysine 119 ubiquitination (H2AK119ub) and H3K27me3,
respectively [91].

During early development of female embryos, the paternal X
chromosome is silenced in all cells by the establishment of
H3K27me3 marks, but this silencing is reversed, and random
inactivation of the paternal or maternal X chromosome occurs in
the late ICM [90, 91]. Interestingly, cells that expressed NANOG
lack Xist expression and XCI [92]. NANOG-positive cells also lack
focal localization of embryonic ectoderm development protein
(EED), which is part of the histone methylation complex PRC2.
On the other hand, PE cells positive for GATA4 also display EED
foci [93]. These findings indicate that paternal imprinting of the X
chromosome occurs during development in the extra-embryonic
tissues, at least in the mouse.

Human embryos seem to expressXIST throughout early devel-
opment without silencing one copy of the X chromosome,



maintaining a biallelic expression with a gradual dosage compensa-
tion [94]. This is likely promoted by concomitant expression of
XIST and another lncRNA named XACT [94, 95]. In the rabbit
embryo, one X chromosome is inactive from the 4-cell stage until
early blastocyst stage, when ICM and TE cells may have even two
inactive X chromosomes, while late blastocyst cells will only present
one inactive X chromosome [96]. In bovine embryos, it is proposed
that the paternal X chromosome is inactive at the morula stage and
reactivated at the blastocyst stage [97] as XIST is detected from the
morula stage onwards but very few H3K27me3 spots were
observed in the ICM when compared to the TE, indicating that
both copies are active in the ICM [98].
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3 Early Cell Lineage Specification in SCNT Embryos

Transfer of a nucleus to a recipient egg cytoplasm was initially
performed to test if the same nuclear content is present in cells
after differentiation. The classic experiment from Briggs and King
revealed that differentiated embryonic cells were able to generate
other embryos after nuclear transplantation [99]. Subsequent
nuclear transfer experiments in the 1960s with amphibians found
that fully differentiated cells from the intestinal epithelium were
able to generate adult animals [100]. Only in the 1990s, the birth
of a mammalian species after nuclear transfer from adult cells was
obtained with Dolly the sheep [101]. Several species were cloned
by SCNT since then [102].

After this breakthrough, SCNT emerged as a powerful tool for
generating identical copies of an animal—reproductive cloning—
and deriving embryonic stem cells (ESCs) from a preimplantation
cloned embryo—therapeutic cloning. Derivation of pluripotent
ESCs does not seem to be an issue [103, 104], as we will discuss
ahead; however, the percentage of live births from cloned embryos
is reduced when compared to in vitro fertilized (IVF) equivalents
[2]. There are many reports of placental alterations in various
species [105–109]. Interestingly, aggregation of SCNT-derived
ICM with tetraploid TE fertilized embryos improved full-term
development in mice [110], corroborating the idea that defects in
the TE interfere with SCNT success. Although not completely
elucidated, faulty epigenetic reprogramming is key to some of
these failures [5] and is the subject of other reviews
[102, 111]. Here, we will focus on aspects related to early cell
lineage specification, comparing SCNT—with fertilized—embry-
onic development.
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3.1 Differences in

ICM or TE Cell

Numbers in SCNT

Embryos

A higher number of cells are often associated with improved
embryo quality [112]. Cell allocation to the ICM and TE is also
essential. Fewer cells allocated to the ICM can impair subsequent
development [113]. Different media during in vitro culture can
influence ICM cell numbers [114]. In vivo-derived embryos pre-
sented more ICM cells than their in vitro fertilized mouse, rat
[115], bovine [116], and porcine [117] embryos.

As there is a significant influence of culture conditions in ICM
cell number of in vitro fertilized embryos, SCNT-derived embryos
could be impacted as they are exposed to in vitro culture condi-
tions, and their initial genome must undergo extensive reprogram-
ming. Indeed, studies designed to verify cell number in SCNT
embryos revealed that the total cell number is reduced compared
to in vivo and IVF embryos [118, 119].

Specifically, the cell number of SCNT embryos was reduced
throughout all days of embryonic development when compared to
in vivo fertilized embryos and reduced at days 3, 5, 7, and 8 when
compared to IVF embryos [119]. With regard to cell allocation,
IVF embryos presented fewer TE cells than in vivo ones, while
SCNT presented fewer cells than both IVF and in vivo embryos,
which resulted in a lower ICM/TE cell ratio [118]. Many other
SCNT studies that evaluated ICM and TE cell allocation, although
not as a primary goal, found that the total cell number is reduced in
SCNTembryos compared to IVF equivalents, but ICM and TE cell
numbers are variable among studies (Table 1). It was reported that
aggregating mouse embryos improved the reproductive success of
SCNT [120]. However, aggregation of bovine SCNT embryos did
not improve efficiency [121, 122].

3.2 Expression of

Differentiation-

Associated Genes in

SCNT Embryos

Since there are changes in the allocation of ICM and TE cells in
most SCNT studies that compared these embryos with fertilized
ones, it is plausible to consider that expression of genes related to
differentiation is altered. It was shown that most SCNT-derived
mouse embryos had incomplete reactivation of OCT4
[123]. Induced pluripotent stem cells (iPSC), which are repro-
grammed in vitro to pluripotency by expression of transcription
factors [124], allowed stepwise studies of gene expression changes
during reprogramming and reinforced that activation of endoge-
nous pluripotency network genes must occur [125]. Expression of
pluripotency factors such as Nanog and Oct4 is dependent on
maternal histone variant 3.3 (H3.3) [126], relating successful epi-
genetic reprogramming to the expression of pluripotency genes
after SCNT.

Interestingly, the use of different bovine cell lines yielded dif-
ferent expression of pluripotency genes OCT4, SOX2, and
NANOG among SCNT embryos, which had either higher or simi-
lar expression levels than IVF counterparts [127]. These findings
are in agreement with the idea that global gene expression can be



different in SCNTembryos generated from cell lines shown to have
different efficiencies at generating preimplantation embryos
[ ]. However, in this latter case, no differences in OCT4,
SOX2, and NANOG were observed. The expression of these plur-
ipotency genes and CDX2 in SCNT compared to IVF blastocysts is
observed throughout the literature (Table . Most studies showed
no significant changes in the gene expression of these transcrip-
tional regulators, consistent with studies that performed transcrip-
tome analysis [ – ]. Nonetheless, the use of mouse Oct4-132128
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Table 1
Relative total cell numbers and cell type allocation in somatic cell nuclear transfer (SCNT) blastocysts
compared to embryo counterparts produced by in vitro fertilization (IVF)

Cell numbers

Species Total ICM TE ICM/TE Reference

Bovine (Bos taurus) Down N/A [118]

Bovine (Bos taurus) Down – Down – [156]

Bovine (Bos taurus) Down [157]

Bovine (Bos taurus) – Up – Up [121]

Bovine (Bos taurus) Down N/A N/A N/A [119]

Bovine (Bos taurus) Up [158]

Bovine (Bos taurus) Down N/A [159]

Bovine (Bos taurus) N/A – [160]

Bovine (Bos taurus) Down [161]

Bovine (Bos taurus) – Down – Down [162]

Bovine (Bos taurus) Down Down Down N/A [163]

Bovine (Bos taurus) Down Down [164]

Bovine (Bos taurus) N/A [138]

Bovine (Bos taurus) Down Down – Down [165]

Bovine (Bos taurus) Down – N/A Down [166]

Buffalo (Bubalus bubalis Down [167]

Mouse (Mus musculus) Down Down Down N/A [168]

Mouse (Mus musculus) N/A Down Down N/A [169]

Pig (Sus scrofa) N/A N/A N/A Down [170]

Rhesus monkey (Macaca mulatta) – N/A N/A – [171]

This compilation was restricted to studies presenting direct comparisons between SCNT and IVF embryos

ICM – inner cell mass, TE – trophectoderm, ICM/TE – ratio number of ICM cells divided by the number of TE cells,N/
A – not analyzed, (-) similar



Species Reference

– –

– – – –

– –

– – –

– – –

– – –

– – – –

– –

green fluorescent protein (GFP) promoter-reporter in bovine SCNT
embryos revealed heterogeneities in the number of cells which
would express the GFP reporter [133].
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Table 2
Relative gene expression by RT-qPCR of early cell lineage specifying transcription factors in somatic
cell nuclear transfer (SCNT) blastocysts relative to embryo counterparts produced by in vitro
fertilization (IVF)

Transcription factor

OCT4 NANOG SOX2 CDX2

Bovine (Bos taurus) – Up [172]

Bovine (Bos taurus) [158]

Bovine (Bos taurus) – N/A [160]

Bovine (Bos taurus) Down [163]

Bovine (Bos taurus) Down [164]

Bovine (Bos taurus) Down [138]

Bovine (Bos taurus) [166]

Bovine (Bos taurus) Down Down Down – [173]

Buffalo (Bubalus bubalis) Down Up [167]

Pig (Sus scrofa) – Down N/A – [174]

This compilation was restricted to studies presenting direct comparisons between SCNT and IVF embryos

CDX2 – caudal type homeobox 2, NANOG – Nanog homeobox, OCT4 – (also known as POU5F1) Octamer of

transcription 4, SOX2 – SRY-Box transcription factor 2, N/A – not analyzed, (-) similar

Even though CDX2 expression is often unchanged in SCNT
embryos, downstream genes such asHAND1 and IFNT are altered
at later stages of embryonic development [134]. This could be due
to the fact that an enhancer region forCdx2 shows different activity
at preimplantation and post-implantation mouse embryos [135],
implying that different mechanisms other than HIPPO signaling
and notch [136] control CDX2 expression at later stages. Unfor-
tunately, there are no reports on HIPPO signaling pathway or
establishment of cell polarity in SCNT-derived embryos. However,
some studies provide glimpses on TEAD4 expression in bovine
SCNT embryos. In one study, TEAD4 was reduced in the TE of
SCNT embryos compared to in vivo fertilized ones [137]. How-
ever, TEAD4 expression was not different between SCNT and IVF
embryos, although it was highly increased after CDX2
knockdown [138].

3.3 Derivation of ESC

Lines from SCNT

Embryos

The efficiency of reproductive cloning by SCNT at generating
healthy offspring is low [2]. However, the derivation of ESC lines
from cloned embryos (i.e., therapeutic cloning) has similar efficien-
cies than using IVF embryos. Shortly after the announcement of
full reprogramming of mammalian somatic cells using SCNT



[101], ESC lines from mouse SCNT embryos (NT-ESC) were
obtained [103, 139]. It was reported that the efficiency of obtain-
ing NT-ESC lines per embryo was similar to conventional ESC lines
from fertilized embryos, even when using donor cells from differ-
ent mouse strains [140]. These NT-ESC cells were able to differen-
tiate into all three germ layers and the germline [103, 139, 140],
indicating proper reprogramming to pluripotency.
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Two decades after the announcement of Dolly, and the deriva-
tion of human ESCs from fertilized embryos [141], pluripotent
human NT-ESCs were obtained [104]. The delay was mostly
related to technical hurdles to obtain cloned blastocysts in humans.
Once cloned blastocysts were generated, the efficiency of NT-ESC
derivation was as high as that obtained using IVF-derived blasto-
cysts [104]. Interestingly, the X chromosome in female cell lines
was less methylated in both NT-ESC cells and IVF-ESCs than
iPSCs [1], suggesting that NT-ESC cells could have achieved better
or broader reprogramming than iPSCs.

In order to understand issues with placental development,
trophoblast stem cells (TSC) were also obtained from mouse
SCNT embryos (NT-TSC). Interestingly, mouse NT-TSC were
obtained more efficiently from SCNT embryos than fertilized
ones. These NT-TSC proliferate more rapidly and relied less on
self-renewal conditions using FGF4 and activin to maintain their
TSC phenotype [142]. Based on the activity of an enhancer regu-
lated by HIPPO and NOTCH pathways, it was shown that TSC
resemble TE cells from post-implantation embryos [135]. None-
theless, when injected into host fertilized embryos and transferred
into a recipient female, NT-TSC contributed to the placenta of
clone fetuses that reached full-term development [143].

3.4 Aberrant X

Chromosome

Inactivation in SCNT

Embryos

As mentioned previously, XCI is paternally imprinted in the TE
while random in the ICM [90, 91]. Interestingly, it was reported
that the placenta of deceased bovine clones presented random XCI,
in contrast with a paternal XCI imprinting in the placenta of a
fertilized fetus [144]. In previous studies, a random XCI was
associated with NANOG expression in epiblast cells [90, 92], sug-
gesting that XIST may be repressed by NANOG [145]. NANOG
was shown to be present in the TE of bovine embryos [146];
however, in SCNT embryos, NANOG expression level appears
normal compared to IVF and NANOG is absent in the TE of
SCNT blastocysts [147], possibly excluding a role for NANOG in
random placental XCI in cattle.

In bovine- and mouse-cloned fetuses, the expression of XIST
was increased in the placenta [143, 144]. In the mouse, such
increased expression led to a reduction in the expression of
X-linked genes [148]. Similar findings were reported in
pig-cloned fetuses [149]. In the mouse, the deletion or reduction
of expression of Xist increased live births of cloned embryos



[145, 147]. Diminishing Xist in SCNT embryos normalized global
gene expression [148–150]. The PE marker GATA6 was among
these normalized genes, as its expression increased in pig SCNT
embryos devoid of XIST [149]. Interestingly, severe alterations in
the yolk-sac were observed in bovine SCNT-derived
pregnancies [151].

72 Marcelo D. Goissis and Jose B. Cibelli

4 Perspectives and Conclusions

During early embryo development, cell differentiation requires
coordinated expression of genes, which are controlled by integrated
cellular processes such as cell polarization, microtubule contractil-
ity, carbohydrate metabolism, and cell signaling pathways. SCNT
embryos have a proper ICM and TE, indicating that in a short
period of time the oocyte’s cytoplasm is capable to reprogram
differentiated cells to carry these early events of differentiation.

On the other hand, it is well known that SCNT embryos’ full-
term development after transfer into surrogate mothers is severely
impaired. Most of the abnormalities encountered are related to
placental malformations. Epigenetic perturbations appear to be
responsible for these events, including lack of paternal imprinting
of the X chromosome. However, despite perturbations in XIST
gene expression, differentiation into ICM and TE cells is not
affected in SCNT embryos; although differentiation of the PE
could warrant further investigation.

In contrast to the low rates in full-term development, the
derivation of NT-ESC is feasible, and it is as efficient as that
obtained using fertilized embryos. For the derivation of NT-TSC,
SCNT embryos appear to be more effective. Albeit in vitro plur-
ipotency may capture a snapshot of pluripotency in vivo [152, 153],
the ability to derive NT-ESC and NT-TSC from SCNT embryos
indicates that early differentiation occurs similarly to fertilized
embryos.

The possibility of using CRISPR/Cas9 technology to study
differentiation in early embryos is particularly interesting for mam-
malian species where the developmental window until reaching the
blastocyst stage is longer, such as bovine, pigs, and primates. Inter-
estingly, the use of IVF [154] or SCNT [147] to delete OCT4 in
bovine embryos pointed that the effects on NANOG and CDX2
expression are closer to human [155] than to mouse [33] embryos
lacking Oct4. One clear advantage of using SCNT over embryo
microinjection, to study the effect of genetic deletions in the early
embryo, is the ability to screen cell lines for the desired deletion,
guaranteeing that all embryos studied will carry the same
modification.

Cellular reprogramming through SCNT can reprogram a
somatic cell to become totipotent again and to differentiate into a



viable blastocyst. It is important to remember that when using
in vitro matured oocytes, the efficiency of blastocyst formation by
SCNT is not different from IVF [2]. Thus, evidence in the litera-
ture suggests that the intricate mechanisms of cell differentiation
during the preimplantation period occur correctly in SCNT
embryos, tempting us to postulate that these mechanisms related
to cell polarization and cell contractility will push differentiation
regardless of nuclear reprogramming status; however, only a cor-
rectly reprogrammed nucleus will be capable of developing prop-
erly beyond the blastocyst stage.
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Chapter 4

Mitochondrial Inheritance Following Nuclear Transfer: From
Cloned Animals to Patients with Mitochondrial Disease

Jörg P. Burgstaller and Marcos R. Chiaratti

Abstract

Mitochondria are indispensable power plants of eukaryotic cells that also act as a major biochemical hub. As
such, mitochondrial dysfunction, which can originate from mutations in the mitochondrial genome
(mtDNA), may impair organism fitness and lead to severe diseases in humans. MtDNA is a multi-copy,
highly polymorphic genome that is uniparentally transmitted through the maternal line. Several mechan-
isms act in the germline to counteract heteroplasmy (i.e., coexistence of two or more mtDNA variants) and
prevent expansion of mtDNA mutations. However, reproductive biotechnologies such as cloning by
nuclear transfer can disrupt mtDNA inheritance, resulting in new genetic combinations that may be
unstable and have physiological consequences. Here, we review the current understanding of mitochondrial
inheritance, with emphasis on its pattern in animals and human embryos generated by nuclear transfer.

Key words Cloning, Embryo, Heteroplasmy,Mitochondria, mtDNA,MRT, Nuclear transplantation,
Oocyte, SCNT

1 Introduction

Mitochondria are double-membrane organelles that encompass
multiple copies of a 16.6 kb circular genome (mtDNA; Fig. 1). In
mammals, mtDNA is exclusively transmitted through the maternal
lineage as sperm mitochondria are destroyed soon after fertilization
through the action of mitophagy (mitochondria-targeted autop-
hagy) [1–3]. Given the high polymorphic rate of mtDNA [4–8],
such uniparental mode of inheritance contributes to the mainte-
nance of homoplasmy (i.e., presence of a single mtDNA type within
an individual). On the other hand, reproductive biotechnologies
such as nuclear transfer can disrupt mitochondrial transmission,
potentially resulting in the admixture of mtDNA variants (known
as heteroplasmy). As such, nuclear transfer can lead to new nuclear-
to-cytoplasmic genetic combinations, which can be unstable and
have detrimental physiological consequences [9–14]. In this book
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Fig. 1 Mitochondrial DNA (mtDNA) Localization, Structure, and Coding Capacity.
(a) Mitochondria are composed of inner and outer membranes which delimitate
two distinct compartments, the inter-membrane space and the matrix. The inner
membrane folds toward the mitochondrial lumen to increase its length and host
a higher number of the respiratory chain complexes, which are required for
adenosine triphosphate (ATP) synthesis [15]. Within the matrix and attached to
the inner membrane are one to several nucleoids, which can vary in their
packaging degree and are composed of ~1.4 mtDNA molecules coated by
(TFAM) and other proteins [50, 51]. (b) The mammalian mitochondrial genome



chapter, we outline basic aspects of mitochondrial inheritance,
highlighting how it is altered in cloned animals. In addition, we
discuss how this biotechnology has been translated to the clinical
setting seeking to prevent transmission of mtDNA-encoded dis-
eases in humans.
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2 Mitochondrial Function and Dynamics

Mitochondria are organelles specialized in energy production (i.e.,
adenosine triphosphate—ATP) and thought to have originated
from the engulfment of an ancestor bacterium by a primitive host
cell [15]. Mitochondria retain several vestiges of their endosymbi-
otic origin, including their own genome, a double membrane, and
the use of a proton (H+) gradient to generate ATP. Four enzymatic
complexes and the ATP synthase, which are all embedded in the
inner mitochondrial membrane, are responsible for converting the
energy derived from the oxidation of energetic substrates into ATP
[15]. This process, known as oxidative phosphorylation
(OXPHOS), is far more efficient in ATP generation than anaerobic
glycolysis alone. In addition, mitochondria play important roles in
phospholipid synthesis, reactive oxygen species (ROS) signaling,
calcium handling, innate immunity, and programmed cell death
through apoptosis. Collectively, these facts suggest that the symbi-
osis with mitochondria was a key event in eukaryotic
evolution [16].

Although initially described as static and isolated, mitochondria
can be remarkably dynamic and interact with other organelles
including neighboring mitochondria, endoplasmic reticulum,
lipid droplets, lysosomes, and the nucleus [17–20]. These aspects
of mitochondria are determined by the balance between cyclic
events of fusion and fission, which establish mitochondrial net-
works. Hence, under enhanced fusion mitochondria form long
interconnected tubules, whereas enhanced fission leads to fragmen-
tation of the mitochondrial network [20]. Mitochondrial dynamics
are important to adapt the organelle to specific metabolic demands

�

Fig. 1 (continued) is a compact (~16.6 kb), circular molecule composed of two
strands differing in their guanine content, the light and the heavy strands. Most
of mtDNA sequence encompasses protein-coding genes, including messenger
RNAs (mRNA), transfer RNAs (tRNA), and ribosomal RNAs (rRNA) [41]. However,
there is also a non-coding region required for the control of mtDNA replication
and transcription. This region, known as the control region (CR), harbors regu-
latory elements such as the light (LSP) and heavy (HSP)-strand promoters, the
heavy-strand origin of replication (OH), the conserved sequence block 2 (CSB2)
and the termination associated sequence (TAS); the light-strand origin of repli-
cation (OL) is located outside the CR [50, 55]



and nutrient availability, apart from controlling mitochondrial con-
tent exchange, transport, inheritance, and selective degradation
[21]. The importance of mitochondrial dynamics is revealed by
the range of diseases originating from defects in this organelle
machinery. Furthermore, experimental disruption of either fusion
or fission leads to impaired bioenergetics, mtDNA instability, poor
cell growth, and, ultimately, apoptosis [18].
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Amongst all cell types in mammals, oocytes own the largest
mitochondrial count [22, 23], indicative of a high energy require-
ment. Contrary to this, the mitochondrial network is broadly frag-
mented in the female gamete. Oocyte mitochondria are
characterized by their small size, spheric shape, and underdevel-
oped cristae structure [22, 24–29]. Collectively, these are indicative
of low bioenergetic activity, which is corroborated by studies
showing that deficient mitochondrial function has minimal impact
on oocyte growth [28, 30–32]. In fact, mitochondrial fragmenta-
tion, decreased ROS production, and low respiration are intrinsic
characteristics of most germ cells such that cellular reprogramming
into induced pluripotent stem cells (iPSCs) leads to a metabolic
reprogramming characterized by increased dependence on glycoly-
sis [33–38]. Therefore, rather than a key role in energy supply, the
high number of mitochondria in oocytes is likely required for
assuring equitable organelle partitioning to embryonic cells until
activation of mitochondrial biogenesis [39–41]. In addition, as
discussed below, extensive fragmentation minimizes mitochondrial
complementation, facilitating the action of selection against delete-
rious mtDNA mutations [29, 42, 43].

3 Mitochondrial DNA Structure and Maintenance

The mammalian mtDNA is a compact, circular genome encoding
for 37 RNA molecules necessary for intramitochondrial translation
of 13 polypeptides (Fig. 1). These polypeptides are essential sub-
units of the OXPHOS system and defects in their expression are
associated with numerous mitochondrial diseases in humans
[44]. Recently, new mitochondrial small open reading frames
were discovered, coding for mitochondrial-derived peptides
(MDPs) that are involved in (mitochondrial) metabolism, ROS
production, apoptosis, and more. Both the number of known
MDPs and their functions are currently under investigation
[45]. Also, the existence of small mitochondrial RNAs is currently
discussed, further indicating that mtDNA replication and transcrip-
tion could be more complex than previously thought [46].

Mitochondria however rely on an intricated crosstalk with the
nuclear compartment as the large majority of the mitochondrial
proteome (~1100 peptides) is encoded in the nucleus, translated in
the cytosol, and imported into mitochondria [13, 47, 48]. Among



these are all of the proteins controlling mtDNA maintenance and
expression, processes which are mainly regulated at a non-coding
control region (CR) of mtDNA containing the transcription pro-
moter of the light (LSP) and heavy (HSP) strands, as well as the
origin of replication of the heavy strand (OH; Fig. 1) [49–52]. Tran-
scription initiated at both LSP andHSP generates two polycistronic
molecules, which are then extensively processed to translation [52–
54]. Replication of mtDNA, however, relies on the premature
termination of the light-strand transcription near the OH. Accord-
ing to the strand displacement model, the nascent RNA strand is
used as a primer for unidirectional replication of the heavy strand;
replication of the light strand only initiates when the replication
fork in the leading strand reaches the replication origin of the light
stand (OL; Fig. 1) [50, 55]. Therefore, replication and transcription
of mtDNA have been proposed to be mutually exclusive processes,
with multiple levels of control [50, 52].

Mitochondrial Inheritance Following Nuclear Transfer 87

Replication of mtDNA and copy number control are regulated
at least at four different levels: (i) by controlling transcription
initiation from the LSP, which requires the mitochondrial RNA
polymerase (POLRMT), the mitochondrial transcription factor A
(TFAM), and the mitochondrial transcription factor B2 (TFB2M);
(ii) by controlling termination/processing of the LSP transcript at
the conserved sequence block-2 (CSB2), a process in which the
mitochondrial transcription elongation factor (TEFM) has been
negatively implicated; (iii) at the termination-associated sequence
(TAS), a region located ~650 nucleotides downstream of the OH

that associates with the premature termination of mtDNA synthe-
sis; and (iv) by regulating the level of mtDNA packaging, which is
mainly determined by the action of TFAM (Fig. 1) [50]. Impor-
tantly, about two-thirds of all transcription events initiated from the
LSP are prematurely terminated at the CSB2, which has been
implicated in replicative advantage of certain mtDNA haplogroups
with CSB2 polymorphisms [52, 56, 57]. Likewise, a number of
polymorphisms have been mapped to the TAS, which can also
interfere with mtDNA replication as the large majority of mtDNA
replicative events are aborted at this region [50, 56–59]. Provided
that the nascent replicative strand (known as 7S DNA, ranging
from the OH to the TSA region) remains bound to its template,
forming a triple-stranded displacement loop (D-loop) structure,
replication reinitiated from the 3′ end of the 7S DNA can enable
a rapid increase in mtDNA copy number [50, 58, 60].

Due to its relative short half-life in mitotic (~10 days) and post-
mitotic (~20 days) cells [61, 62], mtDNA is replicated at a corre-
spondingly high rate. Thus, in spite of the action of proof-reading
mechanisms, mtDNA is prone to single nucleotide variations
(mtSNVs) and rearrangements arising from replicative errors
[41, 63]. Replicative errors arise both in somatic tissues, where
the resulting variations are discussed as an aging factor [64], but



also in the germline, giving rise to various mtDNA haplotypes. For
instance, differences of 20–80 mtSNVs are common between
humans, even within the same haplogroup [10, 14, 65]. The
mtDNA composition within cells is usually thought to be homo-
plasmic due to strict uniparental (maternal) inheritance. Massive
parallel sequencing using next-generation sequencing (NGS)
methods has shown that in humans intra-individual polymorphisms
of mtDNA are nevertheless universal due to its high mutation rate,
although at low (i.e., 0.5–1.5%) heteroplasmic levels [6, 7, 41,
66]. These mutations do not only arise de novo but are also
transmitted to the next generation when present in the germline.
These polymorphisms are mostly located in the CR, but can map to
any part of the mtDNA, including protein-coding genes. Several
safeguarding mechanisms reduce the impact of potential patho-
genic mechanisms (see below), but generally the cell’s energy
demand can be supplied unless the mutation load reaches a thresh-
old of typically >60% for deletions and >80% for mtSNVs [41].
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4 Mitochondrial DNA Inheritance

Selective forces have long been shaping mtDNA evolution, result-
ing in several haplogroups within mammalian species, including
cattle, pigs, sheep, goats, mice, and humans [10, 14, 62, 65, 67–
76]. In principle, all mutations, even homoplasmic ones, originate
from a single mtDNA molecule which expands through the action
of mechanisms such as relaxed replication (i.e., different mtDNA
molecules are copied at uneven rates in a cell cycle-independent
fashion) and vegetative segregation (i.e., mtDNA variants are
unevenly partitioned among daughter cells at cytokinesis)
[41, 77–83]. Additionally, there is evidence that certain mtDNA
variants can be biased replicated or partitioned, driving selection
either for or against them [9, 29, 42, 66, 84–92].

Both relaxed replication and vegetative segregation act in the
female germline through a mechanism known as the mtDNA
genetic bottleneck (Fig. 2). Following fertilization, ~200,000
mtDNA molecules are progressively partitioned among cells of
the early embryo while mtDNA replication remains downregulated;
in embryonic cells that give rise to primordial germ cells (PGCs)
mtDNA replication reinitiates only after implantation, thus forcing
the stochastic segregation of mtDNA variants. Furthermore, only a
few cells in the early embryo give rise to PGCs and the next genera-
tion, generating an important sampling effect [23, 41, 82, 90, 93–
96]. Extensive studies in several species, including mice, cattle,
non-human primates, and humans support that low-level hetero-
plasmic mtDNA variants can benefit from the mtDNA genetic
bottleneck to expand and even become fixed in the population
after few generations [12, 62, 66, 81, 89, 95, 97–100]. This is



corroborated by in vitro models of iPSC derivation, suggesting that
mtDNA segregation takes advantage of intrinsic aspects of germ
cells such as mitochondrial fragmentation and decreased OXPHOS
dependence [38, 87, 101, 102]. Therefore, the mtDNA genetic
bottleneck has been shown to be a key determinant of homoplasmy,
while also enabling new mtDNA variants to be put to test at the
organism level [41].
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Fig. 2 The Mitochondrial DNA (mtDNA) Genetic Bottleneck and the Action of Selection in Germline Shape
mtDNA Composition. Replication of mtDNA is downregulated during early embryogenesis, which extends up to
post-implantation in cells originating primordial germ cells (PGCs). Hence, mtDNA copy number drops from
~200,000 in ovulated oocytes to ~500 in PGCs, thus forcing segregation of mtDNA variants amongst
embryonic cells. Furthermore, only few cells out of hundreds in the developing embryo give rise to PGCs,
resulting in dramatic heteroplasmic shifts in future oocytes and the next generation [23, 41, 82, 90, 93–
96]. This mechanism, known as the mtDNA genetic bottleneck, can further be complemented by the action of
selection either for or against deleterious mtDNA mutations [9, 29, 42, 66, 84–92]. Selection might take place
through mitochondrial clusterization (Balbiani body) in oocytes, leading to biased organelle inheritance by
PGCs [92]. Alternatively, extensive mitochondrial fragmentation during oogenesis seems to promote mtDNA
segregation into individual organelles, enabling selection based on the variant effect on mitochondrial fitness.
In the latter case, selection has been proposed to occur through either replication of a subgroup of mtDNA or
mitochondria-targeted autophagy (mitophagy) [29, 42, 43, 106, 117]

According to Muller’s ratchet, the high mutation rate and the
lack of germline recombination would make mtDNA susceptible to
mutational meltdown. However, the mtDNA genetic bottleneck
along with purifying selection probably counteract the Muller’s
ratchet by preventing intergenerational transmission of deleterious
mtDNA mutations [103]. This hypothesis is in keeping with a
number of studies showing that deleterious mutations on mtDNA
genes coding for proteins, tRNAs, and rRNAs are more likely to
decrease in level through generations [9, 66, 84, 88, 104–109]. In
contrast, there is also evidence of positive (selfish) selection for
deleterious mtDNA variants [79, 110–112]. In both cases, the
mechanism(s) underpinning selection is unclear, albeit a few studies



have provided some clues (Fig. 2). For instance, mutations in the
CR may lead one mtDNA variant to outcompete another through
an effect on mtDNA replication [57, 58, 113–115]. In this context,
the sharp increase in mtDNA content from ~500 molecules in
PGCs to ~200,000 in ovulated oocytes provides an excellent win-
dow of opportunity [23, 82, 83, 87]. Alternatively, findings in flies
suggest that selection is driven by the variant effect on mitochon-
drial fitness, which has been linked to deficient import of factors
required for mtDNA replication in oocytes [85, 86, 107, 116]. In
accordance with these reports, extensive mitochondrial fragmenta-
tion in oocytes likely reduces complementation, enhancing the link
between mtDNA variant and mitochondrial fitness, and enabling
selection against deleterious mutations based on deficient mtDNA
replication and/or mitophagy [29, 42, 43, 106, 117]. Additional
mechanisms might take place at other stages of development (i.e.,
early embryos and PGCs), depending on nuclear-mitochondrial
interactions and may take advantage of transient changes in metab-
olism [87, 104, 106, 108, 118–120].
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5 Mitochondrial Inheritance in Cloned Animals

Livestock cloning by nuclear transfer is of great interest as a useful
tool for producing genetically identical animals carrying desired
inheritable traits, for assisting animal transgenesis, and for conser-
vation of endangered species. In addition, cloning has been
employed with success in humans for isolation of embryonic stem
cells (ESCs), which can be used to model in vitro the development
of diseases, besides a range of potential therapeutical applications
[38, 121, 122]. Interestingly, techniques based on the cloning
technology are now applied in human medicine to create healthy
embryos of mothers with an inherited mtDNA-derived disease (see
below) [123].

Cloned embryos can be generated by nuclear transfer through
reconstruction of the recipient enucleated oocyte (i.e., at the meta-
phase II stage) with a donor cell, which can derive from either an
early embryo or a somatic tissue (i.e., fibroblast). Depending on the
amount of cytoplasm/mitochondria that is transported along with
the nuclear material of the donor cell during oocyte reconstruction,
nuclear transfer can generate embryos with an admixture of mito-
chondria of different sources. In the case of somatic cell nuclear
transfer (SCNT), mtDNA contribution by the recipient oocyte is at
least two orders of magnitude higher than that of nuclear-donor
cells [124–128]. Such pattern of mitochondrial inheritance never-
theless contrasts with that of natural fertilization, resulting in ani-
mals with different mtDNA composition compared with the
nuclear donor. In addition, due to poorly characterized



mechanisms, nuclear-donor mtDNA can increase to high levels in
offspring and be transmitted to the next generations (Fig. 3).

Mitochondrial Inheritance Following Nuclear Transfer 91

Given that polymorphic mtDNA variations are common within
animals, cloning frequently results in heteroplasmic embryos and
offspring [11, 73, 99, 124, 125, 129–132]. Most mtDNA poly-
morphisms are not deleterious, though their performance may vary
for different nuclear-mitochondrial combinations [5, 9, 10, 14, 48,
65, 106, 133–137]. Such differences may become evident when
polymorphic mtDNA variants are forced to coexist in cloned
embryos, resulting in variant competition as heteroplasmy can be
genetically unstable and cause adverse mitochondrial effects
[9, 106, 133]. Accordingly, studies with cloned animals reveal
that the levels of nuclear-donor mtDNA remain stable throughout
development but, in a few cases, undergo stringent genetic drift
[99, 124–126, 129–131, 138–140]. For instance, reports with
cattle, pigs, sheep, and mice have shown that the nuclear-donor
mtDNA can increase from <1% in reconstructed oocytes to >40%
in offspring (Fig. 3) [11, 73, 130–132]. Additionally, nuclear-
donor mtDNA levels can vary largely across tissues of the offspring,
including the germline [11, 99, 124, 125, 130–132]. Although the
mtDNA genetic bottleneck certainly contributes to these hetero-
plasmy shifts, mtDNA sequence analysis also indicates the action of
other poorly characterized mechanisms (i.e., replicative advantage),
as discussed above. If present, mtDNA heteroplasmy can be quan-
tified (i.e., quantitative PCR) as long as both haplotypes are known
and display genetic variability. Alternatively, if the mtDNA compo-
sition is unknown, heteroplasmy levels of ~1% and even much lower
could be detected with NGS methods [141, 142], which might be
used to ascertain whether an animal (or animal product) derives
from a cloned animal. In opposition to this, cloning techniques that
lead to homoplasmy have been developed [143, 144].

The overall success rate of SCNT is currently far from satisfac-
tory, an outcome that is, in part, attributed to the abnormal pattern
of mitochondrial inheritance in clones. Interspecies SCNT, for
instance, has only been successfully applied to closely related ani-
mals such as wolf-canine, wildcat-cat, mouflon-ovine, and gaur-
bovine [145–150]; evolutionary-driven genetic distances represent
therefore a major barrier for the success of SCNT [151]. Recipient
oocyte factors required for nuclear reprogramming, which in case
of mismatch may result in aberrant gene expression, certainly play a
fundamental role in this context [151]. However, provided that the
nuclear and mitochondrial genomes coevolved to support their
crosstalk and mitochondrial function [4, 5, 10, 14, 48, 50, 65,
137, 152], it is also plausible to consider that the donor nucleus
from one species may not properly match recipient mitochondria
from another, with implications to the overall SCNT cloning effi-
ciency. In agreement with this, work with cybrid cells and mice has
provided evidence of intersubspecies/interspecies (human-ape and
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Fig. 3 Nuclear Transfer Results in Unpredicted Reversal back to Nuclear-Donor
Mitochondrial DNA (mtDNA). In somatic cell nuclear transfer (SCNT), a somatic
cell such as a fibroblast or a granulosa cell is transferred, including all its
cytoplasmic structures, into an enucleated recipient oocyte [124–128]. The
resulting embryo, therefore, contains an admixture of mitochondria [124–128],
which diverge in several aspects (i.e., morphology and activity) due to their
somatic and embryonic origins [36, 189–192]. Although the levels of nuclear-
donor mtDNA in SCNT-derived embryos can be minimal (i.e., <1%), these can
change dramatically during development to term, resulting in cloned offspring
with variable heteroplasmy [11, 73, 130–132]. In contrast, only the nuclear



mouse-rat) nuclear-mitochondrial incompatibility, which was asso-
ciated with mtDNA instability and mitochondrial dysfunction
[137, 152–154]. Likewise, results from interspecies cloning sup-
port a similar trend, even though the data are not so clear as SCNT
success relies on multiple factors [155–167]. On the other hand,
evolutionary distance alone seems not to be a reliable indicator of
nuclear-mitochondrial interaction potential since functional
incompatibilities can be species-specific [153]. Also, if the donor
nucleus fails to interact with recipient mitochondria, the embryo
may attempt to rely on nuclear-donor mitochondria, likely explain-
ing the high levels of heteroplasmy (and even homoplasmy) in
certain fetuses and offspring (Fig. 3) [150, 157, 164, 166].
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6 Manipulation of Mitochondrial Inheritance in Humans

Mitochondrial diseases caused by pathogenic mtDNA mutations
are among the most common groups of neurological disorders,
with an estimated prevalence of 1 in 5,000 births [8]. Manifestation
of these diseases relies on a threshold effect, which can vary from
<10% to 100% mutant mtDNA according to the specific mutation
and affected tissue [168]. As a result, asymptomatic individuals
carrying low-level pathogenic mtDNA mutations are even more
frequent in the population, estimated to be 1 in 200 people
[7]. This high incidence, along with the lack of effective treatments,
supports the need for preventing mother-to-child transmission of
mtDNA mutations [169]. However, genetic counseling is chal-
lenging for women with low to medium levels of pathogenic
mtDNA and impossible when pathogenic mtDNA levels are high
or even homoplasmic [44]. Fortunately, recent techniques based
on nuclear transfer were developed to overcome these challenges.

Nuclear transfer enables to combine the nuclear genome from
one individual with donor mtDNA from a recipient oocyte there-
fore preventing intergenerational transmission of pathogenic
mtDNA mutations [169, 170]. Through this strategy, known as
mitochondrial replacement therapy (MRT) or mitochondrial

�

Fig. 3 (continued) chromosomes and related structures are transferred into the
recipient oocyte in the mitochondrial replacement therapy (MRT) or mitochon-
drial donation [169, 170]. In spite of this, carry-over mitochondria are most
commonly transferred along the nuclear material, also resulting in heteroplasmic
embryos with <6% nuclear-donor mtDNA [56, 171, 172]. As seen in cloned
animals, these low-level heteroplasmies may increase during development to
high levels or even reach homoplasmy, as reported for human embryonic stem
cells (ESCs) generated following MRT [56, 171, 172]. This unexpected reversal
back to nuclear-donor mtDNA highlights the need to eliminate carry-over mtDNA
in order to assure offspring is homoplasmic for the recipient mtDNA [178]



donation, an oocyte harboring pathogenic mtDNA mutations has
its nuclear genome transferred to a recipient (enucleated) oocyte,
preferentially containing mtDNA of the same haplogroup, but free
of pathogenic mtDNA mutations (Fig. 3). MRT can be carried out
either before (using metaphase II-spindle oocytes) or after (using
pronuclear zygotes) fertilization. Alternatively, either first or sec-
ond polar bodies can be used as nuclear donors [170]. Importantly,
these approaches have been shown to be compatible with develop-
ment of human embryos to the blastocyst stage, which in turn were
used to establish ESC lines [56, 171–175]. In addition, a clinical
trial is currently under way to assess the outcome of MRT on the
first 75 children born in the United Kingdom, and two babies were
reported to be born following MRT in Mexico and Ukraine
[44, 169, 176].
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So far, proof-of-concept studies with humans have shown that
MRT results in embryos in which the level of mtDNA derived from
nuclear donors (i.e., patient’s oocytes harboring pathogenic
mtDNA mutations) ranges from 0% to <6% [56, 171, 172]. In
principle, these residual levels are far below the mutation threshold
reported for most mitochondrial diseases. However, extensive cul-
ture of ESCs obtained from the MRT-derived embryos led to a
progressive reversal to the nuclear donor-derived mtDNA in ~15%
of cases (Fig. 3) [56, 171, 172], a result also seen when ESCs were
derived from human embryos following SCNT [56]. Given the
bimodal pattern of mtDNA segregation reported for cultured
cells [38, 101], one may argue that these findings do not corre-
spond to that of embryos that are allowed to develop to term.
Nonetheless, previous evidence from animal and human studies
indicates that the mutation level can indeed change dramatically
from early embryos to birth [95, 100, 177], a trend also seen when
MRT-derived ESCs were allowed to differentiate [56], thus high-
lighting cell type-specific effects. In addition, these data are consis-
tent with those from cloned animals discussed above (Fig. 3),
arguing for long-term medical monitoring of the resulting children
[169, 170]. This is even more important as the technique seems to
get applied to overcome fertility problems, which might dramati-
cally increase its use [178].

Kang and colleagues [56] have proposed two mechanisms to
explain the rapid increase in nuclear-donor mtDNA following
MRT: preferential mtDNA replication and cell growth advantage.
The authors have provided experimental evidence in support of
both mechanisms, which were associated to certain mtDNA hap-
lotypes and seemed to be independent of an effect on mitochon-
drial fitness [56]. In addition, Wolf et al. [57] have suggested that
the nuclear-donor mtDNA might be tagged for replication (i.e.,
epigenetic marks [179–187], enabling it to outcompete recipient
mtDNA. In agreement, it was previously demonstrated in mice that
karyoplast-derived, but not cytoplast-derived, mtDNA increases in



preimplantation embryos following transfer to recipient zygotes
[188]. Taking into account that mitochondria are physically
connected with the nucleus [19], and only a fraction of mtDNA
seems to be replicated in oocytes [83], easy access of perinuclear
mitochondria to replication factors may facilitate mtDNA replica-
tion [80, 116, 188]. In summary, these findings highlight the need
to fully prevent transfer of any carry-over mtDNA from the nuclear-
donor cell to assure that children born following MRT will be free
of the mitochondrial disease.
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7 Conclusions and Future Prospects

Although our understanding of mitochondrial inheritance follow-
ing nuclear transfer has experienced a great progress during the past
two decades, there are many unknowns yet. For instance, the evol-
ving field of mitochondrial dynamics suggests that admixture of
morphologically and functionally divergent mitochondria may be
critical for the success of SCNT, with potential consequences to
mitochondrial inheritance [36, 189–192]. Cell cycle synchroniza-
tion through starvation of nuclear donor cells, which is routinely
applied in SCNT, can further enhance these differences once it
leads to mitochondrial hyperfusion [193–195]. Moreover, mount-
ing evidence supports the existence of epigenetic marks on
mtDNA, which rely on cell type and environmental changes, and
have been shown to regulate mtDNA replication and expression
[179–187]. Therefore, apart from its potential use for generation
of different nuclear-mitochondrial combinations, nuclear transfer
should be employed with caution to avoid unintended conse-
quences. This is of particular importance in humans, as MRT
demands further optimization to fully prevent transmission of
pathogenic mtDNA mutations and assure that the children will be
free of the mitochondrial disease.
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Chapter 5

Stem Cells as Nuclear Donors for Mammalian Cloning

Carolina Gonzales da Silva and Carlos Frederico Martins

Abstract

Mammals are routinely cloned by introducing somatic nuclei into enucleated oocytes. Cloning contributes
to propagating desired animals, to germplasm conservation efforts, among other applications. A challenge
to more broader use of this technology is the relatively low cloning efficiency, which inversely correlates
with donor cell differentiation status. Emerging evidence suggests that adult multipotent stem cells
improve cloning efficiency, while the greater potential of embryonic stem cells for cloning remains restricted
to the mouse. The derivation of pluripotent or totipotent stem cells from livestock and wild species and
their association with modulators of epigenetic marks in donor cells should increase cloning efficiency.

Key words Multipotency, Pluripotency, Nuclear transplantation, Reprogramming

1 Introduction

Animal cloning by somatic cell nuclear transfer (SCNT) involves
transferring a cell nucleus into an enucleated oocyte [1, 2]. The
somatic nucleus will undergo nuclear reprogramming inside the
oocyte cytoplasm, a process in which the somatic gene expression
program shuts down followed by the reactivation of the embryonic
genes. This transcriptional resetting establishes both embryonic
and fetal developmental potential [3, 4]. The birth of the cloned
sheep named Dolly was a scientific proof that cloning by SCNT
reprograms terminally differentiated cells to a totipotent state [5].

Despite multiple applications of animal cloning, the overall
efficiency of the technology (measured by the number of live
born animals in relation to the transferred embryos) remains low
in mammalian species [6, 7]. Cloning efficiency can vary from
<1.0% to 20.0%, albeit commonly described below 5% in livestock
[6, 8, 9]. Additionally, clones may display unusually high birth-
weights, developmental abnormalities, or low neonatal viability
[6, 10].

Several lines of research attempted at improving cloning effi-
ciency, such as choice of alternative donor cell types, improving

Marcelo Tigre Moura (ed.), Somatic Cell Nuclear Transfer Technology, Methods in Molecular Biology, vol. 2647,
https://doi.org/10.1007/978-1-0716-3064-8_5,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023

105

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-3064-8_5&domain=pdf
https://doi.org/10.1007/978-1-0716-3064-8_5#DOI


oocyte quality, reducing the number of donor cell passages, and
trying several cell cycle synchronization methods for preparing
donor cells. Nonetheless, most of these attempts led to limited
improvements in cloning efficiency. Moreover, the efficiency of
SCNT cloning is based on the oocyte ability to reprogram the
nucleus of the donor cell into an embryonic state within a few
hours [11–13]. Therefore, the epigenetic status of donor cells
might be one of the most important factors for the overall cloning
efficiency [14, 15]. This means that epigenetic marks specific to the
somatic cell type must be removed during nuclear reprogramming
[3, 16]. If reprograming does not occur properly [17, 18], it leads
to aberrant gene expression patterns in cloned embryos [16, 19],
abnormalities during post-implantation development [20], and low
cloning efficiency [21, 22].
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Cells derived from embryos at early developmental stages lead
to higher cloning efficiencies than using terminally differentiated
somatic cells [10, 15, 23–26]. This fact suggests that donor cells in
a less differentiated state (or perhaps in an undifferentiated state
altogether) may be more suitable for cloning animals
[27, 28]. Since most applications of animal cloning rely on using
adult animals as cell donors, it motivated the search for less differ-
entiated cells in adult organisms for SCNT.

Stem cells match the aforementioned role of less specialized cell
types that may display greater reprogramming potential during
animal cloning. Stem cells share two fundamental traits, namely,
the ability to give rise to daughter stem cells (ability to self-renewal)
and multi-lineage differentiation potential [29, 30]. Stem cells can
be classified as embryonic stem cells (ESCs) (or pluripotent stem
cells) and adult stem cells (or somatic stem cells—SSCs) [29]. ESCs
are immortal (scape replicative crisis) and sustain pluripotency
under ex vivo and in vivo conditions [31]. These ESCs derive
from the inner cell mass of blastocysts and propagate under
species-specific in vitro culture conditions [31]. Upon exposure
to differentiation stimuli, ESCs can give rise to all cell types that
form the developing fetus and adult organism both in vitro or
in vivo [31]. The superior competence of mouse ESCs to produce
high blastocysts rates in animal cloning has been widely proven
[23, 24, 32]. Research on ESCs has been largely restricted due to
the requirement of species-specific culture conditions, which
remain known in the mouse, rats, some non-man primates, and
humans [31, 33–35]. Their use in animal cloning is limited in other
species because the definitive ESCs has not yet been established
[36]. Livestock ESC-like cells fail to retain pluripotency traits dur-
ing long-term culture and do not contribute to the germline upon
their injection into blastocysts and embryo transfer. More recently,
totipotent ESCs were found as rare cells in mouse pluripotent
cultures (harboring a transcriptome similar to 2-cell stage embryos)
but also after genetic perturbations in the genome of pluripotent



cells [37, 38]. Putative cell lines with totipotent traits (e.g.,
extended pluripotent cells with both embryonic and extra-
embryonic differentiation potential) have been described in live-
stock [39], albeit their in vivo developmental potential remains
poorly described.
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This restricted availability of ESCs in most mammalian species
motivated the investigation of alternative cell types for animal
cloning. The development of direct reprogramming technology is
an alternative approach for generation of pluripotent cells
[40, 41]. Induced pluripotent cells (iPSCs) offer unlimited, ethi-
cally acceptable, and tailored source of pluripotent cells from
somatic cells [40, 42]. The application of iPSCs for animal cloning
holds great potential, although these cells need adequate self-
renewal conditions such as ESCs, thus limiting their potential in
livestock. SSCs are multipotent cells found in several organs and
contribute to their homeostasis. Similar to other stem cells, SSCs
have the ability to self-renewal and differentiate into multiple cell
types [43]. There are SSCs in the blood, skin, intestine, among
other tissues and organs. SSCs are also found during fetal develop-
ment, such as in the umbilical cord. Fetal SSCs may substitute adult
SSCs for animal cloning, due to greater genomic stability and
proliferative ability [44].

A cell type that has stood out in recent years for animal cloning
is mesenchymal stem cells (MSCs), most notably those derived
from adipose tissue or the bone marrow. MSCs are also defined as
mesenchymal progenitor cells [45]. Although these cell types have
been tested in many studies for therapeutic ability to repair or
regenerate organs [46], their use in animal cloning is under more
recent development [8, 10, 14, 15, 28, 30, 47–50]. Despite their
applications, the origin of MSCs in the body remains elusive.
However, these cells must meet a few criteria to be considered
MSC [51, 52]. Firstly, MSCs must adapt to adherent in vitro
culture, hold the expression of surface markers that are mesen-
chyme-specific (e.g., CD29, CD44, CD73, CD90, CD105) and
lack the expression of both hematopoietic (CD34) and lymphocyte
(CD45) surface markers [52]. Another essential step for the char-
acterization of MSCs is their differentiation into osteocytes, chon-
drocytes, and adipocytes [51]. Alongside the progress in isolating
and characterizing stem cells in several mammalian species, much
progress was made toward using them as nuclear donors for animal
cloning. Therefore, the aim of the chapter was to describe the
application of stem cells for mammalian cloning and its potential
impact on cloning efficiency.
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2 Use of Stem Cells for Mammalian Cloning

2.1 Cattle (Bos

taurus)

Several research groups described ESC-like cells that met several
pluripotency criteria under in vitro assays [53–56]. For instance,
Saito et al. [55] found ESC-like cells with a diploid karyotype under
extensive culture and displayed several pluripotency markers, such
as alkaline phosphatase activity, stage-specific embryonic antigen-1,
and OCT4 expression. These ESC-like cells were differentiated in
neural precursors upon directed differentiation and gave rise to cell
types of the three germ layers under spontaneous differentiation.
The use of ESC-like cells as nuclear donors for SCNTculminated in
cloned calves more efficiently than using somatic cells [55].

Much ongoing efforts strive to generate iPSCs from cattle [57–
59]. Moreover, germline transmission was not confirmed for such
putative iPS cell lines, thus should be termed iPSC-like cells. Their
use as nuclear donors for SCNT allows generating cloned blasto-
cysts [57, 59]. It remains unknown if these iPSC-like cells may
support full-term development after SCNT. The challenges posed
by partially reprogrammed or iPSC-like cells is the inability to
silence exogenous reprogramming factors and potential genomic
instability [40, 60, 61].

Bone marrow MSCs are promising cells for bovine SCNT
[62]. When these cells were used in SCNT with oocytes from
fresh and cooled ovaries at 10 �C for 24 h, the proportion of cloned
blastocysts decreased with oocytes from cooled ovaries
(39% vs. 7%). After transfer of cloned blastocysts to recipient
females, two recipients with SCNT embryos from cooled oocytes
and one from fresh oocytes were pregnant at day 40 after embryo
transfer. Curiously, one healthy cloned calf was obtained from
cooled oocytes. These efficiencies were not impressive in the con-
text of cattle cloning but the work demonstrated that cattle MSCs
are amenable to nuclear reprogramming by SCNT. In another
study, bone marrow MSCs and their osteocyte progenies were
used for SCNT [63]. Cloned blastocyst rates were similar among
bone marrow MSCs (63.7%), osteocytes (53.9%), and fibroblasts
(52.4%).

MSCs from amniotic fluid, adipose tissue, and Wharton’s jelly
(umbilical cord) were characterized before use for SCNT
[49, 50]. These cells were positive for surface markers enriched in
MSCs (CD29+, CD73+, CD90+, and CD105+) and negative for
hematopoietic (CD34) and lymphocyte antigen (CD45) markers
analyzed by flow cytometry, immunocytochemistry, and RT-PCR.
These MSCs differentiated into osteocytes, chondrocytes, and adi-
pocytes [49, 50]. To test their potential for animal cloning, these
cell lines were compared to skin fibroblasts upon SCNT [50]. Cleav-
age rate was higher using skin fibroblasts (70.64%) than MSCs
(38.26–39.08%), albeit blastocyst rates were similar among groups



(17.27–19.00%). Finally, MSCs gave rise to two cloned calves
[50]. The cloned calf from MSCs from amniotic fluid was born at
277 days of gestation by cesarean section, because the recipient cow
had hydropsy. This cloned calf weighed 58.5 kg and died shortly
after birth. The cloned calf from MSCs derived from adipose tissue
was born after 291 days of gestation without veterinarian assistance.
This later cloned calf was born healthy and weighed 35 kg. Another
work tested MSCs from the Wharton jelly for SCNT [49]. Blasto-
cyst rates after SCNT with MSCs from the Wharton’s jelly
(25.80%) were similar to SCNT using skin fibroblasts (19.00%).
Furthermore, cloned blastocysts from such MSCs established early
pregnancies after transfer to recipient females [49].
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MSCs from amniotic fluid have less genome-wide DNA meth-
ylation and more hydroxymethylation than skin fibroblasts
[64]. When reconstructed oocytes with MSCs from amniotic fluid
were treated with a histone deacetylase inhibitor named trichostatin
A (TSA), there was a decrease in the expression levels of histone
deacetylase 3 and increase in lysine acetyltransferase 2A, which are
epigenetic regulators that will likely facilitate nuclear reprogram-
ming. These MSCs treated with TSA showed significant improve-
ment in the production of cloned blastocysts [64].

2.2 Buffalo (Bubalus

bubalis)

There are reports of attempting buffalo cloning using stem cells,
thus including ESC-like cells [65] and MSCs from the amniotic
membrane [28] and the amniotic fluid [14].

George et al. [65] derived buffalo ESC-like cells from in vitro
fertilization (IVF) and SCNT blastocysts. These cell lines displayed
pluripotency markers and gave rise to cell type derivative of the
three germ layers using differentiation protocols after the forma-
tion of embryoid bodies. Upon oocyte reconstruction, ES-like cell
lines (both IVF and SCNT derived) led to greater cleavage rates but
similar blastocyst rates than fibroblast controls [65]. In addition,
total cell number was greater in cloned blastocysts from ESC-like
cells (mean number of 180.7 cells for IVF and 174.0 for SCNT) in
contrast to fibroblast-derived blastocysts (average of 157.0 cells). A
single cloned calf was born from ESC-like cells derived from IVF
blastocysts [65], albeit the number of transferred blastocysts to
recipients was small (12–16 per group).

The blastocyst rate after SCNT using amniotic membrane
MSCs (28.9%) was similar to their IVF controls (30.6%) and higher
than fibroblast-SCNTcontrols (19.5%) [28]. Gene expression anal-
ysis and total cell number in blastocysts reinforced that cloned
embryos from MSC more closely resemble IVF embryos than
fibroblasts derived counterparts. For instance, the relative abun-
dance of epigenetic regulators (DNMT3A and HDAC2), BLC2
and GLUT1 mirrored IVF embryos, particularly at the blastocyst
stage [28]. According to Yang and Rajamahendran [66], embryos
of greater viability display higher levels of BCL2 in contrast to BAX.



The reduced expression of the glucose transporter triggers apopto-
sis in murine blastocysts [67]. Therefore, it is possible that the low
level of GLUT1 expression observed in fibroblast-derived cloned
embryos might lead to higher incidence of apoptosis. These facts
reinforce the idea that both cellular and molecular analyses contrib-
ute to assessing the development potential of cloned embryos.
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The disadvantage of using amniotic membrane derivedMSCs is
the requirement for an invasive collection that opens the uterus to
expose the amniotic membrane. This approach may compromise
the reproductive potential of the donor female. To circumvent this
issue, cell retrieval may occur from the amniotic fluid and display
similar reprogramming potential [14].

2.3 Swine (Sus

scrofa)

Cloned piglets were obtained from iPSC-like cells [68]. Authors
tested several iPSC-like cell lines generated using various repro-
gramming strategies. Two iPSC-like cell lines derived from ear skin
fibroblasts and bone marrowMSCs using lentiviral vectors carrying
doxycycline (DOX) inducible human pluripotency-associated tran-
scription factors as reprogramming factors [69]. Four additional
iPSC-like cell lines derived from fetal fibroblasts and MSCs using
retroviral vectors carrying mouse, porcine, or human reprogram-
ming factors [70]. Despite the transfer of >30,000 reconstructed
oocytes with iPSC-like cells, it did not lead to live births
[68]. Authors noticed that iPSC-like cells did not silence repro-
gramming factors, in contrast to fully reprogrammed mouse and
human iPSCs [41, 71]. Therefore, authors decided to randomly
differentiate iPSC-like cells to induce silencing of reprogramming
factors, which formed epithelial-like cells that were used for SCNT
[68]. Differentiated iPSC-like cells improved cloned blastocyst
rates and led to one live birth and one stillbirth. Reconstructed
oocytes with iPSC-like cells and treated with the histone deacetylase
inhibitor Scriptaid also increased blastocyst rates and culminated in
cloned piglets.

One report compared iPSC-like cells grown under different
conditions and multipotent embryonic germ cells for SCNT clon-
ing [72]. These cell lines were also compared to two fibroblast cell
lines that gave rise to iPSC-like cells. Blastocyst rates for iPSC-like
cells grown with GSK3β and MEK inhibitors (2i) and leukemia
inhibitory factor (LIF) were 14.7%, iPSC-like cells grown in 2i with
fibroblast grown factor were 10.1%, and embryonic germ cells were
34.5%, while fibroblast cell lines controls were intermediate
(25.2–36.7%). Cloned embryos derived from fibroblasts and
embryonic germ cells produced live offspring at similar efficiencies
(3.2% and 4.0%, respectively) but some displayed malformations
[72]. These results suggest that iPSC-like cells do not improve
cloning efficiency as donor cells in comparison with multipotent
or lineage committed cells.
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MSCs derived from adipose tissue and peripheral blood MSCs
were used for pig cloning [15]. Reconstructed oocytes with adipose
MSCs led to higher blastocyst rates on day 5 and 6 post-activation
than those reconstructed with blood MSCs and fibroblasts (29.6%
and 41.1% for adipose MSCs, 23.9% and 35.5% for blood MSCs,
and 22.1% and 33.3% for fibroblasts). More importantly, live birth
rate was higher using blood MSCs among the three groups.

Other groups demonstrated that bone marrow MSCs were
better donor cells than fetal fibroblasts, due to their enhanced
production of cloned embryos [73]. In this study, blastocyst rates
did not differ between IVF (20.6%) and SCNT embryos from
MSCs (18.4%) but were higher than SCNT using fetal fibroblasts
(9.5� 2.1%). Another study showed that bone marrowMSCs used
for SCNT enhanced both cleavage and blastocyst rates [74]. Fur-
ther, Lee et al. [75] compared the reprogramming potential of fetal
fibroblasts, bone marrow MSCs and MSCs differentiated progeny
in miniature pigs. The blastocyst rate after SCNT with bone mar-
row MSCs was significantly higher than using osteocytes, adipo-
cytes, chondrocytes, and fetal fibroblasts (47.7%, 34.5%, 31.1%,
36.8%, and 14.5%, respectively). From 523 two-cell SCNT
embryos derived from bone marrow MSCs transferred surgically
to five synchronized recipient sows, four viable cloned miniature
pig offspring were born alive [75]. These evidences suggest that
bone marrow MSCs have greater potential as donor cells for pig
cloning than fibroblasts.

Li et al. [76] demonstrated that porcine neural stem cells
remain multipotent during extended in vitro culture and useful
for SCNT cloning, thus generating healthy cloned offspring. A
total of 2020 two-cell SCNT embryos transferred to ten recipient
females led to six pregnancies. Forty cloned piglets (18 males and
22 females) were born, and twenty-two clones reached sexual
maturity and proven fertile.

2.4 Horses (Equus

caballus)

The first report on using stem cells for equine cloning relied on
MSCs [8]. Initially, it compared different donor cells (iPSC-like
cells vs. adult fibroblasts) and fibroblasts fused to enucleated
oocytes injected with vectors harboring reprogramming factors.
In contrast to fibroblasts, iPSC-like cells did not lead to cloned
blastocysts and oocyte injection with pluripotency-associated genes
did not improve blastocyst production, pregnancy rates, nor lead to
full-term development. Moreover, authors compared umbilical
cord-derived MSCs, fetal fibroblasts from a cloned fetus, and
adult fibroblasts for SCNT. Higher blastocyst rates were obtained
using umbilical cord MSCs (15.6%) in comparison with both fetal
and adult fibroblasts (8.9% and 9.3%, respectively). Despite similar
pregnancy rates among groups, viable foals were from fetal
fibroblasts only.
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The follow-up work described the first cloned foal from bone
marrow MSCs [77]. More importantly, it demonstrated that bone
marrow MSCs generate more viable cloned foals than fibroblasts.
This advantage was evident for cloned blastocyst rates
(54.4% vs. 32.6%) and remained after embryo transfer to recipients.
Foal viability after delivery was similar between clones from MSCs
(95.2% of deliveries) and foals obtained by artificial insemination
(AI) (98.4% of deliveries), while much higher than cloned foals
generated from fibroblasts (52.9%). This AI-based contemporary
group allowed assessing the neonatal viability of cloned foals in
detail [77]. During hospitalization, cloned foals from fibroblasts
needed more veterinary care than those from bone marrow MSCs
(21.2 � 5.4 versus 6.3 � 4.0 days of care, respectively). Cloned
foals from fibroblasts had high creatinine levels [77], which sug-
gested dysfunctional excretory ability of their placenta.

This later report by Olivera et al. [77] represents of the most
detailed research addressing clinical aspects of cloned pregnancies
and neonatal survival of cloned horses, which included AI foals as
more physiological controls. It also represents a milestone for
future work with SCNT since post-implantation analyses are para-
mount for determining cloning efficiency using stem cells and
identifying potential pitfalls for further improvements.

2.5 Goats (Capra

hircus) and Sheep

(Ovis aries)

Similar to other livestock mentioned in this chapter, the use of stem
cells for cloning small ruminants begin after 2010 [10, 78, 79]. For
instance, Kwong et al. [78] producedmore cloned blastocysts using
bone marrow MSCs (25.3%) than using fibroblasts (20.6%), which
was the first report on using MSCs for goat cloning.

Another study reported the birth of cloned goats from trans-
genic satellite cells derived from skeletal muscle [10]. On the other
hand, adipose tissue-derived MSCs for SCNT did not lead to
cloned offspring. Despite similar blastocyst rates, SCNT embryos
differed for histone H4K5 acetylation, thus suggesting differences
in SCNT-mediated reprogramming between stem cell types
[10]. Moreover, both stem cell types underwent in vitro culture
for more than 60 passages without sings of replicative crisis,
whereas fetal fibroblast cells displayed abnormal karyotypes and
marked signs of aging after 15 passages [10].

The derivation of bone marrowMSCs from sheep allows estab-
lishing stable cell lines for genetic modification (e.g., transfection
with DNA vector the carrying green fluorescent protein—GFP).
These cell lines support the development of cloned GFP+ blasto-
cysts [80]. The use of fetal MSCs from the bone marrow was less
promising for sheep SCNT [79]. Although cleavage rates were
similar to SCNT with fibroblast donor cells (75.7% for fibroblasts
and 79.8% for fetal MSCs), blastocyst rates were low with both
donor cell types (1.73% and 1.2% for fibroblasts and fetal MSCs,
respectively). Authors suggest that technical factors were
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responsible for the low blastocyst rate after SCNT. Therefore, these
initial results do not reflect the potential of fetal MSCs for sheep
cloning.
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2.6 Dogs (Canis

lupus familiaris)

The use of MSCs from the adipose tissue of a transgenic beagle dog
produced two healthy dogs [47]. This study presents data regard-
ing the post-implantation development of cloned embryos from
stem cells, which are extremely important because they reflect
in vivo quality of cloned embryo obtained in the laboratory.
Although the pregnancy rate was 20% (one of five recipient
females), the overall efficiency rate was 2.4% (2 puppies from
82 embryos transferred to recipients). One puppy died soon after
delivery, albeit it did not show visible abnormalities.

One putative advantage of MSCs for SCNT is their endoge-
nous expression of pluripotency-associated genes (e.g., OCT4,
SOX2) in contrast to other somatic cell types such as fibroblasts
[81]. Further, cell culture conditions may favor the modulation of
gene expression in MSCs, albeit it did not improve dog cloning
using interspecies SCNT with pig oocytes [82].

2.7 Red Deer (Cervus

elaphus)

The first report of red deer cloning used antler stem cells [83]. Ant-
ler stem cells form the male antlerogenic periosteum during horn
growth, which represents a unique source of cells. These cells were
chosen for SCNT due to their proliferative ability and less differ-
entiated state (i.e., multi-lineage differentiation potential). In addi-
tion to testing multipotent stem cells for SCNT, authors
differentiated antler stem cells into osteogenic and adipose cell
fates to compare their reprogramming potential [83]. However,
there was no difference in blastocyst and birth rates between stem
cells and their differentiated progeny. The overall cloning efficiency
considering all cell types was 13% (11/84) at birth and 10% (8/84)
at weaning. All deer recipients developed functional mammary
glands and initiated labor signaling without hormonal induction
[83], which is standard practice in some livestock species.

2.8 Mouse (Mus

musculus)

The first report on using stem cells was for mouse cloning [23]. In
this study, reconstructed oocytes with late passage ESCs produced
fewer blastocysts than those reconstructed with cumulus cells.
Remarkably, cloning efficiency with ESCs (2.4%) was twice than
using cumulus cells (1.2%), indicating the superiority of ESCs for
full-term development of clones [23]. Other research groups
applied ESCs for mouse cloning [84–87]. Cloned blastocysts may
yield novel ESC lines for re-cloning (second round of nuclear
transfer) as an alternative route [88]. Cloning using ESCs became
attractive for propagating aged and infertile animals [88, 89] o
deceased animals [90].
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The first use of bone marrow MSCs in mouse cloning resulted
in low preimplantation development [91], in contrast to the high
blastocyst rates already described in this chapter for other species.
Karyotype analysis by G-banding revealed frequent aneuploidy in
the MSCs, which probably impaired development potential after
SCNT [91]. In agreement with these findings, MSCs derived from
adipose tissue also exhibited chromosomal instability at passage
13 [92]. Adipose MSCs showed morula/blastocyst production
rate (37.8%) similar to cumulus cells (40.8%). MSCs from adipose
tissue are an alternative as donor cell type for SCNT due to their
easy collection but require karyotyping before use for SCNT in the
mouse. Mouse neural stem cells did not show promising results,
since cleavage rates were similar to reconstruct oocytes with cumu-
lus cells or Sertoli cells [93], albeit cloned blastocysts rates were
much lower (7.1%) than other cell types (50.2–54.0%). Full-term
development was lower for cloning with neural stem cells (0.5%) in
comparison with cumulus cells (2.7%) and Sertoli cells (2.2%)
[93]. Most cloned embryos from neural stem cells (51%) develop
beyond the 2-cell to 4-cell stage transition, which suggests better
embryonic genome activation than fibroblast-derived SCNT
embryos arrested mostly at the 2-cell stage [91].

Molecules that modulate epigenetic mechanisms have been
used in association with stem cells to increase cloning efficiency
and diminish neonatal losses. Reconstructed oocytes treated with
TSA after chemical activation resulted in a 2- to 5-fold increase in
blastocyst rates, despite using different somatic cell types (e.g.,
fibroblasts, neural stem cells) [21]. It also enhanced full-term
development using cumulus cells by >5-fold [21]. Therefore, treat-
ing reconstructed oocytes with TSA can dramatically improve clon-
ing efficiency by facilitating nuclear reprogramming in mice but
also for cattle and swine, as previously described in this chapter.

3 Perspectives on Using Stem Cells for Mammalian Cloning

Stem cells improve cloning efficiency by increasing embryo yields
and their quality that ultimately reflect in greater numbers of clones
born alive and healthy. Despite these proof-of-principle studies, it is
advisable to improve the understanding of nuclear reprogramming
under this context, thus including better characterization of donor
stem cells and resulting SCNT embryos. Analyses based on gene
expression and epigenetic marks should reveal details of why stem
cells are more amenable to nuclear reprogramming and what are
the roadblocks to even greater cloning efficiencies. Another
promising strategy is applying chromatin-modifying compounds
to stem cells before oocyte reconstruction or during early develop-
ment of SCNT embryos to facilitate nuclear reprogramming. This
association will likely enhance nuclear reprogramming of stem cells
to a totipotent state.
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Implantation and post-implantation development are critical
developmental time points for attaining cloned full-term develop-
ment. Nonetheless, few studies monitored cloned pregnancies
obtained from stem cells. More studies such as the one carried
out by Olivera et al. [77], which monitored many cloned pregnan-
cies in detail and also neonatal conditions, will provide clues for
why stem cells improve post-implantation development. Under
such circumstances, researchers will better assess and predict the
viability of clones during pregnancy and after delivery.
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Chapter 6

Animal Transgenesis and Cloning: Combined Development
and Future Perspectives

Melissa S. Yamashita and Eduardo O. Melo

Abstract

The revolution in animal transgenesis began in 1981 and continues to become more efficient, cheaper, and
faster to perform. New genome editing technologies, especially CRISPR-Cas9, are leading to a new era of
genetically modified or edited organisms. Some researchers advocate this new era as the time of synthetic
biology or re-engineering. Nonetheless, we are witnessing advances in high-throughput sequencing,
artificial DNA synthesis, and design of artificial genomes at a fast pace. These advances in symbiosis with
animal cloning by somatic cell nuclear transfer (SCNT) allow the development of improved livestock,
animal models of human disease, and heterologous production of bioproducts for medical applications. In
the context of genetic engineering, SCNT remains a useful technology to generate animals from genetically
modified cells. This chapter addresses these fast-developing technologies driving this biotechnological
revolution and their association with animal cloning technology.

Key words Genetic engineering, Animal cloning, Animal transgenesis, Synthetic biology, Genome
editing

1 Livestock Genomes as the Context for Transgenesis

The detailed knowledge about the structure of our genomes [1]
indicates that transgenesis may be a natural, ancient, and more
common process than we would expect. To begin our discussion,
we must revisit the concept of a transgene: “A transgene is a gene or
genetic material that has been transferred naturally or by genetic
engineering technologies, from one organism to another.” There-
fore, transgenesis (TG) is a form of horizontal gene transfer
between evolutionary distant species. In light of this concept, let
us look at a few observations: dissociation and association analysis
by DNA hybridization show a large fraction of our genome is
composed of repetitive DNA [2]. Genome-wide sequencing of
several species shows that more than two-thirds of their genomes
contain noncoding elements [1, 3]. This noncoding DNA is mostly
composed of repetitive sequences, such as transposable elements
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(TE) or transposons [3, 4]. Although the origin of TE is not
completely known, due to their similarity to sequences found in
virus genomes, they are believed to have originated from the natu-
ral insertion of retroviral DNA into the genome of our ancestors
[5]. Other ways of incorporating DNA sequences from species
distant in the evolutionary tree of life (named horizontal gene
transfer), which is nothing more than a natural form of TG, come
from the symbiosis between eukaryotic and prokaryotic cells. Fur-
ther, organelles (e.g., mitochondria and chloroplasts) have proba-
bly evolved from symbiotic interactions between eubacteria and
primitive eukaryotic cells, with the transfer of bacteria genes to
the eukaryotic genome [6, 7]. We now acknowledge that more
than half of the genes encoding mitochondrial and chloroplast
proteins are located in the nuclear genome of animals and plants.
These nuclear–cytoplasmic interactions are essential for organelle
viability and organism survival [7].
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Another known source of horizontal gene transfer is parasitism.
Agrobacteria are parasitic prokaryotes that reside exclusively within
plant roots. Studies have proven the transfer of genes from the
genome of agrobacteria to plant chromosomes [8]. The most
surprising fact is that these viral and bacterial genetic remnants
introduced in plant genomes remained active and play roles in the
metabolism of host cells, some of which appear to be essential for
plant development and survival [8, 9]. Therefore, TG is a natural
process and essential to organism survival throughout evolution.
For instance, researchers identified Agrobacterium rhizogenes genes
naturally transferred to the sweet potato (Ipomea potatoes) genome
[9], which are transcriptionally active in the roots of this tuber.

According to the definition of TG, the sweet potato is a natural
TG product and has been consumed by humans for over thousands
of years. This observation corroborates with discoveries made by
Barbara McClintock, who in the 1950s observed that more than
80% of domestic maize genome is composed of TE [10], with a
probable viral origin [11]. This puts corn in the class of natural TG
foods that have been consumed extensively over several millennia,
well before the introduction of Bacillus thuringiensis corn
(Bt-Corn) in our TG-crop menu in the 1990s [12]. Horizontal
gene transfer is not documented only in bacteria, archaea, and
plants, but also in placental mammals. The placenta evolved in the
ancestors of mammals about 150 million years ago. It begins to
form by the segregation of trophoblast and inner cell mass cells in
the blastocyst-stage embryo. Trophoblast cells proliferate exten-
sively and form the syncytiotrophoblast through an intense process
of cell fusion. This cellular phenomenon is intermediated by cell
surface proteins, named syncytins, which are protein-coding genes
from endogenous retroviruses. These sequences were systematically
incorporated into the genome during the evolution of placental



mammals [13–15]. Therefore, the evolution of eutherian species
(including humans) depended upon natural TG events.
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Increasing genomic data support a scenario in which our
genome behaves as an “ecosystem,” in which several transgenic
sequences combine over time to form novel genomes in evolving
species [11]. These facts challenge the fiercest and most compelling
arguments against the human consumption of TG-derived foods
because these arguments lack support of scientific data. If most of
what we eat is TG (if not all), what kind of threats could man-made
TG food provoke? If society had more access to the data we dis-
cussed above, would it be so averse to the consumption of
TG food? We should have a more critical and realistic view of our
positions, especially those with scientific knowledge, before con-
demning any technology.

Since the evolution of DNA recombinant technology in the
1980s, we started to use our intelligence to execute horizontal gene
transfer in a designed manner [16]. Therefore, we bring to this
review some background on directed horizontal gene transfer
applied to livestock genomes, with the intent to produce biomole-
cules in the so-called bioreactors (or biofactories), to improve
animal production traits, to increase disease resistance, among
other applications. As described below, we are witnessing an aston-
ishing and quick development in the biotechnological toolbox for
genome engineering, which is an inescapable process for our cul-
tural and scientific evolution.

2 The Dawn of Recombinant DNA Technology and Animal Transgenesis

Restriction endonucleases isolated from several species of eubac-
teria were the first genetic scissors, which are enzymes that perform
double-strand cleavage at specific DNA palindromic sequences
[17, 18]. The phenomena of Lambda phage growth restriction
presented by distinct strains of Escherichia coli were characterized
in the 1950s [19, 20]. The identity of the “restriction factor”
became clear with the characterization of enzymes responsible for
bacterial defense against DNA invasions from Lambda bacterio-
phages [21, 22], collectively named restriction enzymes. Therefore,
it took more than 10 years from the discovery of restriction
enzymes to its first biotechnological application. However, the
most interesting fact is the origin and evolution of restriction
enzymes, which remains attributed to several events of horizontal
gene transfer (or natural TG) among distinct prokaryotes species
[23, 24]. The possibility of in vitro DNA manipulation made
possible the construction of engineered plasmid vectors and trans-
formation of E. coli with these synthetic auto-replicative DNA
elements [25]. This event bookmarked the dawn of genetic engi-
neering field. Soon after, Genentech produced the first



biotechnological product in bacteria, which was the human
somatostatin hormone [26]. This milestone opened the way for
the company to clone and produce recombinant human insulin in
E. coli, the first human-made TG product to reach the market
[27]. The first biotechnological product targeted for the livestock
market, which was developed by a joint venture between Genen-
tech and Monsanto, was the recombinant bovine somatotrophin
(BST or bovine growth hormone) also produced in E. coli
[28, 29]. BST remains commercially available and holds intense
demand to increase milk production in dairy cattle [30]. However,
the first genetically modified (GM) animal was a mouse produced
by transgene delivery into pronuclear stage embryos (i.e., pronu-
clear microinjection), which was pioneered by three independent
research groups [31–33]. Since then, GM mice produced by pro-
nuclear microinjection (Fig. 1) became a flagship of gene transfer in
laboratory animals [34, 35]. Soon after, GM livestock animals (i.e.,
rabbits, pigs, and sheep) were described in a single work [36]. How-
ever, pronuclear microinjection is inefficient in large livestock ani-
mals such as cattle [37] and does not support gene targeting by
DNA homologous recombination [34]. More than one decade
later, the first cloned animal (sheep) by somatic cell nuclear transfer
(SCNT) surged as an alternative to pronuclear microinjection
[38, 39]. This promise was soon fulfilled by the report of transgenic
sheep carrying the clotting factor IX protein gene driven by a
mammary gland-specific promoter [40]. SCNT was appealing for
transgenesis because primary somatic cells could be isolated, trans-
fected with transgenes, and selected for transgene expression level
and copy number before SCNT [41] (Fig. 2). Since transgene
integration occurs randomly, TG cells generated by such means
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Fig. 1 Production of genetic-modified animals by pronuclear microinjection



may be screened for transgene integration sites [42], to discard cell
clones carrying transgenes integrated into gene bodies or noncod-
ing regulatory sequences, which may affect full-term developmen-
tal potential after SCNT. Gene targeting for livestock became viable
a few years later, thus demonstrated by the targeted insertion into
multiple loci in sheep [43, 44].
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Fig. 2 Production of genetic-modified animals by nuclear transfer (SCNT)

There are dozens of GM livestock documented in the scientific
literature, although few reached the approval status (Table 1). The
list of promising products that perished during the hard and long
way from scientific labs to the final market is extensive. It is worth
mentioning a few examples to illustrate some pitfalls that can hurdle
the progress of GM animal products. The so-named “ecological
pig” is an example of a brilliant idea and concept that was not
adopted by commercial partners to put it on supermarket shelves.
It was a GM pig expressing an E. coli phytase genes in the saliva,
which would empower the animal with the capacity to digest
dietary phosphorus, thus reducing phosphorus waste by 75%
[45]. Therefore, the use of these transgenic pigs could result in a
significant decrease in phosphorus pollution from the pig industry,
with a great impact on the reduction of environmental pollution.
Another case is the production of alpha 1-antitrypsin produced in
the milk of TG sheep named Tracy [46]. Tracy was developed by a
team of The Roslin Institute at the University of Edinburgh and the
company PPL Therapeutics. However, the engineered protein
caused unexpected breathing problems in human subjects during
clinical trials, which ultimately lead to research and development
discontinuation. Due to their high value in the market, the biomo-
lecules for pharmaceutical applications are among the first targeted



Company Animal Approval status

genes of interest to be produced in the mammary gland of GM
livestock, [34]. Therefore, many attempts were recorded only in the
patent databases, most of them linked to the Pharming group, like
the human recombinant collagen produced in the milk of GM
animals (USPTO Filing Date: 01/15/1994), and the recombinant
human fibrinogen (rhFIB) (USPTO Filing Date: 01/15/1999).
Both patents appear to have been abandoned.
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Table 1
Genetically modified animals and their products available in the market

Product (brand
name)

Fluorescent fish
(GloFish)

Spectrum Brands Fish Taiwan and the United States in 2003

Antithrombin III
(Atryn)

rEVO Biologics
(LFB Group)

Goat EU in 2006 and the United States in 2009

C1-Esterase Inhibitor
(Ruconest)

Pharming Rabbit EU in 2010 and the United States in 2014

Sebelipase Alfa
(Kanuma)

Alexion
Pharmaceuticals

Chicken EU and the United States in 2015

Salmon + GH
(AquaAdvantage)

AquaBounty Salmon The United States in 2015 and Canada in 2016
but currently suspended

Factor VIIa
(Sevenfact)

LFB Group Rabbit The United States in 2020

Monoclonal antibodies (mAb) represent another type of bio-
molecules for biotechnological applications, such as for diagnosis,
immunotherapy, compound purification, among others. The ther-
apeutic use of mAb is by far its most valuable application, represent-
ing a market of hundreds of billion dollars for the pharmaceutical
industry [47]. The mAb may treat several conditions, as diverse as
migraine, Alzheimer, asthma, cancer, viral infection, and autoim-
mune diseases. However, cancer treatment is by far the hottest spot
for mAb development, with more than 79 mAbs approved by the
FDA in the recent years [48]. They were originally produced in
hybridomas of mouse and human cells [49], and this process is still
used frequently. However, limitations such as low scalability
(low-throughput) and low automation of these hybridomas have
propelled the development of recombinant monoclonal antibody
technology by Fab/phage display [50]. Other routes to pro-
duce recombinant mAb are mammalian cell lines (e.g., CHO cell
line) or in the milk of GM livestock [35].

An innovative and challenging approach to produce human
polyclonal antibodies in cattle began in the late 1990s by Hematech



LCC [51], a company acquired by Kirin in 2005 and later by SAB
Biotherapeutics in 2014. The first effort toward this goal was to
transfer an artificial human mini-chromosome to cattle fetal fibro-
blasts and their subsequent use for SCNT to generate transchro-
mosomic cattle (Tc Bovine™). These cloned Tc cattle were viable,
carried the artificial mini-chromosome, and display human and
cattle immunoglobulin in the blood plasma [51]. To abolish immu-
noglobulin production from cattle gene orthologs, researchers
carried out sequential gene deletion of cattle immunoglobulin
alleles in cattle fetal fibroblasts [52]. Since primary somatic cells
may undergo replicative senescence after extensive culture [53],
one allele was deleted at a time and used for SCNT to generate
cloned fetuses and calves, thus allowing to rejuvenate cells for
another round of gene deletion [52]. This re-cloning scenario
allowed the deletion of several alleles in a single-cattle genome
[52]. Further improvements in the construction of artificial mini-
chromosomes allowed the production of Tc cattle with adequate
production of human polyclonal antibodies for therapeutic applica-
tions [54–57]. This human polyclonal production platform was
named DiversitAb™ and was used to produce neutralizing antibo-
dies to the Ebola virus [58], and is currently submitted for trials to
produce antibodies against the Coronavirus SARS-CoV-2. How-
ever, after 18 years of development, this promising technology has
still not arrived in the marketplace.
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3 GMO and Regulatory Aspects

To provide a perspective, the high rate of failure and bankruptcy
observed in GMO companies (with emphasis on the ones focused
on transgenic livestock or derivative products), requires under-
standing the intricate deregulatory process for approval of GMOs
(or derivative products) for commercial purposes. The concerns
about GMOs’ biosafety began immediately after the report of the
first GMO [25]. The initial document on the topic was entitled
“Potential Biohazards of Recombinant DNA Molecules”
[59]. One year later, a meeting at Asilomar (CA, USA) established
the first proposal for a regulatory framework specific to GMOs and
their derivatives. In 1976, the National Institutes of Health (NIH)
formed the rDNA advisory committee to address the issues asso-
ciated with GMOs. For decades, countries have adopted their own
protocols and guidelines to access GMO risk and establish work-
flows to approve GMOs. Only in 1990 the joint venture of the
World Health Organization (WHO) and the Food and Agriculture
Organization (FAO) produced the report “Strategies for Assessing
the Safety of Foods Produced by Biotechnology” with the objective
to standardize protocols for assessing the safety of GM foods and
establish an international guideline. However, the intention to



unify the protocol of risk assessment and liberation of GMO was
not easy, and many attempts were done until now. In 1993, the
Organization for Economic Co-operation and Development
(OECD) released the report “The safety evaluation of foods
derived by modern technology—concepts and principles”. This
report recommended the assessment of the potential risks of GM
food on a case-by-case basis using the principle of substantial
equivalence. The principle of substantial equivalence establishes
that the GMO food (or derivatives) should be assessed by compar-
ing it with a similar traditional food that has proven to be safe in
normal use, with a long history of safe use, the so-called conven-
tional equivalent. The principle of substantial equivalence was a
milestone in the GM food risk assessment and is used by many
countries to some extent. Another landmark for the adoption of a
unified protocol and guideline for GMOs food risk assessment and
international commercialization, transfer, handling, and use was
the Cartagena Protocol on Biosafety, inaugurated in 2000 and
becoming mandatory for the 172 signatory countries in 2003
(https://bch.cbd.int/protocol/). In parallel with Cartagena Pro-
tocol, the FAO and WHO published the Codex Alimentarius
International Food Standards (http://www.fao.org/fao-who-code
xalimentarius/en/), a document to help countries coordinate and
standardize the regulation of GM food and facilitate international
trade. Since the Cartagena treaty and the Codex Alimentarius, the
deregulation process involving GMOs became more standardized
among the majority of countries. However, each country still has its
autonomy to relax or toughen up its policies regarding GMOs and
derivatives. For example, the EU and Brazil label products as “GM
containing” if carrying >1.0% of GMO-derived content. Labeling
is voluntary in other countries (e.g., The United States), although
some US states are adopting the mandatory GM food labeling.
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To release a GMO or its derivatives in the market, several years
and substantial financial investments are spent in experiments,
extensive product testing, technical reports, risk assessments, and
product labeling, which are demanded by regulatory agencies.
Several countries hold regulatory agencies for this purpose
(Table 2). The extensive regulatory network and bureaucracy are
prohibitive for small and medium biotech companies. Hence, these
circumstances lead to high market concentration [60].

Twenty years after the production of human clotting factor IX
protein in transgenic cloned sheep, the production of this protein
remains restricted to transgenic mammalian cell lines [61]. This
shows the uncertainty in producing biomolecules in GM animals
and may explain the vast majority of attempts which do not lead to
product approval and availability in the market [34, 35].

Unlike the expectations, the first marketable GM animal was a
fluorescent fish intended for the pet market. Named GloFish, the
first Green Fluorescent Protein (GFP) ubiquitously expressing
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Deregulation agency

zebrafish, was developed and patented by a group from the
National University of Singapore in 2000 (Patent WO/2000/
049150). The rights to commercialize the GFP Zebrafish were
acquired by Yorktown Technologies and more recently were trans-
ferred to Spectrum Brands Inc. in 2017. In parallel, the GFP
Medaka fish was developed by the National Taiwan University
and licensed by Taikong Corp under a different brand name.
Since then, several fluorescent proteins were introduced in orna-
mental fish like Barbs, Tetras, and Rainbow sharks, besides the
aforementioned Zebra and Medaka. The GloFish was approved to
be sold in Taiwan and the United States by 2003, thus becoming
the first GM animal to be sold directly to consumers. Several con-
cerns and disputes have involved the commercialization of GloFish
around the world due to the potential risks of contention scape and
natural habitat colonization [62, 63]. However, studies have shown
that GloFish are less efficient in mating and reproduce in natural
environment than their non-GM counterparts [64], hold increased
predator vulnerability [65], and display a low risk of habitat inva-
siveness [66]. Therefore, scientific evidence predicts a low risk of
environmental damage for these fancy pets. Since GloFish were not
intended for human or animal food chain or biomolecule
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Table 2
Ten of the most relevant regulatory agencies in the world

Country
or region

Africa Common Market for Eastern and Southern Africa

Argentina National Agricultural Biotechnology Advisory Committee (environmental impact),
National Service of Health and Agrifood Quality (food safety), and National
Agribusiness Direction (effect on trade)

Australia Office of the Gene Technology Regulator (overseas all), Therapeutic Goods
Administration (GM medicines), and Food Standards Australia New Zealand
(GM food)

Brazil National Biosafety Technical Commission (CTNBio) and Council of Ministers (only for
socioeconomic issues if summoned by ministers or the president)

Canada Health Canada and the Canadian Food Inspection Agency

China Office of Agricultural Genetic Engineering Biosafety Administration (OAGEBA)

Europe Union European Food Safety Authority (EFSA)

England Department for Environment Food and Rural Affairs

India Institutional Biosafety Committee (IBSC), Review Committee on Genetic
Manipulation (RCGM), and Genetic Engineering Approval Committee (GEAC)

The United
States

USDA (agriculture), FDA (food and drug safety), and EPA (environmental impact)



production, it is considered an atypical case of GM organism
(GMO) deregulation, which could explain its unexpected relatively
fast approval. GMO deregulation usually takes much longer, with
much greater associated costs before product approval for commer-
cialization. For instance, recombinant Antitrobin III (AtrynTM)
produced in GM goats was the first bioproduct approved for phar-
maceutical purposes. Atryn was originally developed by Genzyme
Corp. and first documented in the early 1990s [67]. After three
rounds of acquisitions (Genzyme Corp., GTC Biotherapeutics, and
now rEVO Biologics) and 15 years of deregulation process, Atryn
was approved to be commercialized in the European market, and
3 years later in the US market [35]. The long bureaucratic deregu-
lation process, the high costs of development and clinical trials,
make the business of selling recombinant bioproducts produced
in GM livestock a very risky enterprise. The list of unsuccessful
attempts to launch these biomolecules in the market, as well as
the list of companies that disappeared or went bankrupt during
the process of product development, is enormous. Another
emblematic example is the AquaAdvantageTM salmon, which is a
fast-growing GM Atlantic salmon carrying a copy of the growth
hormone gene ortholog from Chinook salmon and a gene pro-
moter from the ocean pout, developed by the AquaBounty Tech-
nologies since 1989 [68, 69]. After 26 years, the AquaAdvantage
was approved for commercialization (Table 1), albeit with several
restrictions and safety precautions. However, due to the lobbying
of salmon farming industry, the US Congress asked the U.S. Food
and Drug Administration (FDA) agency to block AquaAdvantage
salmon commercialization, while lawmakers were agreeing on
labeling guidelines about the production of engineered foods.
Only in 2019 the FDA lifted the restrictions for importing and
commercializing the AquaAdvantage salmon, albeit this commer-
cial dispute “disguised” of food safety or environmental risk con-
cerns seems to be far from ending. This new “disguise” of
international trade protectionism is becoming commonplace since
it is easier to place commercial barriers justified on sanitary, food
safety, or environmental risk concerns, instead of an allegation of
internal market protection [70, 71]. In sharp contrast, genetically
edited organisms (GEO) face softer deregulation pipeline, which
may overcome some of these drawbacks, as described later in this
chapter.
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The beginning of the twenty-first-century eye witnessed novel
technologies for precise editions of the genome, collectively called
genome editing tools. These discoveries and further developments
are thus revolutionizing the GMO-associated industries. Genome
editing allows a drastic reduction in the regulatory pipeline in many
countries and lowers the costs and timeline to generate GM organ-
isms (microorganisms, plants, and animals), also known as GEO,
and to potentially deliver them to the marketplace. This revolution



is opening the “doors” of the biotechnology industry to smaller
companies or even startups around the world.
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4 Genome-Edited Organisms (GEO)

One major goal of the biotechnology field was to develop molecu-
lar scissors capable of specific site-directed editions in eukaryotic
genomes [72]. This approach is known as genome editing, and the
enzymes able to reach this goal were named site-directed nucleases
(SDNs). Rare-cutting endonucleases, homing endonucleases, or
meganucleases were the initial candidates for editing complex gen-
omes [72, 73]. These nucleases, which are mostly composed of
introns of mobile genetic elements, thus have a recognition site of
18–30 nucleotides (Fig. 3a), which makes them a feasible candidate
for a single edition in genomes with over 109 base pairs in size
[74]. However, it was challenging to engineer them to edit a single
targeted DNA sequence in the genome. The application of engi-
neering approaches frequently diminished the endonuclease cleav-
age activity [74]. However, fusion of zinc-finger DNA-binding
domains with the catalytic domain of Fok I nuclease, also known
as zinc finger nucleases (ZFNs), made it possible to target, with
relative high precision (Fig. 3b), a desirable site of the genome
[75]. This improvement was recognized as the beginning of the
genome editing era.

Among the most recent and promising techniques for targeted
editing of eukaryotic genomes, we can mention ZFNs, transcrip-
tion activator-like effector nucleases (TALENs), and, more
recently, the nucleases directed by RNA guides of the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-
associated system protein (CRISPR-Cas) technologies [76]. The
ZFNs are considered the first generation of nucleases engineered to
cut a specific location of plant and animal genomes [77], as
described above. However, due to the lower specificity in DNA
binding, ZFNs edit the intended site (on-target) and frequently in
other nonintended sites (off-target), which is the main potential
undesirable side effect of genomic editing technologies [77]. The
second generation of targeted nucleases were TALENs (Fig. 3c),
which are DNA-binding proteins produced by plant pathogenic
bacteria to regulate gene expression in the host genome
[78]. Each DNA recognition domain in TALENs binds to a single
nucleotide in the targeted genome, a fact that made this genomic
editing technology more accurate than ZFNs [79]. However, the
construction of TALENs involves the concatenation of dozens
(usually about 30) DNA-binding domains, where each domain of
34 amino acids recognizes a specific single nucleotide. Nonetheless,
this process involves a great time and effort in vector construction
and at a high cost [78]. More recently, a new genomic editing



technology called CRISPR-Cas (Fig. 3d) was developed based on
the discovery of an adaptive immunity system present in bacteria
and archaea against invading nucleic acids, commonly of viral origin
[80]. The great advantage of this technology is that it relies on base
pairing between a guide RNA (gRNA) and the genomic site, thus
guiding the Cas9 nuclease to the target DNA sequence [81]. To
reinforce the simplicity of CRISPR-Cas9 gene editing, during the
construction of TALENs vectors, two domains of 30 repetitions of
approximately 1800 nucleotides each (which will encode the pro-
tein domains of binding to the target DNA) are needed to give the
desired specificity to the Fok I nuclease. In sharp contrast, CRISPR-
Cas9 requires a sequence of 17–20 ribonucleotides in a context of
80 invariant ribonucleotides (scaffold sequence) to design the
gRNA. These features allow researchers to rapidly create hundreds
of customized (site-specific) gRNAs at a low cost [76]. These
characteristics made CRISPR-Cas the prime technology for
genome editing in the recent years, overtaking by far the other
genome editing technologies [82].
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Fig. 3 Genome editing tools

The major concern about genome editing is the off-target
effect (OTE), which is the impact within a cell of unintended
editions on the recipient genome. These OTEs may vary from
innocuous changes to disruptions of genes required for survival
[83]. The OTE has been identified in all classes of SDN, thus
including ZFNs [83, 84], TALENs [85], and CRISPR-Cas9
[86, 87]. Off-targets originate from base mismatch tolerance



found in all SDNs regarding their DNA sequence recognition
[84, 85, 88]. However, astonishing approaches to reduce
off-targets during genome editing mediated by CRISPR-Cas9
have been developed recently. Creative strategies using Cas9
nickases [89] or Fok1-dead Cas9 fusion proteins [90] make the
binding of two sgRNAs in tandem to produce the double-strand
brake (DSB) in the targeted site necessary. This kind of approach
increases the DSB specificity and can reduce detectable off-targets
by 10,000-fold [91]. Another way to improve genome editing
precision is by engineering the Cas9 nuclease to increase its speci-
ficity for target site recognition. This goal was reached with several
mutations on Cas9 sequence that reduce off-target frequency
[92]. High-fidelity Cas9 (SpCas9-HF1) engineered by four
amino acid substitutions (N497A, R661A, Q695A, and Q926A)
increases Cas9 specificity and shows no detectable OTE [93]. Fur-
thermore, the truncation of the sgRNA from 20 bp in length to
17 or 18 bp could increase the target specificity up to 5000-fold
[94]. Finally, all these strategies (e.g., Cas9 dimerization, Cas9
engineering, and sgRNA truncation) can be associated to make
the DSB so specific that OTE could be abolished or become
negligible. Even with an extremely high fidelity and a very low
incidence of off-targets, there is still a need to screen engineered
genomes for off-target editions. Thanks to the advancement of
whole-genome sequencing with next-generation sequencing tech-
nologies, it is now possible to screen gene-edited cells for OTEwith
high efficiency and relatively low costs [95, 96]. Collectively, these
features made CRISPR-Cas technology feasible, widely adopted,
technically simple, “and of low-cost”.
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5 GEO and Regulatory Aspects

As mentioned earlier, the GMO deregulation process is expensive
and long. This has a collateral effect of provoking a high concentra-
tion of GMO market in the hands of a few biotech conglomerate
groups and limiting the free competition [60]. The popularization
of CRISPR-Cas technology may revert this scenario and put small
biotech companies or startups in the GEO market, with beneficial
effects for consumers [97]. However, the breadth and depth of
such impact of GEO on livestock and pharmaceutical markets will
depend on the new biosafety regulatory framework adopted around
the world. Therefore, if a GEO is considered equivalent to a GMO,
it may have to undergo those costly and lengthy deregulation
processes [98]. Since the revision of biosafety regulatory framework
toward the inclusion of GEO in a distinct category of GMO is
ongoing, there are different positions among governments on this
topic [99]. For example, the EU adopted the most restrictive
approach to GEO regulation, focusing the biosafety analysis on



the process and equating it to GMO analysis [100]. Argentina was
the first country to put GEO deregulation in a different status of
GMOs regarding the biosafety in 2015, focusing on the absence of
external (transgenic) DNA in the final product, not the technology
itself [101]. In the following years, many other countries (mainly
livestock and crop exporters) adopted different rules for GEOs’
biosafety analysis and deregulation, also focusing on the final prod-
uct not on the process [102, 103]. Despite differences between
countries, there is already a consensual workflow and terminology
for GEO deregulation [99, 102]. There are three different types of
SDN approaches to produce a GEO: SDN-1, where the nuclease
induces a DSB, which is repaired by the targeted organism mainly
through non-homologous end joining (NHEJ) accompanied by a
few random base substitutions, known as small insertions or small
deletions (indels); SDN-2 is similar to SDN-1, albeit with the
addition of a short single-stranded oligo DNA nucleotides
(ssODNs) of 50–100 bp guiding the repair; and SDN-3 which is
similar to SDN-2 but with the addition of DNA template with a
sequence of interest flanked by DNA sequences homolog to the
targeted site, generally obtained by DNA repair using homologous
recombination (HR) [102]. Several countries are adopting a case-
by-case process focused on the final GEO product, where SDN-1
and 2 are considered nontransgenic (non-GMO), and SDN-3 is
considered a GMO and has to undergo the conventional GMO
deregulation process [104, 105]. SDN-1 and SDN-3 are usually a
consensus of non-GMO and GMO regulatory policies, respectively.
The discrepancy between interpretations is whether SDN-2 is a
GMO or not (and the size of the ssODN template accepted).
Further, most regulatory documents make reference to ssODN of
a “few bases,” without a precise size for ssODN length [98, 105,
106].
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The majority of new biosafety regulatory documents developed
for GEOs reference SDN-2 as a non-OGM, with the exception of
Australia and Canada [98, 107, 108]. Most species used to generate
GMOs are commercialized internationally as commodities (live-
stock and crops), so a consensus on deregulatory process is highly
desirable to facilitate the commercialization of OGM products or
derivatives around the world. For this reason, several efforts were
made to establish a standardization of the deregulation process.
These efforts, described in detail in the Subheading 3, resulted in
the Cartagena Protocol on Biosafety (https://bch.cbd.int/proto
col/) and the Codex Alimentarius International Food Standards
(http://www.fao.org/fao-who-codexalimentarius/en/). These
two protocols signed by more than 170 countries standardize the
biosafety workflow of OGMs in the world. The same effort is
demanded for GEOs by the scientific community and the private
sector [98–102, 105]. This process is already in progress since there
was an Organization for Economic Co-operation and
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Development (OECD) conference on “Genome Editing: Applica-
tions in Agriculture-Implications for Health, Environment and
Regulation” held on June 2018 in Paris [106]. In this conference,
policymakers, scientists, innovators, and other stakeholders
debated to build a consensus policy and protocol to be adopted
by OECD members for GEO commercialization in the foreseeable
future.
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6 Genome Editing Applied to Livestock Animals

Humans have shaped the genome of livestock species for centuries
by applying selective breeding, with limited or no understanding of
the genetic basis of heredity [109]. In the first half of the twentieth
century, independent research groups showed the increase in phe-
notypic (and genotypic) variation by radiation or chemical-
mediated mutagenesis. Despite its utility for plant breeding, such
technologies cause random mutations and could not be directed to
a specific locus [110].

In the second half of the twentieth century, the first targeted
genomic changes in yeast and mice genomes were produced using
homologous recombination (HR) [111–114]. The HR technology
was precise but very inefficient. To tackle this hurdle, researchers
relied on mouse “embryonic stem cells (ESCs)” to perform tar-
geted gene modifications by HR. Despite the extremely low inci-
dence of correct gene modifications, ES cells offered two unique
advantages that characterize them: infinite proliferative capacity and
pluripotency, which is the potential to give rise to all cell types of the
body [115]. Therefore, ESCs carrying disrupted genes (knockout)
could be expanded by clonal selection (without replicative crisis)
and could contribute to mouse development by their introduction
into preimplantation embryos [115]. The ES-based transgenesis
technology placed the mouse at the center stage for investigating
gene function and modeling human diseases [115]. However, no
bona fide ESC lines have been described so far for livestock species,
despite many efforts over decades of research. Nowadays, genome
editing technologies surpassed these problems by their association
with SCNT cloning or in some cases when delivered directly into
one-cell embryos (zygotes). These approaches enabled direct
genetic manipulation in essentially all cell types or complex animal
genomes [109].

The ability to generate a DSB in the sequence of interest is the
key step of a genome editing technique using SDN [109]. The
different types of SDN (e.g., ZFNs, TALENs, CRISPR-Cas) share
the same potential to induce gene disruption by NEHJ or
homology-driven repair by HR, which consists of DNA cleavage
at specific sites followed by cellular repair of the DSB [116]. This
repair can be in the absence or presence of DNA molecules



presenting homologous sequences surrounding the DSB. The
NHEJ repair is activated in the absence of a DNA template, while
HDR relies on homologous DNA templates [116]. These two
pathways can be used for different genome editing applications,
such as knockouts (NHEJ) or knockins by gene targeting (HDR).
Knockout rats were initially produced using ZFNs due to the
disruption of immunoglobulin M (IgM) and Rab38 genes
[117]. Similar to ZFNs, the first animal generated using TALENs
technology was a knockout rat for the IgM locus [118]. Soon after,
the tyrosinase (Tyr) gene was disrupted by an exogenous CRISPR-
Cas9 in the mouse, thus producing biallelic editions, leading to
albino animals [119]. In a time span of less than 5 years, genomic
editing evolved from ZFNs to CRISPR-Cas and became a widely
used technology. In the following sections, we show examples of
relevant livestock species that have been modified by genome edit-
ing for pharmacological research or to introduce traits that improve
the economic relevance of such organisms.
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6.1 Rabbits Rabbits hold commercial interest in the context of transgenesis.
Comparing rabbits with cows, rabbits have a gestation time of
1 month versus 9–10 months in the cows, and rabbit maturation
(time to reach reproductive age) takes 5–6 months while cows take
15–20 months, and have a much smaller adult size [120]. Due to
these features, rabbits became appealing for transgenesis and
deliver results in a shorter period of time [120]. Furthermore,
rabbit milk contains 2.5-fold more protein yield than sheep and
4.8-fold than goat milk, a fact that makes rabbits an attractive
platform for producing heterologous proteins. Milk production in
a lactating rabbit may reach 170–220 g/day and up to 10 kg/year,
which may lead to up to 20 g/L of heterologous protein
[121]. These factors make transgenic rabbits of lower cost com-
pared with other livestock animals [120, 121]. Many heterologous
proteins have been produced in transgenic rabbits, such as
interleukin-2 [122], insulin-like growth factor-1 [123], growth
hormone [124], lactoferrin [125], α1-antitrypsin [126], anti-
thrombin [127], C1 inhibitor [128], erythropoietin [129], and
α-glucosidase [130].

Recent studies used CRISPR/Cas9 for producing transgenic
rabbits to model human disease, test pharmaceutical drugs,
enhance economical traits, and produce heterologous proteins in
their milk [131]. Transgenic rabbits offer the potential to mimic
human diseases by replacing rabbit alleles with disease variants
found in the human gene orthologs, which subsequently leads to
pathophysiological conditions mirroring the human disease condi-
tion [132]. For example, a rabbit model was developed for safety
drug testing with more reliable results in predicting proarrhythmia
potential [131, 132]. Rabbit physiology also offers advantages to
studying certain human diseases and test new drugs (e.g.,



atherosclerosis) due to their unique lipid metabolism much similar
to humans [133]. Under this scenario, CRISPR-Cas9 was used to
generate double knockout rabbits by inducing deletions in the
apolipoprotein E and the low-density lipoprotein (LDL) receptor
genes [134]. These animals showed hyperlipidemia, aortic and
coronary atherosclerosis, and physiological alterations that sup-
ported their potential as models of atherosclerosis development
and for testing new therapies [134]. Duchene muscular dystrophy
(DMD) is another disease in which rabbits have potential as pre-
clinical animal models. Using CRISPR-Cas9, dystrophin knockout
rabbits displayed muscular dystrophy features with close resem-
blance to the human condition, thus suggesting that it may be a
better model for DMD research than other species [135]. The
interleukin 2 receptor subunit gamma (IL2RG) gene is essential
for signal transduction between interleukins, and mutations in this
gene can cause X-linked severe combined immunodeficiency in
humans. Therefore, disrupting IL2RG may lead to an animal
model with immunodeficiency [136]. CRISPR-Cas9 was used to
knock out the IL2RG gene and generated immunodeficient
rabbits, with potential for transplantation studies as xenograft mod-
els [136]. Growth differentiation factor 8 (GDF8 also known as
myostatin) is an interesting gene for engineering livestock for
improved meat production since its deletion causes muscle hyper-
trophy and further increases carcass yield. Guo et al. [137] were
able to develop GDF8 knockout rabbits using CRISPR-Cas9,
which displayed higher birth weight and improved growth rates.
Rabbit coat color is another trait of economic value. The melano-
cortin 1 receptor (MC1R) locus defines the rabbit coat color, and
the disruption of this gene using CRISPR-Cas9 led to a novel pale-
yellow coat color [138].
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6.2 Sheep and Goats The first report of a transgenic livestock through pronuclear micro-
injection was published nearly four decades ago [36]. The success-
ful cloning of sheep from differentiated embryonic cells and the
cloning of Dolly the sheep from adult somatic cells offered a new
route to generating transgenic sheep from GM-cultured cells
[37, 38]. Likewise, GM fetal fibroblast cells served as donor cells
to generate the first transgenic cloned sheep [40]. A few years later,
knockout sheep were produced disrupting Alpha1 (I) procollagen
(COL1A1) and prion protein (PrP) genes in primary cells usingHR
and allocating them to SCNT cloning [43, 53]. This was a mile-
stone because gene targeting by HR requires extensive cell culture
expansion that may cause replicative crisis in these primary somatic
cells. However, the use of fetal fibroblasts and extensive cell clone
genotyping allowed us to expand cells sufficient for SCNT and
ultimately the delivery of cloned knockout lambs [44]. After these
seminal reports, several other knockout models were described in
livestock species, most notably in pigs.
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With the advancement of genetic engineering technologies and
the development of CRISPR-Cas9, the generation of gene-edited
sheep and goat focused on investigating gene function and enhanc-
ing traits of economic interest, such as muscle mass, coat color, milk
composition, mature weight, wool fiber length, reproduction per-
formance, among others [139]. Moreover, other applications that
have been reported regarding gene editing in small ruminants
involve their use as models for human disease, generation of
disease-resistant animals, and hosting the growth of human organs
for xenotransplantation [139].

ZFNs have been used to target the GDF8 gene to promote
double musculature phenotype in sheep [140–142]. The
β-lactoglobulin (BLG) is a major allergen in cow milk and 3% of
human infants are susceptible [143, 144]. Therefore, the BLG gene
is also a target for genome editing to produce BLG-free milk.
Moreover, ZFNs were used to knock out BLG in dairy goats
[145–147]. Even though there are studies showing the potential
of ZFNs to produce transgenic animals, no reports indicate the
actual generation of live edited sheep or goats. TALENs have also
been used to produce genetically engineered small ruminants. Bial-
lelic GDF8 knockout sheep showed increased muscle mass [148–
150]. TALENs have also been applied to target the BLG gene in
goats [151–154].

CRISPR-Cas9 technology has also been used to generate edi-
ted sheep and goat. In sheep, multiplex gene editing of GDF8, the
agouti-signaling protein (ASIP) and the β-carotene oxygenase
2 (BCO2), was accomplished [155]. Another interesting study
included an edition of the suppressor of cytokine signaling
2 (SOCS2) gene that resulted in the effects on milk production,
body weight, and size [156]. Four important genes have been
knocked out in goats: GDF8, BLG, PrP, and Nucleoporin
155 (NUP155) [139, 157]. A gene target interest to enhance
wool fiber length is the Fibroblast growth factor 5 (FGF5) gene,
a dominant inhibitor of fiber length and growth, and its disruption
in sheep showed increase in wool length [158–160]. The disrup-
tion of the Agouti signaling protein (ASIP) gene by CRISPR-Cas9
caused variegation in coat color patterns in sheep, and this color
variegation may become an important commercial trait for wool
production [161]. Milk components are also an important target
when discussing genetic modifications in small ruminants. The
BLG gene has been disrupted by CRISPR-Cas9 in goats, generat-
ing animals with decreased expression of BLG and animals without
BLG protein production in milk [157, 162]. Since melatonin has
many nutritional and medicinal utilities, CRISPR-Cas9 was used to
make gene-edited animals producing melatonin-enriched milk
[163]. Another interesting target to genome editing is to enhance
reproductive performance. Mutations in sheep BMPR-IB (FecB)
gene and growth differentiation factor 9 (GDF9) gene have been



performed to improve goat prolificacy since both genes increase
ovulation rates in sheep [164, 165]. Improving animal health and
welfare is also an important use of genome editing technologies.
PrP-resistant animals can be produced by suppressing the expres-
sion of PrP, which is associated with the disease known as spongi-
form encephalopathy, that occur in humans and livestock species,
and PrP-knockout goat fibroblasts cells were documented
[157, 166, 167].
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6.3 Pigs The wide use of transgenic pigs in biomedicine and biopharming
reflects their physiological similarities to humans [168]. Their
applications range from research models for human disease and
production of recombinant proteins to potentially providing tissue
or organs for xenotransplantation [168]. Mutation in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene causes
an autosomal-recessive disorder that causes bronchopulmonary
failure and pancreatic enzyme insufficiency, hallmark symptoms of
the cystic fibrosis disease. As a monogenic disease, the introduction
of a functional CFTR allele could restore gene function and cure
the patient [169, 170]. CFTR knockout pig models have been used
to test gene therapy approaches for this disease. Using CRISPR-
Cas9 to deliver a human CFTR allele at a safe harbor locus (i.e., not
required for cell survival) in the porcine genome, it recovered
CFTR gene expression in pig cells, thus showing proof-of-concept
data on the potential of CRISPR-Cas9-driven gene therapy for
cystic fibrosis [169].

The main drawback associated with xenotransplant is the
hyperacute organ rejection. Pig organs express the GGTA-1
enzyme that synthesizes the Gal antigen, which is the main cause
of xenograft rejection, since humans produce antibodies against the
antigen. GGTA-1 knockout pigs have been generated using ZFNs,
TALENs, and CRISPR-Cas9, aiming to prevent this problem
[171–173]. Another antigen found in pig cells that causes rejection
in humans are N-glycolylneuraminic acid (Neu5Gc), catalyzed by
cytidine monophosphate-N-acetylneuraminic acid hydroxylase
(CMAH) and the SDa antigen produced by beta-1,4-N-acetyl-
galactosaminyltransferase 2 (β4GALNT2). Estrada et al. [174]
generated a triple-knockout (3KO) pig using CRISPR-Cas9 (dele-
tions for GGTA1, CMAH/β4, and GalNT2 genes). Cells from
these 3KO pigs presented less human-anti-pig cytotoxicity
response [175, 176]. However, xenografts in a pig-to-rhesus pre-
clinical model, using pig 3KO kidneys, showed only a slight
increase in organ survival [177]. This shows that, albeit the poten-
tial of these animals for xenotransplantation, much more advances
need to be achieved before they are considered a reality for human
medicine. Another interesting application of CRISPR-Cas9 in the
context of xenotransplantation involves addressing biosafety con-
cerns of potential cross-species infections. Porcine endogenous



retroviruses (PERV) are integrated into multiple sites within the pig
genome and may integrate into the human genome after xeno-
transplantation. In turn, pigs were generated lacking functional
PERVs, which was accomplished by simultaneous deletions of all
25 functional PERVs using CRISPR-Cas9 [178]. These gene edi-
tions were performed in pig primary cells, which were destined for
SCNT to generate cloned piglets lacking functional PERVs.
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6.4 Cattle Genetically engineered cattle have been produced for several appli-
cations, such as bioreactors for the production of heterologous
proteins in milk, enhancement of traits with economic impact,
and disease-resistant animals [179]. The use of transgenic cattle as
bioreactors has the mammary gland as the main site for heterolo-
gous protein production. Exogenous protein expression in the milk
facilitates its purification [180]. Transgenic dairy cows may produce
from 1 to 14 g/L of heterologous proteins in the milk, while
holding lactations of 305 days/year. In contrast, mammalian cell
culture can yield 10 g/L during 10–12 days (production peak).
This comparison demonstrates the higher efficiency of heterolo-
gous production in the milk, while dispensing additional costs with
laboratory infrastructure, bioreactor apparatus, and culture
requirements [181, 182].

Human lysozyme shows nonspecific immune response, anti-
inflammatory properties, and both antifungal and antiviral activities
[183]. This protein is studied for its potential as probiotic for food
supplementation and cosmetics production, and its exogenous
expression in the milk can also increase cow resistance to mastitis
[183]. Since mastitis is an inflammatory process caused by Staphy-
lococcus aureus that diminishes milk production in livestock species,
many studies showed the exogenous expression of this protein in
the mammary gland. A transgenic cow expressing human lysozyme
was also generated using ZFNs by Liu et al. [184] and the animals
presented resistance against Staphylococcus aureus. Furthermore,
ZFNs were also used to insert the lysostaphin gene and express
this protein in the milk of the transgenic cows [185]. Lysostaphinis
are naturally produced by Staphylococcus simulans and are efficient
against S. aureus infections. A mutation was introduced by
CRISPR-Cas9 to disrupt the BLG gene in cattle. These cows
produced milk lacking BLG [186, 187]. As mentioned above,
BLG is the main allergen in the cow milk, but it is also the major
protein, which accounts for approximately 12% of the total milk
protein content [188]. Luo et al. [189] inserted the human serum
albumin (HSA) gene into the BLG locus by TALEN nickase to
generate animal expressing high levels of HSA without BLG (bial-
lelic deletions) or diminished BLG content (monoallelic editions)
in the milk. The HSA protein has great utility for several medical
treatments because it is the most abundant protein in human
plasma [190].
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Wu et al. [191] produced cattle with high resistance to myco-
bacterium by expressing the SP110 gene. The murine SP110 gene
is a promising candidate to control Mycobacterium tuberculosis
infections by limiting bacteria growth in macrophages and inducing
apoptosis in infected bovine cells. Therefore, this gene was chosen
to investigate the resistance against Mycobacterium bovis, which
causes bovine tuberculosis. Using TALENs to knockin the
murine SP110 gene into cattle genomes, it was possible to generate
an animal able to abolishM. bovis growth and multiplication [191].

CRISPR with an Cas 9 nickase (Cas9n) has the potential to
increase HR frequency by avoiding the NHEJ repair pathway
[192, 193]. The Cas9n induced single-strand breaks (instead of
DSB), further stimulating HR repair, and created cows with natural
resistance-associated macrophage protein-1 (NRAMP1) gene allele
knockins [193]. The NRAMP1 gene is associated with innate
resistance to intracellular pathogens (e.g., M. bovis) since it is a
natural mechanism driving the entry of this pathogen into macro-
phages [194, 195]. CRISPR-Cas9 has also been applied to correct
genetic variants associated with diseases in cattle. The Japanese
Black cattle produce high-quality meat due to selective breeding
for more than 60 years. Unfortunately, this also resulted in the
accumulation of recessive mutations that leads to genetic disorders.
The isoleucyl-tRNAsynthetase (IARS) syndrome is one such dis-
ease caused by a mutation in the IARS gene, which leads to a
reduction of 38% in its aminoacylation activity and diminished
protein synthesis [196]. Using CRISPR-Cas9 to repair the mutant
genetic variant, Ikeda et al. [196] generated cloned fetuses with
corrected IARS alleles.

The horned phenotype represents the majority of the world’s
cattle population. This phenotype also represents a risk of injury to
other animals and workers that manage them. Unfortunately,
dehorning is labor-intensive and causes both pain and stress to
the animal [197]. For the past few years, animal welfare is becom-
ing a crucial aspect of livestock management practices. The polled
phenotype is naturally found in some cattle breed and has been
associated with genetic variants of the polled locus located on
chromosome 1 [198]. There are four gene variants for the pooled
locus: the Celtic mutation (Polled Celtic, Pc) positioned within an
intergenic region of chromosome 1, the Polled Friesian
(Pf) (restricted to dairy cattle populations), the Polled Mongolian,
and the Polled Guarani [199]. The generation of polled dairy cattle
using TALENs-mediated genome editing introduced the Pc variant
into the cow genome [200, 201]. The Pc variant was also
integrated into the genome of a horned Holstein–Friesian bull
using CRISPR-Cas12a to generate a polled calf [202]. CRISPR-
Cas12a is an RNA-guided endonuclease that has been recently
harnessed as an alternative genome editing tool to the Cas9, differ-
ing in the PAM (Protospacer Adjacent Motif) site context and
gRNA requirements [203].
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7 Concluding Remarks

The genomes of livestock species have become accessible to com-
plex genetic editions. Initially, SCNT was pivotal to generate
cloned transgenic animals from small batches of cells carrying spe-
cific genetic modifications. More recently, genome editing gained
momentum, most notably by CRISPR-Cas system, and reached an
efficiency threshold that motivates genetic editions directly into
livestock preimplantation embryos. Despite the current ability to
perform several genomic editions at once using CRISPR-Cas9, the
genome must be screened for intended and nonintended
(off-target) genetic editions. Perhaps this quality checking is the
main reason why SCNT cloning remains a powerful technology
assisting the generation of transgenic livestock carrying complex
editions in their genomes.

Acknowledgments

We thank Marcelo Tigre Moura for the helpful assistance in review-
ing this chapter.

Funding Melissa S. Yamashita is sponsored by CAPES
scholarship.

References

1. Dunham I, Kundaje A, Aldred SF et al (2012)
An integrated encyclopedia of DNA elements
in the human genome. Nature 489:57–74

2. Biscotti MA, Olmo E, Pat Heslop-Harrison
JS (2015) Repetitive DNA in eukaryotic gen-
omes. Chromosom Res 23:415–420

3. de Koning APJ, GuW, Castoe TA et al (2011)
Repetitive elements may comprise over
two-thirds of the human genome. PLoS
Genet 7:e1002384

4. Kapusta A, Kronenberg Z, Lynch VJ et al
(2013) Transposable elements are major con-
tributors to the origin, diversification, and
regulation of vertebrate long noncoding
RNAs. PLoS Genet 9:e1003470

5. Fischer MG, Suttle CA (2011) A virophage at
the origin of large DNA transposons. Science
332:231–234

6. McFadden GI (2001) Primary and secondary
endosymbiosis and the origin of plastids. J
Phycol 37:951–959

7. Keeling PJ, Archibald JM (2008) Organelle
evolution: What’s in a name? Curr Biol 18:
R345–R347

8. Zupan J, Muth TR, Draper O, Zambryski P
(2000) The transfer of DNA from

agrobacterium tumefaciens into plants: a
feast of fundamental insights. Plant J 23:11–
28

9. Kyndt T, Quispe D, Zhai H et al (2015) The
genome of cultivated sweet potato contains
Agrobacterium T-DNAs with expressed
genes: an example of a naturally transgenic
food crop. Proc Natl Acad Sci U S A 112:
5844–5849

10. McClintock B (1950) The origin and behav-
ior of mutable loci in maize. Proc Natl Acad
Sci U S A 36:344–355

11. Biémont C (2010) A brief history of the status
of transposable elements: from junk DNA to
major players in evolution. Genetics 186:
1085–1093

12. Bawa AS, Anilakumar KR (2013) Genetically
modified foods: safety, risks and public
concerns-a review. J Food Sci Technol 50:
1035–1046

13. Imakawa K, Nakagawa S, Kusama K (2016)
Placental development and endogenous ret-
roviruses. Uirusu 66:1–10

14. Haig D (2012) Retroviruses and the placenta.
Curr Biol 22:R609–R613



15.

Animal Transgenesis and Cloning 143

Denner J (2016) Expression and function of
endogenous retroviruses in the placenta.
APMIS 124:31–43

16. Melo EO (2017) Are we all transgenic? J
Genet DNA Res 1:1–2

17. Arber W, Linn S (1969) DNA modification
and restriction. Annu Rev Biochem 38:467–
500

18. Roberts RJ (1976) Restriction endonucleases.
CRC Crit Rev Biochem 4:123–164

19. Bertani G, Weigle JJ (1953) Host controlled
variation in bacterial viruses. J Bacteriol 65:
113–121

20. Luria SE, Human ML (1952) A nonheredi-
tary, host-induced variation of bacterial
viruses. J Bacteriol 64:557–569

21. Lederberg S, Meselson M (1964) Degrada-
tion of non-replicating bacteriophage DNA
in non-accepting cells. J Mol Biol 8:623–628

22. Meselson M, Yuan R (1968) DNA restriction
enzyme from E. coli. Nature 217:1110–1114

23. Jeltsch A, Pingoud A (1996) Horizontal gene
transfer contributes to the wide distribution
and evolution of type II restriction-
modification systems. J Mol Evol 42:91–96

24. Naito T, Kusano K, Kobayashi I (1995) Self-
ish behavior of restriction-modification sys-
tems. Science 267:897–899

25. Cohen SN, Chang AC, Boyer HW, Helling
RB (1973) Construction of biologically func-
tional bacterial plasmids in vitro. Proc Natl
Acad Sci U S A 70:3240–3244

26. Itakura K, Hirose T, Crea R et al (1977)
Expression in Escherichia coli of a chemically
synthesized gene for the hormone somato-
statin. Science 198:1056–1063

27. Goeddel DV, Kleid DG, Bolivar F et al (1979)
Expression in Escherichia coli of chemically
synthesized genes for human insulin. Proc
Natl Acad Sci U S A 76:106–110

28. Miller WL, Martial JA, Baxter JD (1980)
Molecular cloning of DNA complementary
to bovine growth hormone mRNA. J Biol
Chem 255:7521–7524

29. Keshet E, Rosner A, Bernstein Y et al (1981)
Cloning of bovine growth hormone gene and
its expression in bacteria. Nucleic Acids Res 9:
19–30

30. Bauman DE (1999) Bovine somatotropin and
lactation: from basic science to commercial
application. Domest Anim Endocrinol 17:
101–116

31. Brinster RL, Chen HY, Trumbauer M et al
(1981) Somatic expression of herpes thymi-
dine kinase in mice following injection of a
fusion gene into eggs. Cell 27:223–231

32. Costantini F, Lacy E (1981) Introduction of a
rabbit beta-globin gene into the mouse germ
line. Nature 294:92–94

33. Gordon JW, Ruddle FH (1981) Integration
and stable germ line transmission of genes
injected into mouse pronuclei. Science 214:
1244–1246

34. Melo EO, Canavessi AMO, Franco MM,
Rumpf R (2007) Animal transgenesis: state
of the art and applications. J Appl Genet 48:
47–61

35. Bertolini LR, Meade H, Lazzarotto CR et al
(2016) The transgenic animal platform for
biopharmaceutical production. Transgenic
Res 25:329–343

36. Hammer RE, Pursel VG, Rexroad CEJ et al
(1985) Production of transgenic rabbits,
sheep and pigs by microinjection. Nature
315:680–683

37. Moura MT, Nascimento PS, Silva JCF, Deus
PR, Oliveira MAL (2018) The evolving pic-
ture in obtaining genetically modified live-
stock. Anais Da Academia Pernambucana De
Ciência Agronômica 13:145–169
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(2004) Generation and phenotypic analysis
of a transgenic line of rabbits secreting active
recombinant human erythropoietin in the
milk. Transgenic Res 13(5):487–498

130. Jongen SP, Gerwig GJ, Leeflang BR et al
(2007) N-glycans of recombinant human
acid α-glucosidase expressed in the milk of
transgenic rabbits. Glycobiology 17(6):
600–619
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Chapter 7

Mouse Cloning Using Outbred Oocyte Donors and Nontoxic
Reagents

Sayaka Wakayama, Yukari Terashita, Yoshiaki Tanabe, Naoki Hirose,
and Teruhiko Wakayama

Abstract

Somatic cell nuclear transfer (SCNT) technology has become a useful tool for animal cloning, gene
manipulation, and genomic reprogramming research. However, the standard mouse SCNT protocol
remains expensive, labor-intensive, and requires hard work for many hours. Therefore, we have been trying
to reduce the cost and simplify the mouse SCNT protocol. This chapter describes the methods to use
low-cost mouse strains and steps from the mouse cloning procedure. Although this modified SCNT
protocol will not improve the success rate of mouse cloning, it is a cheaper, simpler, and less tiring method
that allows us to perform more experiments and obtain more offspring with the same working time as the
standard SCNT protocol.

Key words Cloning, ICR, Latrunculin A, Nuclear transfer, Outbred strain, PLCζ

1 Introduction

Since the cloning of Dolly the sheep, which was first reported in
1997 [1], many mammalian species have been successfully cloned
using somatic cell nuclear transfer (SCNT). However, due to the
low success rate of cloning, this technique has not yet been applied
to industrial or agricultural practices. For this reason, efforts have
been made in many laboratories to understand the mechanisms of
reprogramming and increasing cloning efficiency. One obstacle in
studying reprogramming is its technical difficulty to perform
SCNT. The process of SCNT is complicated and labor-intensive,
which takes a long time. In general, the mouse SCNT method
involves several steps in the nuclear transfer and in the activation
of the reconstructed oocytes and culture of embryos with cytokine-
sis and histone deacetylase inhibitors (HDACi) [2, 3]. Nuclear
transfer techniques were earlier significantly improved by develop-
ing a new method in which the nuclei were directly injected into
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oocytes using a Piezo impact drive unit rather than via cell fusion
[3, 4]. However, the other processes have not been improved.
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In the standard method, cytochalasin B (CB) is used as a
cytokinesis inhibitor, essential for SCNT to prevent unwanted hap-
loidization of the donor cell. However, due to its toxicity, the
embryo must be washed completely from CB at 6 h after the oocyte
activation. On the other hand, when the HDACi trichostatin A
(TSA) was added in a culture medium, the efficiency of the mouse
cloning could be enhanced by up to fivefold [2, 5–7]. However,
TSA also has a toxicity to embryo development; therefore, the
embryo must be washed completely by TSA at 10 h after oocyte
activation [8]. Thus, to complete all SCNT processes, it takes 16 h,
usually from 7 am to 11 pm (Fig. 1a), which can be tiring. To
simplify this method, we have examined the effect of latrunculin A
(Lat A) on SCNT because it has less toxicity to the cells. When CB
was replaced with Lat A, the reconstructed embryos could be
cultured with Lat A up to 10 h without changing the medium at
6 h after activation (Fig. 1b). Therefore, it would allow the experi-
mentalist to rest for some time during the SCNT protocol. Inter-
estingly, this method not only skipped one step but also slightly
increased the mouse cloning success rate without epigenetic mod-
ifications [9, 10]. These results suggest that the cloning efficiency
could be enhanced by either correcting epigenetic abnormalities or
technical improvements.

Recently, we also succeeded in reducing one more step from
the SCNT method, which is the oocyte activation treatment. Orig-
inally, reconstructed oocytes have to be activated with an artificial
activation stimulus (usually SrCl2) instead of fertilization stimulus
by spermatozoa to initiate embryo development. By this step, some
of the reconstructed oocytes die (approximately 10%). In addition,
it is also conceivable that this artificial activation may contribute to
the low success rate of mouse cloning. Therefore, we tried to
activate reconstructed oocytes by sperm-specific phospholipase Cζ
(PLCζ), which could mimic the natural process of fertilization
[11, 12]. The cRNA of PLCζ was co-injected with donor nucleus
into enucleated oocytes. As a result, it was found that most of all
reconstructed oocytes were activated without any additional treat-
ment and without oocytes lysis during activation (Fig. 1c). Unfor-
tunately, although this method activates the reconstructed oocyte
more naturally, the success rate of mouse cloning did not increase,
suggesting that the artificial activation did not contribute to the low
success rate of cloning [13].

On the other hand, cloned mice can now be generated from
donor cells both from hybrid (F1) mice and inbred mouse strains
[6]. However, recipient oocytes have to be collected only from F1
mice, such as BDF1 or BCF1 [14]. If F1 mice were produced in our
mouse facility, there is a risk of mixing the parents and F1 offspring
(BDF1 and B6 have the same coat color). Therefore, it is safer and



more reliable to purchase F1 mice, although this is more expensive.
For this reason, we examined the potential of ICR (outbred strain)
oocytes and whether they can be used as recipient oocytes instead
of F1 oocytes. The advantage of ICR is not only its ability to breed
easily, but it also has a large litter size to produce many offspring.
Moreover, ICR oocytes showed that the cytoplasm was transparent,
the metaphase II spindle was clearly visible, and that it was easy to
be removed from oocytes (Fig. 2). Although the success rate of
mouse cloning was slightly reduced, the clone-specific epigenetic
abnormality in cloned embryos was the same as when using F1
oocytes [15]. The use of ICR or outbred strains for research will
allow laboratories to participate in the study of reprogramming
without huge research funds. Here, we describe our mouse cloning
protocol using outbred oocyte donors and nontoxic reagents.
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ICR oocytes

BDF1 oocytes

Fig. 2 Oocytes derived from ICR and BDF1 mouse strains. Upper suggested
oocytes of ICR strain and lower suggested oocytes of BDF1 strain (black arrow:
MII spindle)

2 Materials

2.1 Equipment 1. Inverted microscope with Hoffman or Nomarski optics.

2. Micromanipulator set.

3. Microforge.

4. Pipette puller.

5. Glass pipettes.

6. Warm plate.

7. Piezo impact drive system.

8. Humidified incubator set at 37 °C, 5% CO2 in air.

9. Tissue culture hood.

10. Centrifuge.

11. Spectrophotometer.

2.2 Mouse Strains 1. Donor nucleus: The most popular hybrid mouse strains such as
B6D2F1 (C57BL/6·DBA/2) or B6C3F1 (C57BL/6·C3H/
He) can be used as donors. Inbred strains such as C57BL/6 or
C3H/He can be used, but they have a lower embryonic devel-
opment rate than hybrid strains [14, 16].
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2. Recipient oocytes (B6D2F1): F1 mice (approximately 2–-
3 months old) are the preferred sources of oocytes but are
expensive and difficult to be produced in a laboratory by the
care of students.

3. Recipient oocytes (ICR) (alternative method): ICR mice
(approximately 2–3 months old, same as F1) can also be used
as recipient oocytes [15]. The ICR oocytes were very translu-
cent, and the metaphase spindles are easier to find than BDF1
oocytes. ICR mice can be produced from a mouse facility at a
very low cost and even with the care of students.

4. Recipients, foster mother, and vasectomized male mice: The
ICR strain is used to generate pseudopregnant surrogate
mothers, lactating foster mothers, and vasectomized males.

2.3 Media and

Solutions

1. Strontium chloride (SrCl2) stock solution: 100 mM (20× stock
solution). Dissolve SrCl2·6H2O in distilled water (DW) to
make up a total volume of 100 mM and store in aliquots at
room temperature. The final concentration will be 5 mM.

2. EGTA stock solution (option, if Ca-free CZB is not available):
40 mM (20× stock solution). Dissolve EGTA in DW to make
up a total volume of 40 mM and store in aliquots at 4 °C. The
final concentration will be 2 mM.

3. Cytochalasin B (CB) stock solution: 500 μg/mL (100× CB
stock solution). Add 2 mL DMSO to a vial with 1 mg CB. A-
liquot into small tubes (10–20 μL) and store at -30 °C. The
final concentration will be 5 μg/mL.

4. Lat A stock solution: 500 μM (100× Lat A stock solution). Add
475 μL DMSO to a vial with 100 μg Lat A. Aliquot into small
tubes (5–10 μL) and store at -30 °C. The final concentration
will be 5 μM [9]. This Lat A stock solution is optional and is
not used in this protocol.

5. TSA stock solution: 5 μM (100× TSA stock solution). Add
3.307 mL DMSO to a vial with 1 mg TSA to make a 1 mM
stock solution (first stock solution). Aliquot into small tubes
(5–10 μL and/or 200 μL) and store at -30 °C (1 mM TSA
stock solution). Then, take 2 μL of the first stock solution and
dilute with 398 μL of DMSO. Aliquot into small tubes
(5–10 μL) and store at -30 °C. The final concentration will
be 50 nM. This TSA stock solution is optional and is not used
in this protocol.

6. L + T (Lat A and TSA) stock solution: 5 μM TSA and 500 μM
Lat A (100× L + T stock solution). Take 3 μL of the first stock
solution of TSA and dilute it with 597 μL of DMSO (5 μM).
Add 475 μL of this solution to a vial with 100 μg Lat A
(500 μM) to make a final stock solution containing both TSA
and Lat A. Aliquot into small tubes (5–10 μL) and store at -
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30 °C. The final concentration will be 50 nM of TSA and 5 μM
of Lat A.

7. Mouse PLCζ-cRNA: cDNA sequences encoding PLCζ were
cloned into pCS2 [17, 18] and were used as templates for
cRNA synthesis [13]. cRNA was synthesized from the linear-
ized template plasmid by in vitro transcription. The synthesized
cRNA was polyadenylated with a poly(A) tailing kit. The cRNA
with poly(A) tail was precipitated using lithium chloride and
dissolved in nuclease-free water. After measuring the concen-
tration, aliquots of 400 ng/μLwere stored at-80 °C. The final
concentration will be 20 ng/μL.

8. Hyaluronidase: 10% (100× stock solution). Dissolve 0.1 mg of
hyaluronidase in 1 mL of HEPES-buffered Chatot, Ziomek,
and Bavister (H-CZB) medium. Aliquot into small tubes
(5–10 μL) and store at -30 °C. The final concentration will
be 0.1% concentration.

9. Pregnant mare serum gonadotropin (PMSG) and human
chorionic gonadotropin (hCG): 50 IU/mL. Dissolve PMSG
and hCG individually in normal saline and store in aliquots at
-30 °C.

10. Anesthetic stock solution: 0.75/4/5 mg/kg medetomidine/
midazolam/butorphanol mixed agents. Dissolve 1.875 mL
medetomidine (1 mg/mL), 2 mL midazolam (5 mg/mL),
and 2.5 mL of butorphanol (5 mg/mL) in 18.625 mL of
normal saline. The final volume will be 25 mL. Use 0.1 mL/
10 g of body weight. 0.75 mg/kg atipamezole (5 mg/mL) in
normal saline can be used to wake up the mice [19].

2.4 Culture Media 1. Oocytes and embryos culture media: CZBmedium [20] is used
for oocyte and embryo culture. H-CZB medium is used for
gamete handling and SCNT under air. H-CZB is not suitable
for use in a CO2 incubator. Ca

2+-free CZB medium is used for
oocyte activation.

2. Donor cell diffusion and nuclear collection medium: 12% poly-
vinylpyrrolidone (PVP: 360 kDa).

3. PLCζ-cRNA containing donor cell diffusion and nuclear col-
lection medium (PLC-PVP, alternative method): Add 2 μL of
PLCζ-cRNA stock solution to 38 μL of 12% PVP. The final
concentration will be 20 ng/μL (see Note 1).

4. Enucleationmedia: Add 2 μL of CB stock solution to 198 μL of
H-CZB medium. The final concentration of CB will be 5 μg/
mL.

5. Reconstructed oocyte activation, prevention of DNA loss and
reprogramming media (activation medium): Add 10 μL o
SrCl2 stock solution (final concentration, 5 mM) and 2 μL of
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L + T stock solution (final concentration, 5 μM Lat A and
50 nM TSA) to 188 μL of Ca2+-free CZB medium. If Ca2+-
free medium is not available, add 10 μL of EGTA stock solution
(final concentration, 2 mM) to 178 μL of CZB medium [21]
before adding the SrCl2 stock solution and L + T stock
solution.

6. Reconstructed oocyte prevention of DNA loss and reprogram-
ming media (reprogramming medium): If donor nucleus was
injected into oocyte with PLCζ-cRNA, reconstructed oocytes
could be activated without SrCl2 treatment. In this case, 2 μL
of L + T stock solution (final concentration, 5 μM Lat A and
50 nM TSA) to 198 μL of CZB medium should be used for
embryo culture.

2.5 Preparation of

Holding, Enucleation,

and Injection

Micropipettes

1. Pull the glass pipette by pipette puller.

2. Cut the tip of pipette at the appropriate diameter (see Note 2).

3. Bend all pipettes close to the tip (approximately 300 μm away)
at 10–25° (this will depend on the set up of the micromanipu-
lator) using a microforge.

4. Store pipettes in a 10 cm dish at room temperature for
many days.

5. Insert a small volume of PMMOperation Liquid into the back
of the pipette using a 1 mL syringe and a 30 G needle (approx-
imately 1–2 mm-long column), which will enhance the power
of the piezo unit. PMM Operation Liquid should be injected
into the pipette immediately before use because it will evapo-
rate within a day.

2.6 Preparation of

Media Dishes

1. Oocyte culture dish during manipulation: Place 20 (e.g., 4 × 5)
or more droplets of CZB medium (approximately 10 μL each)
on a 6 cm cell culture dish and cover this with sterile mineral oil
[22]. This dish is used for oocyte collection to artificial activa-
tion; thus, it must be prepared at the beginning of the protocol
and warmed in a 37 °C incubator with 5% CO2.

2. Manipulation chamber: The manipulation dish includes three
types of media: H-CZB, enucleation medium, and 12% PVP
medium. Each droplet should be 10–15 μL in volume, should
be placed on the top of a lid of a 6 cm dish (the bottom of the
dish cannot be used since the high edges will prevent the
appropriate pipette set up) as shown (Fig. 3a), and should be
covered with mineral oil. Drawing lines on the outside of the
dish will allow the user to easily distinguish the different types
of media.

3. Manipulation chamber with PLC-PVP (alternative method):
The manipulation dish includes four types of media: H-CZB,
enucleation medium, 12% PVP medium, and PLC-PVP



medium. Each droplet should be 10–15 μL in volume, should
be placed on the top of a lid of a 6 cm dish as shown (Fig. ),
and should be covered with mineral oil as same as above.
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Fig. 3 Manipulation dish and volume of the injected PVP. The lid of a 6 cm dish is used as a micromanipulation
chamber for SCNT. (a) Original manipulation chamber: this will be used for the Lat A method. (b) Simpler
manipulation chamber: this will be used for PLCζ-mRNA co-injection with donor nucleus

4. Oocyte activation and reprogramming dish: Place 12 (e.g.,
4 × 3) or more droplets of oocyte activation and reprogram-
ming medium droplets and 8 (e.g., 4 × 2) droplets of CZB
medium for washing embryos on a 6 cm dish [22]. Each
droplet should be 10–15 μL in volume. Following this, cover
this dish with mineral oil and draw lines to separate the droplet
types on the outside of the dish.

5. Reprogramming dish (alternative method): Place 12 (e.g.,
4 × 3) or more droplets of reprogramming medium droplets
and 8 (e.g., 4 × 2) droplets of CZB medium for washing
embryos on a 6 cm dish [22]. Each droplet should be
10–15 μL in volume. Following this, cover this dish with
mineral oil and draw lines to separate the droplet types on the
outside of the dish.

6. Culture dish: Place 12 or more droplets of CZB medium on a
cell culture dish. The top 8 droplets are used for embryo
washing and the last droplet is used for long-term culture of
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the embryos until they are transferred to recipient mice. Each
droplet should be 10–15 μL in volume. Following this, cover
this dish with mineral oil.

2.7 Micro-

manipulator Setup

1. Attach the holding pipette to a side of the micromanipulator.

2. On the opposite side, attach the enucleation pipette to the
pipette holder of the piezo unit and fix the piezo unit onto
the micromanipulator. The top of the pipette holder must be
screwed on tightly. If this is not screwed tightly, the cutting of
the zona pellucida of the oocyte by the piezo pulses will not be
smooth.

3. Expel any air and oil along with a few drops of PMMOperation
Liquid from the enucleation pipette for washing in PVP
medium.

4. Wash both the inside and outside of the pipette with PVP
medium until no oil remains (see Note 3).

3 Methods

3.1 Recipient Oocyte

Preparation

1. PMSG injection: BDF1 or ICR female mice (8–10 weeks) are
superovulated by an injection of 5 IU of PMSG into the
abdominal cavity 3 days before the experiment. Typically, this
is performed between 5 pm and 6 pm.

2. hCG injection: Those mice are then injected with hCG (5 IU)
48 h later (1 day before the experiment). Typically, this is
performed between 5 pm and 6 pm, the same as PMSG
injection.

3. Oocyte collection: Retrieve oocyte–cumulus cell complexes
from the oviducal ampullae at 14–15 h after hCG injection.

4. Hyaluronidase treatment: To remove cumulus cells from
oocyte, transfer oocyte-cumulus complexes into a 50 μL drop-
let of H-CZB containing 0.1% hyaluronidase (use 100× stock
solution) for 5 min.

5. Oocyte selection: Wash oocytes from hyaluronidase medium
using H-CZB twice and place them onto an oocyte culture dish
prepared as mentioned above (see Note 4). The number of
oocytes in a drop will depend on the level of skill and the type
of experiment (see Note 5).

3.2 Donor Cell

Preparation

1. Cumulus cells are the easiest to prepare as nucleus donors
because they can be collected and used immediately after
oocyte selection without washing. In addition, there is no
need to remove hyaluronidase from the medium [3].3.2.1 Preparation of

Cumulus Cells (Optional)
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2. Pick 1–3 μL of condensed cell suspension from hyaluronidase
medium by mouth pipette.

3. Place the cells in a PVP medium droplet inside the microma-
nipulation chamber (Fig. 3a).

4. Immediately after introducing the cells to PVP medium, mix
the cells with PVP medium gently but completely using sharp
forceps (seeNote 6). Take care not to scratch the bottom of the
chamber.

3.2.2 Preparation of Tail

Tip Fibroblasts (Optional)

1. Tail tip cells, probably fibroblast, have to be prepared 10 days
before the day of the experiment, and is not so easy to perform
nuclear transfer due to the quite hard cell membrane; these
cells can easily collect either male or female, young or adult,
wild or mutant mouse without special treatment [23].

2. Cut a part of the tail (at least 2 cm long) 2 weeks before the
planned nuclear transfer experiment.

3. Wash the tails carefully in 70% ethanol.

4. Remove the skin in a sterile tissue culture hood and cut the tail
into as many small pieces as possible (1–2 mm) in a 6 cm
plastic dish.

5. Culture the fragments in 10 mL DMEM in a 5% CO2, 37 °C
incubator until they are used. There is no need to passage the
cells if used within 2 weeks.

6. On the day of the experiment, remove the culture medium
from the dish or flask and wash them in Dulbecco’s
phosphate-buffered saline (D-PBS(-)).

7. Remove PBS and incubate in trypsin-EDTA for 20–30 min in a
37 °C incubator with 5% CO2 (see Note 7).

8. Add cell culture medium and triturate the cells to produce a
single-cell suspension. Spin down the cells in a centrifuge at
300 × g for 5 min.

9. Wash the cells at least three times by centrifugation with cell
culture medium. Trypsin is very toxic at the time of nuclear
injection; therefore, the donor cells must be washed
thoroughly.

10. Prepare a very concentrated cell suspension in cell culture
medium. The final volume should be less than 10 μL.

11. Mix the cells into PVP medium in the same manner as that
described for cumulus cells.

3.2.3 Preparation of

Embryonic Stem Cells

(Optional)

Embryonic stem cells (ESCs) are the popular cell type for NT
experiments because they have been demonstrated to yield the
best success rate in the production of full-term offspring. However,
ESCs are pluripotent cells and not differentiated somatic cells;



therefore, they are not appropriate for genomic reprogramming
experiments. In addition, each ESC line, even if from the same
genetic background, will react to this procedure to a different
degree and will yield different results for embryonic development
[24]. The number of passages of ESC lines will also affect the
success rate. The ESC preparation is the same as the tail tip fibro-
blasts above (see Subheading 3.2.2, steps 6–11).
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3.3 Donor Cell

Preparation Using

PLC-PVP Medium

(Alternative Method)

1. This method is almost the same as above except for the prepa-
ration of the donor cell. When this method was used, the
oocyte activation step could be skipped.

2. Add 2 μL of PLCζ stock solution to 38 μL of 12% PVP. The
final concentration will be 20 ng/μL (see Note 1). Take about
10–15 μL of this mixed medium and place it on the manipula-
tion chamber (see Subheading 3.2.3).

3. Pick 1–3 μL of condensed donor cell suspension the same as
cumulus cells or fibroblast.

4. Place the cells in a PLC-PVP medium droplet inside the micro-
manipulation chamber (Fig. 3b, PLC-PVP for donor cell diffu-
sion and oocyte activation).

5. Immediately after introducing the cells to PVP medium, mix
the cells with PVP medium gently but completely using sharp
forceps (seeNote 6). Take care not to scratch the bottom of the
chamber.

3.4 Enucleation of

Oocytes

1. Place one group of oocytes in a droplet of enucleation medium
into the micromanipulation chamber. Incubate for 5 min
before starting the enucleation because CB in the enucleation
medium can make the oolemma more flexible and reduce the
risk of oocyte lysis.

2. Find oocytes spindle inside ooplasm and rotate the oocyte so
that the spindle is placed between 8 and 10 o’clock positions
and then attach the oocyte firmly to the holding pipette (see
Note 8). Oocyte transparency is dependent on the mouse
strain; oocytes from B6D2F1 and ICR are more visible than
those from other strains (Fig. 2).

3. Using a few piezo pulses, cut through the zona pellucida; the
addition of a slight negative pressure inside the pipette will
increase the power of the pulses. To avoid damaging the
oocyte, ensure there is a large space between the zona pellucida
and the oolemma; this space should be approximately as thick
as the zona pellucida itself (see Note 9).

4. Insert the enucleation pipette into the oocyte without using
piezo pulses to avoid breaking the oolemma.
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5. Remove the MII spindle by aspiration with a minimal volume
of cytoplasm. Aspirating with a large volume of cytoplasm may
hamper embryonic development.

6. Pinch off the oocyte membrane and the MII spindle slowly,
drawing the needle out carefully until the oolemma seals (see
Note 10).

7. When all oocytes in the group have been enucleated, wash
them twice in CZB medium to remove CB completely.

8. Return them to the incubator in CZB medium for at least
30 min before starting donor cell injection. If CB is not
completely washed out, many oocytes will lyse after injection.

9. Intense concentration will be required in the next step (injec-
tion of somatic or ESCs); therefore, once all the enucleation of
oocytes is complete, short rest is advised before starting the
injection.

3.5 Donor Nucleus

Injection

1. Transfer a group (10–20) of enucleated oocytes into H-CZB
medium. The number of oocytes per droplet should depend on
the skill level of an individual, such that each group of injec-
tions is completed within 15 min.

2. Remove the donor nuclei from the cells by gently aspirating
them in and out of the injection pipette until each nucleus is
clearly separated from any visible cytoplasmic material. We
usually take up 5–10 nuclei simultaneously into each injection
pipette.

3. Move the injection pipette to the H-CZB droplet containing
the enucleated oocytes.

4. Stabilize an enucleated oocyte using a holding pipette and cut
the zona pellucida with a few piezo pulses (power level 2–3 and
speed 5–6).

5. Reduce the power level of the piezo unit (power level 1–2 and
speed 1) because the oolemma is weaker than the zona pellu-
cida and the survival rate of oocytes after injection will be better
with this reduced power.

6. Push one nucleus near the tip of the pipette while simulta-
neously advancing the pipette until it almost reaches the oppo-
site side of the oocyte cortex.

7. Apply only one reduced piezo pulse to puncture the oolemma
at the pipette tip. The puncture will be indicated by a rapid
relaxation of the oocyte membrane (see Note 11).

8. Immediately release the donor nucleus into the ooplasm with a
minimal amount of PVP medium. Gently withdraw the injec-
tion pipette from the oocyte (see Note 12).
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9. (Option) When donor nucleus were picked up from the
PLC-PVP medium, a small amount of PLCζ-cRNA (<1 pL)
was co-injected with donor nucleus into enucleated oocytes
(Fig. 3c) [13]. Therefore, reconstructed oocytes could be acti-
vated without any treatment (see Note 13).

10. When all the nuclei in the injection pipette taken up at step 2
procedure have been injected into the oocytes, wash the injec-
tion pipette in a PVP dish by expelling some PMM Operation
Liquid and applying power from the piezo unit. This washing
step is important to prevent the pipette from getting sticky (see
Note 3).

11. When a group of oocytes has been injected, keep the oocytes in
this drop for 10–15 min before transferring them into CZB
medium. During this period, the injection damage of oocyte
will be fixed completely (see Note 14).

12. Culture the surviving reconstructed oocytes for at least 30 min
in a 5% CO2 incubator before activation.

13. When the donor cell or nucleus is too large to inject into
oocytes, such as a nucleus from a cadaver, many injected
oocytes lyse immediately after injection. In this case, nuclear
injection should be performed in H-CZB with CB medium
and the hole of the membrane should be removed when with-
drawing the injection pipette, similar to that in case of MII
spindle enucleation.

3.6 Oocyte Activation

and Embryo Culture

1. The medium and culture dish should be prepared at least
30 min before use, and the dish must be placed in a CO2

incubator for equilibration.

2. Transfer the oocytes into the activation medium (see Subhead-
ing 2.4, item 5), wash them twice, and then culture them for
10 h in a 5% CO2 incubator at 37 °C.

3. After 10 h of activation, all embryos must be washed twice in
CZB medium droplets (see Note 15). This should be followed
by examination of the rate of oocyte activation. If SCNT and
activation are done properly, each oocyte should possess two or
three pseudo-pronuclei.

4. Move the cloned embryos to a new CZB medium dish for
long-term culture until the two-cell or blastocyst stage is
reached (see Note 16).

3.7 Embryo Culture

Without Oocyte

Chemical Activation

1. The medium and culture dish should be prepared at least
30 min before use, and the dish must be placed in a CO2

incubator for equilibration.
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2. 2. Transfer the reconstructed oocytes into the reprogramming,
wash them twice, and then culture them for 10 h in a 5% CO2

incubator at 37 °C.

3. Then, all embryos must be washed twice in CZB medium
droplets. If SCNT are done properly, each oocyte should pos-
sess two or three pseudo-pronuclei.

4. Move the cloned embryos to a new CZB medium dish for
long-term culture until the two-cell or blastocyst stage is
reached.

3.8 Embryo Transfer 1. Foster mothers will be generated by mating the estrous ICR
female mice with normal males on the same day or 1–2 days
before the experiment. These mice would have delivered off-
spring before the full-term development of cloned pups. Then,
lactating mothers will be used to care for the cloned pups
delivered by cesarean section at E19.5. Foster mothers are
necessary for cloned pups because the cloned mice litters will
be too small to stimulate natural delivery in surrogate mothers
[25, 26].

2. Pseudopregnant mothers will be prepared by mating estrous
ICR female mice with vasectomized males on the same day as
that of the experiment.

3. Cloned embryos can be transferred at different stages.
Embryos at the two-cell (24 h after NT) or four- to eight-cell
(48 h after NT) stage can be transferred into the oviducts of the
recipients at 0.5 days post copulation (dpc). On the other hand,
morulae/blastocysts (72 h after NT) or blastocysts (96 h after
NT) can be transferred into the uterus of pseudopregnant mice
at 2.5 dpc.

3.9 Cesarean Section 1. Euthanize the surrogate mother at 18.5 or 19.5 dpc (usually at
19.5 dpc for cloned fetuses but at 18.5 dpc for fertilized
fetuses).

2. Quickly open the abdomen with a pair of sharp scissors.

3. Remove the uterus and dissect the cloned pups with their
placentas.

4. Carefully wipe away the amniotic fluid from the skin, mouth,
and nostrils.

5. Stimulate the pups to breathe by rubbing their backs or pinch-
ing them gently with blunt forceps (see Note 17).

6. Place the pups warm on a 37 °C hotplate until the pup become
red and active.

7. Remove the foster mother from her cage.
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8. Take some soiled bedding from the cage and nestle the cloned
pups in the bedding material so that they take on the odor of
the bedding.

9. Mix the cloned pups with some of the pups from the foster
mother’s litter and then retrun the foster mother.

4 Notes

1. PVP is too dense to be measured accurately. However, the
concentration of PLCζ-cRNA is sufficient to activate oocytes;
thus, some error is not a problem.

2. For the holding pipette, the outside diameter (OD) should be
smaller than that of the oocyte (e.g., OD, 70–80 μm; inner
diameter (ID), 10 μm). ID of the enucleation pipette should be
8–10 μm. ID of the injection pipette depends on the nucleus
donor cell type: 5–6 μm for blood-derived cells, 6–7 μm for
cumulus cells, 7–8 μm for fibroblasts or ESCs, and 8–9 μm for
naked nucleus injection. Modified pipettes can also be ordered
from several companies to save time.

3. During micromanipulation, the pipette could become sticky.
The condition of the pipette is very important; it will affect not
only oocyte survival rate but also embryo development after
NT. To avoid this problem, wash the pipette in PVP medium
completely; PVP will cover both the inside and the outside of
the pipette to keep the surface slick. Without this step, the
pipette soils rapidly and needs to be changed often.

4. Some practice is necessary to select good oocytes. Those
oocytes possess large cytoplasm compared to bad ones.

5. We recommend that all the oocytes in a droplet should be
manipulated within 15 min. If you are a beginner, place
approximately 5 oocytes per drop, and if you have enough
experience, place approximately 20 oocytes per drop.

6. When donor cells are transferred to the PVP droplet, mix them
with PVP medium using sharp tweezers for at least 30 s. If the
donor cells are not mixed thoroughly with PVP medium, they
will aggregate and it will be difficult to isolate single cells. ESCs
are particularly sensitive and fragile in PVP medium; therefore,
it is better to make a new ES cell suspension every 30 min.

7. Fibroblasts have one of the toughest cell membranes, which are
very difficult to break. If you fail to break the cell membrane
before injection into oocytes, the reconstructed oocytes will
not form pseudo-pronuclei after activation. Fibroblasts treated
with trypsin for 20–30 min will have cell membranes that are
more capable of breaking, thereby increasing the rate of



166 Sayaka Wakayama et al.

pseudo-pronuclear formation compared with that by usual
trypsin treatment.

8. The key point in the enucleation step is finding the metaphase
II (MII) spindle of the oocyte. It can be identified using
Nomarski differential interference or Hoffman modulation
contrast optics. Although you can use Hoechst DNA dyes to
stain the nuclei, they are harmful to the oocyte and hamper
embryonic development [27]. Sometimes, if you cannot detect
the MII spindle at the enucleation step, then the oocytes
should be cultured in a 37 °C incubator for approximately
30 min. It has been shown that when oocytes are exposed to
room temperature, the spindle microtubules de-polymerize
and become difficult to visualize. However, when the oocytes
are warmed, the spindles become visible again.

9. When you use the piezo unit for the first time, it should be
tested whether you can cut the zona pellucida smoothly. If you
cannot do so, check the connection between the pipette and
the pipette holder. The top of the pipette holder must be
screwed on tightly. Expel all oil inside the pipette because this
might have reduced the power transmission of the piezo unit.
There should be a slight negative pressure inside the pipette to
enhance the power of the piezo unit. In contrast, if the power is
too strong even at the lowest setting, add a few drops of oil
inside the pipette to reduce the power.

10. TheMII spindle will appear like a small sphere under Nomarski
or Hoffman optics. Moreover, the spindle is harder than the
cytoplasm; therefore, the change in consistency will be felt
through the micromanipulator.

11. No piezo pulses should be applied until the pipette is near the
opposite side. If the piezo pulse is applied with the tip of the
pipette in the middle of the oocyte, the oocyte will die after
injection.

12. Sometimes, it becomes difficult to release the donor nucleus
from the pipette because the pipette may be too dirty; hence,
the pipette must be washed frequently using PVP medium.
This can be done by expelling some PMM Operation Liquid
and applying power from the piezo unit. Otherwise, the
pipette should be changed.

13. When PLCζ-mRNA was co-injected with a donor nucleus
using a large pipette, an extra PVP with PLCζ-mRNA was
recovered for the survival of the injected oocytes, with only a
small amount of PLCζ-mRNA remaining in the oocytes.

14. There are many factors that can induce oocyte lysis after injec-
tion, such as the pipette having a very large ID, the room
temperature being excessively high, or the pipette insertion
being too shallow. A large pipette causes the power of the
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piezo unit to greatly increase, which can increase the rate of
oocyte lysis. The process of NT should be performed at room
temperature (25–26 °C). Do not use a warm plate for the
microinjection process. The injection pipette must be inserted
deeply into the oocyte before applying the piezo pulse. The
rate of lysis will improve with training. If you are a novice, all
the oocytes will lyse immediately after injection. Typically, after
1 month of training, approximately 50% survival may be
observed, and after 1 year of practice, approximately 80% sur-
vival will be observed. Reconstructed oocytes should be placed
in H-CZB medium for at least 10 min. If they are transferred
into CZB medium immediately after injection, nearly 15% of
them will undergo lysis from the damage of injection.

15. It is impossible to completely avoid cloned embryo death
during activation. During strontium treatment, up to 10% of
the oocytes will die and the medium will become dirty. How-
ever, this is normal and the surviving oocytes are usually
undamaged. Therefore, check the activation medium with
fresh intact oocytes as necessary.

16. When the activation is complete, check the rate of pseudo-
pronuclear formation in the cloned embryos. If you cannot
confirm this formation, it means that the procedure has failed.
There are several reasons why oocytes do not form pseudo-
pronuclei. Usually, this is because of failure to break the donor
cell membrane or failure to activate oocytes. The injection
pipette must be smaller than the donor cell. If the donor cell
has a tough cell membrane (e.g., tail tip fibroblasts), apply a
piezo pulse to break the donor cell membrane at the time of cell
pickup or treat the cells with trypsin for a longer period.

17. To date, all cloned mice have been born with abnormal and
hypertrophic placentas, and they often die just after birth from
respiratory failure. At present, there is no way to avoid this
lethal phenotype.
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Chapter 8

Somatic Cell Nuclear Transfer in Rabbits

Pengxiang Qu, Wenbin Cao, and Enqi Liu

Abstract

Somatic cell nuclear transfer (SCNT) is a technology that enables differentiated somatic cells to acquire a
totipotent state, thus making it of great value in developmental biology, biomedical research, and agricul-
tural applications. Rabbit cloning associated with transgenesis has the potential to improve the applicability
of this species for disease modeling, drug testing, and production of human recombinant proteins. In this
chapter, we introduce our SCNT protocol for the production of live cloned rabbits.

Key words Cloning, Embryo, Nuclear transplantation, Oryctolagus cuniculus, Rabbit, Somatic cell
nuclear transfer

1 Introduction

Rabbits have great value in biomedical research as models for
human disease or drug discovery and testing [1, 2]. A number of
genetically modified rabbits, such as those expressing human liver
esterase, apolipoprotein, C-reactive protein, and other recombi-
nant proteins, have far-reaching significance in promoting the dis-
covery of new drugs [3]. Rabbits also have great potential for the
production of humanized therapeutic antibodies because of their
relatively small size, short reproductive cycle, and strong innate
immune response. The antibodies obtained from rabbits are spe-
cific, with high affinity, and easily purified [4]. However, several
applications remain restricted by the low efficiency of rabbit trans-
genesis by pronuclear injection or cloning [5].

Before the birth of the first cloned mammal by somatic cell
nuclear transfer (SCNT), rabbits were an important animal model
for cloning studies using embryonic donor cells [6–9]. Hence, the
first reported cloning experiment in mammals was carried out with
rabbits in 1975 [6]. The first cloned rabbit using SCNT was suc-
cessfully obtained in 2002 [10]. Similar to other animals, the
efficiency of rabbit cloning is very low [11–14]. In recent years,
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many achievements have been made in animal cloning, and the
abnormal reprogramming of cloned embryos is considered the
main reason for the low cloning efficiency [15, 16]. Previous stud-
ies showed that histone acetylation in donor cells and cloned
embryos correlated with their developmental potential, while the
synergistic effects of combined treatment with histone deacetylase
inhibitors (i.e., trichostatin A (TSA) and scriptaid (SCP)) on cloned
rabbit embryos may improve cloning efficiency [11, 17]. Our
research group found that selecting oocytes by the brilliant cresyl
blue staining and delivery of sperm-borne small RNAs increases the
in vitro developmental potential of cloned rabbit embryos. Further,
we found that melatonin protects cloned rabbit embryos from
electrofusion-mediated oxidative damage [18–20]. In this chapter,
we describe in detail our rabbit SCNT protocol.
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2 Materials

2.1 Equipment 1. Two incubators with 5% CO2.

2. Stereomicroscope with thermal plate.

3. Temperature-controlled thermal plate.

4. Micropuller (Sutter Instrument, Novato, CA, USA; P-97),
microforge (Narishige, Tokyo, Japan; MF-900), and micro-
grinder (Narishige, EG-401).

5. Micromanipulators for holding the oocyte (left) and the cell
injection system (right). The holding system is equipped with
an Eppendorf air pump (CellTram/air), and the injection sys-
tem is equipped with an Eppendorf oil pump (CellTram/oil).

6. Inverted microscope equipped with Oosight imaging system
(CRI, UK) and thermal plate.

7. BTX cell fusion system (BTX; Holliston, MA, USA; ECM830).

8. A microelectrode was constructed consisting of a 25 cm long
copper wire with a diameter of 100 microns passed through a
20 cm long plastic tube with an outer diameter of 3.5mm and
inner diameter of 2.5mm. The copper wire was fixed to the
plastic tube with glue so that electrostatic interference from the
plastic tubing and the micromanipulation system and operators
could be avoided. The copper wire was soldered to a 5 cm long
platinum wire curved at about 150°. A second electrode was
made in the same way, and each was attached to a micromanip-
ulator control system (Eppendorf, Saxony, Germany).

2.2 Tools and

Consumables

1. Sterile four-well dishes (MW4).

2. Sterile 96-well plates with flat-bottom.
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3. Glass capillaries for making holding pipettes (0.6 mm inner
diameter and 1.0 mm outer diameter) and injection pipettes
(0.8 mm inner diameter and 1.0 mm outer diameter).

4. Surgical instruments (e.g., scalpels, scissors, forceps, electric
shaver).

5. Microcapillary pipettes.

6. Glass-bottomed dishes (Will Co-Dish).

2.3 Media and

Solutions

1. Primary cell culture medium (DMEM20): Supplement Dul-
becco’s modified Eagle’s medium (DMEM) with 20% fetal
bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin.

2. Culture medium for cell passaging (DMEM10): Supplement
DMEMwith 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin.

3. Culture medium for serum starvation (DMEM05): Supple-
ment DMEM with 0.5% FBS, 100 U/mL penicillin, and
0.1 mg/mL streptomycin.

4. Phosphate-buffered saline (PBS): PBS+ containing 100 IU/
mL penicillin, and 0.1 mg/mL streptomycin (PBS+).

5. 0.25% trypsin solution.

6. Oocyte collection medium (OCM): Dulbecco’s phosphate-
buffered saline (D-PBS) with 5% FBS.

7. M2 medium: 95 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4,
1.2 mM MgSO4·7H2O, 23 mM sodium lactate, 0.3 mM
sodium pyruvate, 5.6 mM Glucose, 4.15 mM NaHCO3,
1.7 mM CaCl2·2H2O, 20.9 mM HEPES, and 4.0 mg/mL
BSA in ultrapure water. Adjust pH to 7.2–7.4, sterile filter
(0.22 μm), and store at 4 °C.

8. Hyaluronidase solution: Dissolve 0.5% (w/v) hyaluronidase in
M2 medium.

9. Micromanipulation medium (MM): Mix 7.0 mL M199 with
HEPES, 7.0 mL DPBS with 5% FBS, 1.0 mL FBS, 7.5 μg/mL
cytochalasin B, and store at -20 °C.

10. Cell fusion medium (CFM): Cytofusion medium C (BTX
press, Catalog no. 47).

11. Synthetic oviductal fluid (SOFaa): 110 mM NaCl, 7.168 mM
KCl, 1.191 mM KH2PO4, 0.4926 mM MgSO4·6H2O,
0.02824% sodium lactate, 0.3 mM sodium pyruvate,
1.498 mM glucose, 25.07 mM NaHCO3, 1.707 m
CaCl2·2H2O, 2.0% 50× essential amino acids solution (Gibco,
Grand Island, NY, USA; Lot no.1916660), 1.0% 100× nones-
sential amino acids solution (Gibco, Lot no. 1927136), and
8.0 mg/mLBSA in ultrapure water. Adjust pH to 7.2–7.4, filter
through a 0.22 μm filter, and store at 4 °C for up to 1 month.
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12. Oocyte activation medium (OAM): SOFaa containing 5.0 μg/
mL cycloheximide and 2.0mM 6-dimethylaminopurine (6-
DMAP).

13. Cell freezing medium: 10% DMSO, 20% FBS, and
70% DMEM.

2.4 Preparation of

Micromanipulation

Pipettes

1. Place a glass capillary (0.6 mm inner diameter and 1.0 mm
outer diameter) in the micropuller. Set the instrument to a
pressure (P) of 500, heat (H) of 655, pull ( p) of 30, velocity
(V) of 120, and time (T) of 200 (see Note 1).

2.4.1 Holding Pipette
2. Start the instrument to pull the pipette, which leads to melting

of the glass capillary with the heating plate, and division of the
capillary into two pipettes with tips with adequate diameters.

3. Place the tapered pipette tip close to the end of the left index
finger and scratch this part (150–180 μm diameter) with a
grinding wheel held in the right hand.

4. Break off the tip of the pipette above the scratch and examine it
under the microscope to see whether the diameter is appropri-
ate and with a blunt tip.

5. Place the pipette in the microforge with its tip near the glass
sphere. Turn on the instrument and place the pipette tip near
the heated sphere (the contact between the two should be at
site with adequate inner diameter). The pipette tip will melt
down, when it is necessary to turn off the heating. The pipette
will break on the site in contact with the sphere, thus making a
blunt tip with a 20–30 μm inner diameter.

6. Bend the 2–3 mm pipette tip to 30° using the microforge, then
subject it to heat at 150° for sterilization and keep it in a
sealed box.

2.4.2 Injection Pipette 1. Place a glass capillary (0.8 mm inner diameter and 1.0 mm
outer diameter) in the micropuller. Set the instrument to the
following parameters (P = 500, H = 665, p = 0, V = 30, and
T = 250), which are afterward changed to the following para-
meters (P= 500,H= 665, p= 80,V= 60, and T= 200). Start
the instrument to pull the capillary into two injection pipettes
(see Note 2).

2. Break the pipette at a 15–18 μmdiameter using the microforge.
Sharpen the pipette tip at 45° with the microgrinder, thus
creating a beveled tip. Wash the pipette with distilled water
and expel the liquid from the needle with a no-load syringe to
remove glass fragments and other debris, and then pull the tip
of the pipette head to make it sharp.

3. Bend the tip 2–3 mm from the end to 30° with the microforge,
sterilize at 150°, and store the holding pipette.
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2.5 Micro-

manipulation Setup

1. Prepare an embryo culture dish with nine 50 μL SOFaa dro-
plets in a 60 mm dish. Cover the droplets with mineral oil and
put them in the incubator with 5% CO2, saturated humidity at
38 °C no less than 2 h.

2. Add 400 μL SOFaa in each well of a four-well dish, cover with
mineral oil, and put the dish in the incubator with 5% CO2,
saturated humidity at 38 °C no less than 2 h.

3. Prepare the micromanipulation dish by placing three 20 μL
MM droplets (labeled as A, B, and C) and one 5% polyvinyl-
pyrrolidone (PVP) droplet (D) on the glass bottom of a 35 mm
dish and cover with mineral oil. Put the dish on the thermal
plate of the inverted microscope set to 38 °C. Turn on the
Oosight imaging system and the micromanipulation system.
Prepare the dish and turn on the equipment 2 h before experi-
ment onset.

4. Mount the holding pipette in the left pipette holder of the
micromanipulator, and the injection pipette in the right pipette
holder of the micromanipulator (Fig. 1).

5. Insert the end of the holding pipette into an MM droplet and
adjust it such that it lies horizontally on the bottom of the
micromanipulation dish.

Fig. 1 Micromanipulation and cell fusion setup: (a) BTX cell fusion system; (b, c) microelectrodes; (d) thermal
plate; (e, f) micromanipulators
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6. Place the injection pipette tip into the droplet and adjust it such
that it lies horizontally on the bottom of the micromanipula-
tion dish. Wash the injection pipette several times by aspirating
and draining small amounts of PVP, thus lubricating the pip-
ette’s inner wall. Then, wash the pipette with mineral oil, and
then with PVP once more (see Note 3).

7. Adjust the microscope stage so that both holding and injection
pipettes are in the same MM droplet. Then, aspirate a small
volume of MM into both pipettes.

3 Methods

Experiments with live animals must be in accordance with institu-
tional and national regulation oversight. All oocyte or embryo
washes described below must be in fresh medium droplets.

3.1 Preparation of

Donor Cells

1. Several cell types (e.g., cumulus cells, fibroblasts) are suitable
for rabbit cloning by SCNT. Fetuses or live animals may pro-
vide donor cells. For deriving primary fibroblast, skin samples
are taken from the ear or the abdomen.3.1.1 Isolation of Primary

Fibroblast Cells
2. Disinfect the rabbit ear with 75% ethanol, and cut off a 10 mm2

biopsy of skin tissue with sterilized scissors. Wash repeatedly in
PBS+.

3. Remove hair, fat, and connective tissue from the skin biopsy.
Cut the skin fragment into 1.0 mm3 pieces with ophthalmic
scissors on a sterile 60 mm cell culture dish.

4. Digest the pieces with 0.25% trypsin in the incubator at 38 °C
for 50 min, agitating gently in 10 min intervals. Apply gentle
pipetting to dissociate the tissue.

5. Collect dissociated cells by centrifugation at 300 g for 5 min
and resuspend in 3.0 mL DMEM20. Plate 1.0 × 106 cells/mL
in a 60 mm cell culture dish and incubate in 5% CO2, with
saturated humidity at 38 °C.

6. After 2 days, observe the culture for cell adhesion (i.e., viabil-
ity) and explant outgrowth.

7. Replace 1.5 mL of culture media with fresh DMEM20 every
2 days.

8. When the cell culture reaches 80–90% confluence, passage
(subculture) using a 1:2 or 1:3 split as described above (see
step 5). Transfer an aliquot into a freezing tube and place the
freezing tube at 4 °C for 10 min, then at -20 °C for 30 min,
and then at-80 °C for 16 h, and finally freeze aliquots in liquid
nitrogen (-196 °C).
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3.1.2 Culture of

Fibroblast Cells

1. Remove the DMEM20 with sterile glass pipette and wash twice
with PBS-.

2. Add 1.0 mL 0.25% trypsin (trypsin) and culture in the incuba-
tor for 1–2 min. When the cells begin to round up and detach
from the dish, add 1.0 mLDMEM10 to inhibit trypsin activity.

3. Apply gentle pipetting to dissociate cell clumps into single cells,
centrifuge at 1000 g for 5 min, discard supernatant, and resus-
pend cells in 1.0 mL DMEM10.

4. Fibroblasts at passages 3–13 are cultured to 100% confluence
on 96-well plates, and then serum-starved (cell synchroniza-
tion at G0) by incubation in 100 μL DMEM05 for 2–5 days.

5. Prepare donor cells before the oocyte reconstruction step.
Dissociate fibroblasts with trypsin for 1–2 min, then inhibit
trypsin by adding 1.0 mL DMEM10, centrifuge at 1000 g for
5 min, and discard the supernatant.

6. Add 50 μL MM and resuspend the cells for oocyte enucleation
and reconstruction.

3.2 Oocyte Collection

and Denuding

Give preference to mature New Zealand rabbit does (>6 months
old) weighing 3.5 kg as oocyte donors. Healthy multiparous does
(>9 months old) are optimal as recipient females for cloned
embryos.

1. Inject 80 IU pregnant mare serum gonadotropin (PMSG)
subcutaneously into female rabbits, and inject 100 IU human
chorionic gonadotropin (hCG) intravenously 96 h later (see
Note 4).

2. Anesthetize the rabbits 12 h after the hCG injection with
intravenous injection of 25 mg ketamine and 5.0 mg
medetomidine.

3. Make sure animals are under anesthesia and perform an incision
in the flank of the animal and pull out the oviduct from the
body cavity (see Note 5).

4. Insert a syringe loaded with 5.0 mL OCM into the oviduct
proximal to the uterotubal junction. Place the other end of the
oviduct into a 15 mL tube and flush the contents of the oviduct
into the tube.

5. Allow the flushed liquid containing cumulus-oocyte complexes
stand for 5 min, then carefully remove the supernatant and
incubate the sediment with hyaluronidase solution for 5 min.

6. Apply gentle pipetting with a 1.0 mL pipetter (~200 μm diam-
eter of pipette tip) to remove cumulus cells (see Note 6).

7. Collect denuded oocytes under a stereomicroscope and trans-
fer them into OCM. Place oocytes on a thermal plate at 38 °C
for SCNT.
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3.3 Somatic Cell

Nuclear Transfer

1. Start the Oosight imaging system, adjust the microscopic field
of vision at droplet A, and set the background.

3.3.1 Oocyte Enucleation 2. Transfer 20–30 oocytes into droplet A and move the oocytes to
the area above the holding and injection pipettes. Gently suc-
tion one oocyte to the holding pipette and rotate it to make the
oocyte spindle at the 1 o’clock position in a clock’s face (see
Note 7).

3. Quickly insert the injection pipette from the 3 o’clock position
and gently aspirate the oocyte spindle and the polar body with
the injection pipette controlled by the oil-pressured system.

4. Release the oocyte gently from the holding pipette using the
air-pressured system. Move it to the area below the holding
pipette with the injection pipette and repeat the procedure with
other oocytes (see steps 3 and 4).

5. Select all viable enucleated oocytes with intact membrane for
the oocyte reconstruction step. Turn off the power to the
Oosight imaging system.

3.3.2 Oocyte

Reconstruction

1. Adjust the field of vision of the inverted microscope at droplet
B on bright-field (200×).

2. Add 10–20 μL donor cell suspension into droplet B and allow it
to stand for 5 min. Gently draw up 5–10 donor cells into the
injection pipette (see Note 8).

3. Adjust the microscope stage to bring-field on droplet A, then
inject one donor cell into the perivitelline space of each enu-
cleated oocyte (see Note 9).

4. Release gently the cell couplet with the holding pipette. Move
the cell couplet to the area above the holding pipette with the
injection pipette and then proceed to the next enucleated
oocyte (see steps 3 and 4).

5. Transfer all cell couplets to a 50 μL SOFaa droplet after com-
pletion of oocyte reconstruction. Wash couplets three times in
50 μL SOFaa droplets.

6. Transfer cell couplets to a 50 μL SOFaa droplet and incubate in
5% CO2, saturated humidity at 38 °C for 30 min.

3.4 Cell Fusion 1. Place four CFM droplets (A–D) in a 60 mm dish and cover
droplets with mineral oil. Put the dish on the microscope
thermal plate set at 38 °C.

2. Mount the microelectrodes in the metal pipette holders of the
micromanipulators and insert the microelectrode into the
droplet and adjust it such that it lies horizontally on the bottom
of the micromanipulation dish. Connect the microelectrodes to
the BTX stimulator (Fig. 1) and program the instrument for
three 20 μs DC pulses at 24 V (see Note 10).
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3. Transfer cell couplets from the SOFaa droplet to droplet A with
microcapillary pipettes. Wash cell couplets with three CFM
droplets (A–C) for 6 min (2 min in each droplet). Transfer
cell couplets to droplet D for fusion (see Note 11).

4. Move cell couplets to the area above the microelectrodes, so
that they line up vertically with the microelectrodes (see
Note 12).

5. Gently clamp a cell couplet with the microelectrodes to main-
tain contact with the cell membrane and run the preset pro-
grams (Fig. 1). Then, move the cell couplet to the area below
the microelectrodes (see Note 13).

6. Process the next cell couplet as described above (see steps 4
and 5).

7. Wash cell couplets three times in SOFaa droplets after cell
fusion and transfer them to a SOFaa droplet at 38 °C for
30 min (see Note 14).

8. Check for fusion events (i.e., absence of donor cell attached to
the enucleated oocyte) and subject fused couplets to chemical
activation.

3.5 Oocyte Activation 1. Put an OAM droplet (A) and three SOFaa droplets (B–D) in a
35 mm dish, cover the droplets with mineral oil, and place
them in the incubator with 5% CO2, saturated at 38 °C.

2. Place fused couplets into the OAM droplet and incubate with
5% CO2, saturated at 38 °C for 1 h.

3. Wash cloned embryos three times in SOFaa droplets B–D.

3.6 Embryo Culture 1. Transfer 30–40 cloned embryos per well in the four-well
embryo culture dish and incubate with 5% CO2, saturated at
38 °C for culture.

2. Perform embryo culture for 1 day (22–24 h) before embryo
transfer or 5 days (120 h) to determine blastocyst rates.

3.7 Embryo Transfer 1. Prepare two recipient rabbits (one recipient for 20 cloned
embryos) immediately after the onset of cloned embryo cul-
ture. Inject 80 IU hCG intravenously into each recipient doe
(see Note 15).

2. Twenty-three hours after activation, place four SOFaa droplets
(A–D) in a 35 mm dish and put them in the incubator with 5%
CO2, saturated humidity, and 38 °C at 23 h post-activation (see
Note 16).

3. Select cloned embryos with normal cleavage and morphology
for embryo transfer at 24 h post-activation. Wash embryos in
droplets A–C to remove oil carryover. Maintain the dish with
embryos on thermal plate at 38 °C (see Note 17).
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4. Inject a mixture of 25 mg ketamine and 5 mg medetomidine
intravenously into each recipient rabbit (see Note 18).

5. Place the rabbit under anesthesia on the operating table lying
on its side. The operation field is usually located 3 cm from the
posterior edge of the rib arch and 5 cm from the spine.

6. Shave the surface area to expose the skin, cover with a sterile
drape, and disinfect with alcohol and iodophor. Make a small
incision through the skin, muscle, and peritoneum in turn, and
pull the adipose tissue surrounding the ampulla out of the body
cavity.

7. Use a small amount of medium from droplet D followed by a
small amount of air, and load the selected embryos from drop-
let C. Draw a small amount of air with the microcapillary
pipette (see Note 19).

8. Insert the microcapillary pipette loaded with cloned embryos
into the ampulla and inject them into the oviduct.

9. Put the tissue back into the body cavity and close the incision.

10. Place the recipient rabbit in a heat preservation box after the
operation and monitor until normal activity has resumed.

3.8 Caesarean

Section

1. Place pregnant recipient rabbits into breeding cages with
padding 28 days after embryo transfer. Perform kit delivery
by caesarean section on day 30 after embryo transfer.

2. Begin kid delivery by injecting a mixture of 25 mg ketamine
and 5 mg medetomidine solution intravenously recipient rab-
bit. Place the recipient rabbit under anesthesia on the operating
table in a supine position. Locate the operation field at the
posterior midline of the umbilicus.

3. Shave the body surface area to expose the skin and cover with a
sterile drape. Disinfect with 70% ethanol and iodophor. Make
an incision through the skin, muscle layer, and peritoneum.
Gently pull one uterine horn. Place a gauze pad soaked with
warm saline solution between the uterine horn and the abdom-
inal wall incision.

4. Make a longitudinal 2–3 cm incision at the curvature of the
uterine horn near the uterine body (be careful to avoid damag-
ing blood vessels).

5. Gently squeeze out the rabbit kits from the uterus and place
them on a clean cotton towel. Remove mucus from mouths
and noses.

6. Cut the umbilical cord 1.0 cm from the abdomen of the rabbit
kit and disinfect the cut with 5% iodine tincture.

7. Squeeze uterine horns after recovering all cloned kits to dis-
charge residual blood and placental fragments.
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8. Wash the area with warm saline solution at 37 °C. After wash-
ing, sprinkle about 100 mg penicillin and streptomycin on the
uterus and uterine incision.

9. Insert the uterus into the body cavity and close the incision.

10. Place the recipient mother and cloned kits in heat preservation
box after surgery and monitor them with good care.

11. Place the recipient mother next to cloned kits for suckling 2 h
after the caesarean section. Feed the kits twice a day as
described above until they are able to move about freely on
their own. Wean kits 40 days after birth and house them in
individual cages.

4 Notes

1. The parameters for making the holding pipettes are for refer-
ence only. The conditions (e.g., tension, heating, velocity,
time) should be adjusted according to the type of glass and
manufacturer of the micropuller. The holding pipettes can be
purchased ready-made from companies, and they can also be
made by a skilled hand without an instrument.

2. The parameters for making the injection pipettes are a starting
point. The difficulty in making suction/injection pipettes is
greater than for holding pipettes, and many researchers simply
buy them from companies.

3. If enucleation or injection steps are not smooth, the injection
pipette should be washed again with PVP.

4. Make sure rabbits are in a calm state before PMSG injections. If
rabbits were purchased from suppliers, allowed them to accli-
mate for 1 week after arrival before injection. Superovulation
may be adversely affected if the animals are under stress.

5. Oocyte collection should be carried out within 12–14 h after
the hCG injection (not earlier or later). Females are used more
than once.

6. Cumulus-oocyte complexes may adhere to the tube wall or the
surface of the supernatant. It is best to check the supernatant
under the microscope for oocytes before discarding it.

7. The spindle, polar body, and injection pipette should be in the
same plane.

8. Before drawing up donor cells, injection pipette should be
washed with PVP, and the number of cells should be limited
to 5–10 each time. The best distance between cells in the
injection pipette is ~100 μm.

9. Inject the donor cell into the perivitelline space and gently press
it against the oocyte cytoplasm to ensure contact between them
and to prevent cell adhesion to the zona pellucida.
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10. Eliminate static electricity from operators and equipment
before electrofusion to reduce its interference in fusion. Fusion
dish may be purchased from several manufacturers.

11. When the cell couplets are placed in droplet A, they may float
and stick to carryover oil droplets. Therefore, this step should
be performed slowly and carefully to prevent embryo loss. Set
the loading volume as small as possible when transferring
embryos to another droplet.

12. Align the cell couplets and place them above the microelec-
trodes. This makes it more convenient for rapid operation and
reduces damage from excessive electrical stimulation.

13. Gently contact the enucleated oocyte with the donor cell when
performing the cell fusion. Afterward, gently withdraw the
microelectrodes to release the cell couplets slowly. Never
release them abruptly.

14. Set the loading volume as small as possible when transferring
embryos to another droplet because residual fusion medium is
detrimental to embryonic development.

15. Multiparous female rabbits are the most suitable embryo reci-
pients. Rabbits can also be used during their natural estrous
cycle without estrus synchronization using PMSG and hCG
injections.

16. This droplet should not be covered with oil.

17. When transferring embryos to the droplet C, ensure that there
is no residual oil on the surface of the droplet. Select cloned
embryos with symmetrical blastomeres, in the absence of
fragmentation.

18. The anesthetic dosage (25 mg ketamine and 5 mg medetomi-
dine) is suitable for most rabbits within the 3.5–4.0 kg weight
range. If the anesthetic dosage was not sufficient, it can be
adjusted according to the actual situation.

19. The two-stage liquid loading method helps to avoid embryo
loss in the transfer pipette. The number of transferred embryos
should typically be 5–10 per ampulla, and the loading liquid
should be 10–20 μL per embryo pool/uterus horn.
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Chapter 9

Production of Cloned Pigs by Handmade Cloning

Gábor Vajta, Wen Bin Chen, and Zoltan Machaty

Abstract

Somatic cell nuclear transfer (SCNT) in pigs is a promising technology in biomedical research by association
with transgenesis for xenotransplantation and disease modeling technologies. Handmade cloning (HMC)
is a simplified SCNT method that does not require micromanipulators and facilitates the generation of
cloned embryos in large quantities. As a result of HMC fine-tuning for porcine-specific requirements of
both oocytes and embryos, HMC has become uniquely efficient (>40% blastocyst rate, 80–90% pregnancy
rates, 6–7 healthy offspring per farrowing, and with negligible losses and malformations). Therefore, this
chapter describes our HMC protocol to obtain cloned pigs.

Key words Cloning, Disease model, Handmade, Nuclear transfer, Nuclear transplantation, Pig,
Vitrification, Xenotransplantation

1 Introduction

In contrast to larger domestic animals such as cattle and horses,
cloning in pig production has limited value for breeding programs
due to the short generation interval and large litters. However, pigs
have unique physiological features that predispose them to be used
as animal models for human medical purposes [1]. Pigs also have a
relatively long lifespan, while their metabolism and organ features
(e.g., structure and size) are similar to humans. Further, the pig
genome is more similar to humans than commonly used laboratory
animals. In addition, humans have thousands of years of experience
in pig domestication and selective breeding, which is efficient and
inexpensive.

Pigs bred using traditional methods (i.e., non-transgenic) can
also be used for various purposes, including metabolic studies, drug
testing, or developing new surgical procedures. However, genetic
modification may considerably widen the fields of application. Pigs
are ideal candidates to become universal donors for organ trans-
plantation into humans (i.e., xenotransplantation) if the multiple
defense system in both the host and the graft can be neutralized.
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Changes in the pig genome (sequence or function) to harbor
human genetic disease variants may also help us to better under-
stand a number of human diseases, including Alzheimer’s disease
[2], Parkinson’s disease, diabetes [3, 4], and arteriosclerosis
[5]. Until recently, the only efficient way to produce transgenic
mammals was to perform the genetic modification in somatic cells
and use them as donors for somatic cell nuclear transfer (SCNT).
The introduction of new genome editing methods allows the pro-
duction of transgenic pigs using a one-step manipulation (i.e.,
microinjection of gene editing components into the zygote). How-
ever, some reports show that the procedure may have unwanted
effects due to off-target editing [6]. Hence, it seems safer to stick
with a two-step approach: to establish and screen for gene-edited
somatic cells without off-targets and to apply SCNT for generating
transgenic offspring.
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Handmade cloning (HMC) is a simple micromanipulator-free
SCNT method, initially applied to cattle [7, 8], then to various
domestic and wild species [9]. Its advantages are the outstanding
cost efficiency, relative ease of the procedure, high productivity
(i.e., reconstructed oocytes per cloning session), and low incidence
of pregnancy losses or malformations. Healthy cloned offspring
were also reported after oocyte delipation and cloned embryo
vitrification [10]. After a 10-year systematic improvement in the
pig HMC protocol, it has become uniquely suitable for the pur-
poses outlined above [11, 12]. Therefore, this chapter provides
detailed guidelines for the application of HMC to clone pigs from
somatic cells.

2 Materials

2.1 Equipment 1. Tissue culture hood.

2. A stereomicroscope with strong, focused illumination and
sharp contrast. A > 90 mm distance between the sample and
the objective is indispensable for manual bisection.

3. Heated stage and bench adjusted to 38 °C.

4. CO2 incubators: one with 5% CO2 and high oxygen tension
(~20% O2) and another with 5% CO2 and low oxygen tension
(5% O2).

5. Fusion machine (possible source: BLS, Budapest, Hungary;
www.bls-ltd.com).

6. Vortex with hard rubber and strong motor.

7. Centrifuge.

http://www.bls-ltd.com
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2.2 Tools and

Consumables

1. Embryo splitting blades (possible source: Minitüb, Germany).

2. Aggregation needles for microwell preparation, small diameter,
DN-09/B, BLS (as above).

3. Pulled, fire-polished glass pipettes and appropriate pipette aids
(see addendum).

4. Fusion chamber with 0.5 mm microslide (BTX model
450, 01-000209-01).

5. Small (35 mm) and medium (60 mm) plastic Petri dishes,
Nunc four-well dishes (Thermo Fisher Scientific, Waltham,
MA, USA).

2.3 Media and

Solutions

Unless otherwise indicated, chemicals were obtained from Sigma-
Aldrich, St. Louis, MO, USA.

1. T2 medium (T2M): Mix HEPES-buffered TCM-199
(H-TCM-199; cat. no. M7528) with 2.0% (v/v) adult cattle
serum (CS; cat. no. B9433). T20 medium (T20M): Mix
H-TCM-199 with 20% (v/v) CS.

2. PBS0: PBS without Ca++ and Mg++.

3. Cell culture medium (CCM): Dulbecco’s Modified Eagle’s
Medium (DMEM; Hyclone, SH30022.01B) supplemented
with 15% (v/v) fetal bovine serum (FBS), 1.0% MEM NEAA
(Gibco, 1228076), 1% glutamine (BBI, GB0224), and 1.0%
penicillin and streptomycin.

4. Cell freezing medium (CFM): CCM with 10% dimethyl sulf-
oxide (DMSO; cat. no. D2650).

5. HEPES-buffered Tyrode’s lactate medium (TL-HEPES): Add
114 mM NaCl, 3.2 mM KCl, 2.0 mM CaCl, 0.5 mM
MgCl2·6H2O, 2.0 mM NaHCO3, 0.4 mM NaH2PO4·H2O,
5.0 mM glucose, 10.0 mM sodium lactate, 0.1 mM sodium
pyruvate, 240 mg/100 mL HEPES, 10,000 units/100 mL
Sodium penicillin-G, 1 mg/100 mL phenol red, and BSA
3 mg/mL (add immediately before use).

6. In vitro maturation medium (IVMM): TCM-199 (Gibco
11150059) supplemented with 0.57 mM cysteine, 3.05 mM
D-glucose, 0.91 mM sodium pyruvate, 10 ng/mL epidermal
growth factor, 0.5 IU/mL ovine-luteinizing hormone,
0.5 IU/mL porcine follicle-stimulating hormone, 0.1% (w/v)
polyvinyl alcohol (PVA), 75mg/mL penicillin, and 50mg/mL
streptomycin.

7. Hyaluronidase solution: Dissolve 1.0 mg/mL hyaluronidase
(cat. no. H4272) in H-TCM-199. Sterile filter (0.22 μM),
prepare 500 μL aliquots, and store at -20 °C.

8. Pronase solution: Dissolve 10 mg/mL pronase (cat.
no. P8811) in H-TCM-199. Make 200 μL aliquots and store
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at -20 °C. Centrifuge at 16,000 g for 3 min after thawing and
collect 150 μL of the supernatant for further use.

9. Cytochalasin B (CB) solution: Dissolve 5.0 mg (CB; cat.
no. C6962) in 1.0 mL DMSO. Prepare 5.0 μL aliquots in
Eppendorf tubes. The final concentration of the working solu-
tion is 5.0 μg/mL.

10. Phytohemagglutinin (PHA) solution: Dissolve 5.0 mg/mL
(cat. no. L8754) in H-TCM-199. Make 20 μL aliquots and
store at-20 °C (seeNote 1). Centrifuge at 16,000 g for 3 min.
Collect supernatant for further use (see Note 2).

11. Cell fusion medium (CFM): Dissolve 10.93 g D-mannitol and
0.2 g PVA in 196 mL ultrapure water. Sterile filter (0.22 μM)
and store at -20 °C.

12. Embryo culture medium (PZM-3): Add 108 mM NaCl,
10 mM KCl, 0.35 mM KH2PO4, 0.4 mM MgSO4·7H2O,
25.07 mM NaHCO3, 0.2 mM Na-pyruvate, 2.0 mM Ca-(lac-
tate)2·5H2O, 1.0 mM L-glutamine, 5.0 mM hypotaurine,
20 μL/mL Basal Medium Eagle amino acids, 10 μL/mLMini-
mum Essential Medium nonessential amino acids, 0.05 mg/
mL gentamicin, and 3.0 mg/mL fatty acid-free bovine serum
albumin [13]. Adjust osmolarity (mOsm) to 288 ± 2 and pH
to 7.3.

2.4 HMC Setup 1. Prepare IVMM dishes with 0.5 mL IVMM per well of a four-
well dish and cover each well with 0.4 mL mineral oil. Incubate
dishes overnight with 5% CO2 and 5% O2 under saturated
humidity at 38.5 °C.

2. Prepare two embryo culture plates by adding 400 μL PZM-3
medium and 400 μL oil per well in NUNC four-well dishes on
the day before cloning. Incubate dishes overnight with 5% CO2

and 5% O2 under saturated humidity at 38.5 °C.

3 Methods

3.1 Donor Cell and

Embryo Culture Dish

Preparation

These methods are used to establish porcine primary fibroblast
cultures. Experiments with live animals must be performed in
agreement with institutional and national guidelines.

1. Restrain the donor animal (usually adult pigs).

2. Shave and sterilize:
Scrub an approximately 10 × 10 cm area of the ear lobe

with alcohol spray, both the front and back sides. Avoid places
with large blood vessels. Washed by hand, clean the dirt with a
scraper and wash with alcohol. Use tweezers to take alcohol
cotton balls to disinfect the scraped area three or four times,
each time with a new cotton ball.
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3. Biopsy:
Cut two pieces of tissue from the sterilized area with ear

clippers and transfer them to a 1.5 mL Eppendorf tube (first
tube) containing 1 mL sampling solution (PBS with 300 U/
mL penicillin and 300 U/mL streptomycin).

4. Skin removal:
Place samples in a 30 mm diameter Petri dish and remove

the skin from both sides by using two tweezers and a scalpel
(for practical reasons, two operators are preferred for this task).

5. Washing:
Add 2 mL washing solution (PBS with 100 U/mL penicil-

lin and 100 U/mL streptomycin) to a 30 mm Petri dish,
transfer one sample to the dish, and cut off the unclean areas
or those containing ear hair. Wash samples two or three times
in the same solution, then transfer them to a 60 mm Petri dish
containing a 500 μL drop of the same medium.

6. Cutting:
Cut the sample into 1 mm × 1 mm tissue pieces with

scissors, then add 4 mL cell culture medium (CCM). Shake
the dish to distribute the pieces evenly.

The whole sample processing has to be completed within
5 min.

7. Culture:
Culture in an incubator in 5% CO2 in an air atmosphere at

37 °C and maximum humidity for 7 days.

8. Passage/freezing:
After 7 days, check cultures for cell growth under an

inverted phase-contrast microscope. Perform passage, genetic
modification, and/or cryopreservation according to cell
growth and the purpose of your experiment.

3.2 Oocyte Collection

and In Vitro Maturation

(IVM)

It is indispensable to have an abattoir providing a safe supply of sow
ovaries (50–100 per day, at least 3 days/week) within a 2–3
driving distance. Collect enough ovaries considering the fact that
approximately 200 oocytes can be safely handled by each operator
per day.

1. Collect porcine ovaries at the abattoir and transport them to
the laboratory in physiological saline at 35 °C.

2. Aspirate the follicular fluid from 3–6 mm follicles using a
syringe attached to a 20-gauge needle and transfer the follicular
content into a 50 mL tube.

3. Search for cumulus-oocyte complexes (COCs) in a 90 mm dish
and select COCs with three intact and nonexpanded cumulus
cell layers and oocytes with evenly dark cytoplasm.
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Fig. 1 The layout of bisection (a) and fusion (b) dishes. The media and solution
legends are T2M (light orange), PRO-CS (green), T20M (red), CBTP (purple), PHA
solution (yellow), T10M (orange), and CFM (light blue). Two droplets are outlined
by blue and red markings. Check the text for details

4. Wash COCs in TL-HEPES and wash them twice in IVMM.
Transfer 50 COCs per well of the IVMM dish and incubate at
38.5 °C in 5% CO2, 5% O2, and 90% N2 atmosphere and
maximum humidity for 41–42 h.

3.3 Oocyte

Denudation and Zona

Pellucida Digestion

1. Prepare bisection dish (Fig. 1a).

2. Collect COCs from wells after 41–42 h of IVM with minimum
volume of IVM. Place COCs into the hyaluronidase solution.
Add 3–4 μL mineral oil (see Note 3). Pipette gently. Avoid the
contact between the pipette tip and the bottom of the tube.
Vortex the tube for 1 min.

3. Transfer the content of the tube with oocytes into an empty
35 mm Petri dish, rinse the tube with T2M, and vortex for 5 s.
Transfer the content to the Petri dish.

4. Search for denuded oocytes and distribute them evenly among
the upper T2M droplets in the bisection dish.

5. Transfer 20 oocytes to a PRO-CS droplet and observe until
definite zona pellucida deformation occurs.

6. Wash zona-free oocytes quickly in T2M and T20M droplets
and distribute them between three CBTP droplets (i.e., 6–7
oocytes/drop). Search for oocytes with a visible polar body
(PB) or extrusion cone (a small round extrusion of the mem-
brane containing the chromatin). Line up oocytes (from north
to south) with the PB or EC at 12 o’clock in a clock’s face. Do
this in all three CBTP droplets.

3.4 Somatic Cell

Nuclear Transfer

1. Use a pipette with a medium inner diameter (~200 μm). Per-
form oriented manual bisection with splitting blades by cutting
~30% of the oocyte cytoplasm adjacent to the PB (see Note 4).
After these oocyte bisections, put a new batch of 20 oocytes
into a PRO-CS droplet.

3.4.1 Oocyte Enucleation

by Bisection



Pig Handmade Cloning 189

Fig. 2 The layout for fusion: (a) lid of a 60 mm Petri dish; (b) fusion chamber;
(c) electrode connection; (d) fusion medium; (e) fusion dish

2. Tap the side of the dish with a fingernail to detach bisected
oocytes from the plastic. Collect cytoplasts (i.e., enucleated
halves) and transfer them to the T2M droplet with the red
circle. Collect and transfer bisected oocyte halves with PB to
the CBTP with the blue circle. Repeat the procedure. It should
take less than 10 min to bisect 20 oocytes.

3.4.2 Cell Fusion 1. Place the fusion chamber and the lid of a 35 mm dish at the
center of the lid of a 60 mm Petri dish (Fig. 2). Prepare fusion
dish with 20 μL droplets in the lid of the 35 mm dish as shown
in Fig. 1b.

2. Adjust the fusion machine as follows: direct current (DC) at
100 V, alternate current (AC; enable) at 0 V, and a single pulse
of 9 μs. Attach the wires of the fusion machine to the fusion
chamber.

3. Add 5–20 μL of the donor cell suspension to one or two T2M
droplets, remove half of the cytoplasts (preferably the larger
ones) from the bisection dish, and add them to the fusion dish,
T10M droplets on the left. Leave the rest in the bisection dish,
on the heated stage, and protected from light.

4. Put 500 μL CFM covering the two wires and aside.

5. With small diameter pipettes (~150 μm), transfer five cytoplasts
to PHA solution for 2 s, wash in T2M, and roll them one at a
time over a single-donor somatic cell. Transfer cell couplets to
CFM. Repeat the whole procedure with five cytoplasts to create
an additional five couplets.
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6. Transfer the first five cell couplets to a fusion chamber close to
the north of the wires. Place cell couplets between the wires
(one by one). Increase AC to 5 V.

7. Apply the DC, decrease AC to 0, pick up the cell couplet, and
repeat it for the remaining cell couplets. Return the five cell
couplets to the last T10M drop in line.

8. Repeat the fusion process for the remaining cytoplasts (see
steps 5–7).

9. Repeat the pairing-fusion procedure (steps) with an additional
10 cytoplasts (see steps 5–8).

10. After fusing 20 cell couplets, check the first 10 for fusion
(absence of the donor cell adjacent to the cytoplast) and trans-
fer to another T10M droplet below (see Note 5).

11. Protect the lid dish from light and keep it on the warm stage at
38.5 °C for 1 h (see Note 6). The preparation of 50 fused
couplets usually requires 20–30 min.

3.5 Oocyte Activation 1. Adjust fusion machine to DC at 43 V, AC at 4 V, and a single
pulse of 80 μs. Replace fusion droplets in the fusion dish and
over the wire with CFM. Transfer all cytoplasts to a T10M
droplet placed on the left. Transfer 10 cell couplets and 10 cyto-
plasts to the first CFM and second CFM droplets, respectively.
Wait until they reach the bottom of the dish.

2. Transfer cell couplets and cytoplasts to the fusion chamber,
north and south of the wires, respectively. Move 10 cytoplasts
to the northern wire first and place a single-cell couplet to each
cytoplast. Increase AC to 10 V, apply the DC, and decrease AC
to 0 (see Note 7). Put these reconstructed oocytes in a T10M
droplet. Repeat with remaining reconstructed oocytes. The
preparation of 50 reconstructed oocytes usually requires 5 min.

3. Prepare two Nunc four-well dishes by adding 400 μL PZM-3
medium and 400 μL oil to each well. Prepare the first dish for
oocyte activation by adding 4.0 μL T2CB and 10 μg/mL
cycloheximide to wells #1 and #2. Mix by gentle pipetting.
Transfer reconstructed oocytes to wells #1 and #2 of the acti-
vation dish. Incubate reconstructed oocytes with 5% CO2,
saturated humidity at 38.5 °C for 4 h.

3.6 Embryo Culture 1. Make enoughWells-of-the-Wells (WOWs) to all fused embryos
in well #4 of the second culture dish (see Note 8).

2. Wash embryos in wells #3 and #4 of the dish 4 h after activa-
tion. Wash in all four wells of the second (washing) dish and
transfer to wells #1 and #2 of the culture dish. Transfer
embryos next to, then inside of, the WOWs (see Note 9).
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Fig. 3 Handmade-cloned pig blastocysts on day 5 of in vitro culture. Scale bar: 100 μm

3. Culture embryos with 5% CO2 + 5% O2, under saturated
humidity at 38.5 °C, until day 5 (D5) post-activation
(see Note 10).

4. Remove all embryos from the WOWs on D5 and determine
blastocyst rates. Remove embryos from WOWs by filling the
pipette with PZM-3 medium and gently flushing out embryos
from WOWs. Forced aspiration may cause the blastocysts to
collapse and lead to inaccurate evaluation (see Note 11). The
selection of good-quality blastocysts (Fig. 3) by morphology
grading allows full term development (Fig. 4).

3.7 Embryo Transfer A pig farm providing appropriate conditions for surgical embryo
transfer, recipient management, pregnancy monitoring, and
caesarean section within a 3–4 h drive is an indispensable require-
ment. Collaboration with an experienced veterinarian is also
required for surgical embryo transfer and caesarean section.

3.7.1 Recipient

Preparation

Recipients were healthy sows on days 3–6 after estrus. No feeding
since the afternoon of the day before surgery. In addition to the
requirements of estrus time on the selection of receptors, there are
also the following requirements:

1. Varieties: Acceptor varieties include large binary hybrid, long
white, large white and three yuan hybrid, etc.
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Fig. 4 Piglets born from vitrified handmade-cloned blastocysts

2. Age: 1.5-year-old sow.

3. Parity: Parturient sows should be selected as the main choice,
and 1-parturient sows are preferred.

4. Body shape: medium body shape, not too fat, not too thin, and
suitable for 150–180 kg.

5. Health status: Recipient sows should have no genetic diseases,
no long-term records of non-estrus, abortion, dystocia, and no
history of endometritis, mastitis, etc.

6. Reproductive performance: The recipient sows have excellent
reproductive performance, such as large litter size, high survival
rate at birth, sufficient milk production, and good
motherhood.

3.7.2 Surgical Method for

Embryo Transfer

1. Receptor anesthesia and stabilization with an intravenous injec-
tion of 15% ketamine:

1.2–1.5 mL for body weight less than 150 kg, while 1.5 2.0 mL
for body weight greater than 150 kg.

2. Place the recipient on the operating table and clean the surgical
site with soap (between the penultimate 2–3 nipple), and the
hair on the surgical site was shaved with a razor.

3. Maintain the respiratory maintenance anesthesia with a flow
rate of oxygen and nitrous gas of 0.5 L/min with 5% isoflurane.
Adjust the flow of oxygen and nitrous oxide appropriately
according to the recipient’s state of anesthesia.
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4. Surgical preparation and disinfection: Prepare surgical instru-
ments, gauze, surgical gowns, surgical gloves, masks, stitches,
physiological saline, iodine, 75% alcohol, etc. The surgeon
should wear masks, hats, surgical gowns, and surgical gloves.
Pay attention to the rules and order of wearing, and avoid
touching the outside of gloves during operation to prevent
contamination. Use surgical tweezers to hold iodine tincture
to disinfect the surgical site (from inside to outside, in a spiral
shape), then spray 75% alcohol to deiodize, then rinse with
normal saline, and finally wipe the surgical site with sterile
gauze.

5. Abdominal surgery: Spread the surgical towel and fix it on the
skin surface with four towel-holding forceps (avoid clipping the
nipple and affecting later lactation). Between the second and
third nipples, the skin and subcutaneous connective tissue are
cut with a scalpel. Hemostatic gauze and hemostatic forceps are
prepared for hemostasis of small vessels, nonabsorptive surgical
sutures are prepared in advance, and ligation of large bleeding
vessels is prepared at all times. The adipocytes are separated
along the abdominal linea alba by hemostatic forceps or scalpel.
Separate the fat layer from the peritoneum and cut the perito-
neum. Remove the blood stains around the surgical site and fix
two large gauze strips with tissue forceps on both sides of the
midabdominal line, spread them out, and spray a certain
amount of physiological saline on them to prevent uterine
dehydration. The uterus is extracted from the abdominal cavity
to check the ovulation of the ovary. In case of premature or late
ovulation or severe uterine adhesion, the transplantation
should be abandoned and the recipient replaced. Find the
oviduct–uterine junction, use sterile blunt needle to pierce a
small hole, the whole process should be timely to spray physio-
logical saline into the uterus, and keep the uterus moist, not
dehydration. Collect 50 good-quality blastocysts in
TL-HEPES in a 35 mm dish and load them into a tomcat
catheter. The embryo is slowly transferred into the oviduct–
uterine junction, and then the hole is held with fingers or
hemostatic forceps for a period of time to prevent bleeding.
The same is done on the other side of the uterus.

6. Close abdomen: Remove the blood stains at the surgical site
with gauze and restore the uterus into the body. Add a small
amount of physiological saline to the abdominal cavity to clean
the abdominal cavity and inject 12 mL dextran and two bottles
of penicillin into the abdominal cavity. The peritoneum was
sutured with absorbent surgical sutures using continuous
suture method. When suturing, the needle spacing should
not be too large because it will lead to hernia caused by intesti-
nal exposure to the abdominal cavity, which should be less than
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1 cm. During the suture process, the assistant shall use needle-
holding forceps to assist the surgeon in needle insertion, and
assist in removing blood stains at the surgical site, threading,
leading, and cutting thread heads. The muscle layer and fat
layer are sutured with the same method, and sulfa is used to
reduce inflammation. The skin layer is sutured with nonabsorb-
able suture and nodular suture. After suturing, surgical twee-
zers are used to turn the skin at the sutured site outward to
facilitate healing, and iodine tincture is used to disinfect the
surgical site. Turn off the anesthesia machine. To ensure the
safety of the anesthetized animal, oxygen can be continued and
assisted breathing for a period of time.

4 Notes

1. It would be easier to make a final cc. stock, but the effect of the
PHA may vary as it may need a more or less concentrated PHA
solution. We found this arrangement to be more practical.

2. The PHA and pronase solutions may have some sediment. CB
is collected only from the bottom.

3. Helps remove cumulus cells.

4. The separation of the two oocyte parts should happen before
the zona pellucida is cut: the intruding half-digested, soft zona
pushes away the two parts.

5. Low fusion rates may be due to low-quality somatic cells or too
many cells attached to the oocyte surface, or alternatively due
to too high AC. Selection of small, strongly double-refracting
somatic cells may help.

6. Theoretically, this period is needed for reprogramming.

7. This second round of fusion will increase the size of the recon-
structed oocyte (donor cell with two cytoplasts instead of one)
and initiates oocyte activation.

8. For preparation of WOWs, support the bottom of well #4 of a
Nunc four-well culture dish with a piece of glass (e.g., a light
filter glass from a microscope) to avoid cracking during prepa-
ration. Under a stereomicroscope, make up to 7 × 7 WOWs
with vertical steady pressure by using a BLS aggregation nee-
dle. The needle is sterilized shortly before use by holding it very
briefly inside a gas flame.

9. Thorough washing with repeated pipetting in each well is
required to get rid of potentially harmful chemicals used for
activation.

10. Low oxygen concentration is essential to obtain appropriate
blastocyst number and quality. Under the suggested condi-
tions, no medium change is required during the culture period.
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However, maximum humidity in the incubator is essential to
avoid osmotic damage. We strongly recommend refraining
from any embryo assessment (e.g., cleavage evaluation) during
the 5 days of culture.

11. An established porcine HMC method can result in >50%
blastocyst rate (based on the number of reconstructed
oocytes). Approximately 80% of the blastocysts have well-
defined inner cell masses and a trophectoderm of more than
10 cells. Trophectoderm cell counting requires a good micro-
scope and considerable experience.
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Chapter 10

Somatic Cell Nuclear Transfer in Pigs

Werner G. Glanzner, Vitor B. Rissi, and Vilceu Bordignon

Abstract

Somatic cell nuclear transfer (SCNT) has been successfully applied to clone animals of several species. Pigs
are one of the main livestock species for food production and are also important for biomedical research due
to their physiopathological similarities with humans. In the past 20 years, clones of several swine breeds have
been produced for a variety of purposes, including biomedical and agricultural applications. In this chapter,
we describe a protocol to produce cloned pigs by SCNT.

Key words Embryo transfer, Enucleation, Histone deacetylases, Nuclear transplantation, Nuclear
reprogramming, SCNT, Sus scrofa, Swine, Transcriptional inhibition

1 Introduction

Mice were the first cloned mammals created by nuclear transfer
(NT) from embryonic cells [1], while the first cloned animal from
an adult somatic cell was produced more than two decades ago
[2]. Since then, many animals of a variety of domestic and wild
species have been cloned by somatic cell NT (SCNT) [3, 4]. This
technology has been mainly applied to study cellular reprogram-
ming and produce cloned animals. Cloned pigs were first produced
in 1989 by NT from four-cell stage embryos [5], and from somatic
cells in 2000 [6, 7]. A year later, SCNT was applied to produce the
first transgenic pigs from cells that were genetically modified
in vitro [8], which accelerated the interest and the use of this
technology to create pigs with unique characteristics for use as
models in biomedical research. Given their physiopathological
similarities with humans [9–12], the main interest in swine cloning
has been to produce genetic models of diseases [12, 13], and for
research in xenotransplantation [14–16]. Despite much effort to
improve SCNT efficiency, the proportion of SCNT embryos that
develop to term and generate live cloned piglets is in general below
3% [9, 17–19], which limits the broader use of this technology.
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SCNT is a multistep and complex technology, albeit incom-
plete nuclear reprogramming remains the main constraint affecting
the efficiency to produce cloned animals [20]. Nuclear reprogram-
ming in SCNT embryos involves the resetting of epigenetic marks
such as histone acetylation and methylation and DNA methylation
[21]. Aberrant DNA and histone methylation [22], and histone
acetylation patterns have been observed in SCNT embryos com-
pared with fertilized embryos [23], thus suggesting incomplete
nuclear reprogramming.

Many studies have attempted to improve cell reprogramming
in SCNT embryos by modulating epigenetic mechanisms
[24, 25]. For example, histone deacetylase inhibitors (HDACi)
were shown to improve SCNT efficiency in swine and in other
species [26–30]. There is evidence that HDACi treatment pro-
motes histone hyperacetylation and increases gene expression
[31], alters DNA methylation patterns [32], and enhances DNA
damage repair in SCNT embryos [33]. In addition, we observed
that transcription inhibition during HDACi treatment improved
gene expression patterns and cell numbers in SCNT embryos
[34, 35].

Histone lysine methyltransferases (KMTs) and demethylases
(KDMs) enzymes play key roles in nuclear reprogramming
[36, 37], as well as in the regulation of gene expression [38], and
embryo genome activation (EGA) during preimplantation devel-
opment [39–42]. Moreover, expression of KDMs that act on his-
tone 3 lysine 9 trimethylation (H3K9me3) improved nuclear
reprogramming and development of SCNT embryos [36, 43–
45]. These studies indicate that animal cloning efficiency may be
further improved by protocols that enable better reprogramming of
multiple epigenetic marks.

Themain steps required to clone an animal by SCNTare oocyte
enucleation, cell transfer, cell fusion, oocyte activation, embryo
culture, and embryo transfer to a surrogate female. Oocytes for
SCNT are usually in vitro matured oocytes obtained from abattoir-
sourced ovaries. Matured oocytes are normally enucleated by using
micropipettes attached to micromanipulators. After enucleation, a
somatic cell is transferred to the perivitelline space and fused to the
enucleated oocyte by an electric pulse. Donor cells for use in SCNT
can be obtained from fetuses, newborn or adult animals, and
in vitro cultured. Variations in cloning efficiency associated with
donor cell types have been reported, but results are inconsistent. It
is possible that cells from fetuses and newborn animals have less
aging-associated epigenetic variations and may be easily repro-
grammed following SCNT than cells from adult animals
[46, 47]. Oocyte activation is performed by applying electrical
pulses or by exposure to chemicals that induce calcium mobiliza-
tion followed by a temporary inhibition of protein kinases activity
or protein synthesis. After activation, SCNT embryos can be



cultured in vitro up to the blastocyst stage and are then transferred
to synchronized surrogate females. In pigs, SCNT embryos are
normally transferred surgically into the oviduct or uterus depend-
ing on their developmental stage at the time of transfer. This
chapter provides a detailed description of the equipment, materials,
and methods necessary to produce cloned pigs by SCNT.
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2 Materials

2.1 Equipment 1. Stereomicroscope.

2. Inverted microscope.

3. Micromanipulation system (see Note 1): Inverted microscope
equipped with micromanipulators, microinjectors, and holding
and injection pipettes.

4. Holding pipettes with 80–120 μm external diameter and
20–30 μm internal diameter. Injection pipette with 18–25 μm
internal diameter and a 45° bevel.

5. CO2 incubator.

6. Electrofusion equipment and cell fusion chamber.

7. Cell-freezing container (e.g., Nalgene® Mr. Frosty).

8. Anesthetic machine.

9. Gas cylinders (CO2, O2).

10. Surgical instruments.

11. Ultrasound system.

2.2 Media and

Solutions

All media and solutions are prepared using deionized ultra-pure
water (18 MΩ.cm at 25 °C). Stock solutions are stored at -20 °C
or -80 °C. Culture media are filtered (0.22 μm) and stored at 4 °C
for up to 2 months, unless otherwise indicated.

1. Cell culture medium: Mix 89 mL DMEM-F12, 10 mL fetal
bovine serum (FBS), and 1 mL antibiotics (10.000 units/mL
penicillin and 10 mg/mL streptomycin). Store at 4 °C for
1 week.

2. Cell-freezing medium: Mix 9 mL of culture medium (DMEM
+ 10% FBS) with 1 mL dimethyl sulfoxide (DMSO). This
medium is prepared immediately before use.

3. COC manipulation medium: Mix 98 mL TCM-199 supple-
mented with 25 mM HEPES, 5 mM sodium bicarbonate,
1 mL porcine follicular fluid (PFF), and 1 mL antibiotics
(10.000 units/mL penicillin and 10 mg/mL streptomycin)
(see Note 2).
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4. IVM medium: TCM199 supplemented with 25 mM HEPES,
26 mM sodium bicarbonate, 20% PFF, 100 μg/mL cysteine,
0.91 mM sodium pyruvate, 3.05 mM D-glucose, 10 ng/mL
epidermal growth factor (EGF), 20 μg/mL gentamicin,
10 μg/mL follicle-stimulating hormone (FSH), 5 UI/mL
human chorionic gonadotropin (hCG), and 1 mM dibutyryl
cyclic adenosine monophosphate (cAMP) (see Note 3).

5. Oocyte manipulation medium: 50 mL TCM199 supplemented
with 25 mM HEPES, 26 mM sodium bicarbonate, 2 mg/mL
bovine serum albumin (BSA), and 20 μg/mL gentamicin.

6. Oocyte manipulation medium with demecolcine and sucrose
(see Note 4): TCM199 medium with 25 mM HEPES, 26 mM
sodium bicarbonate, 2 mg/mL BSA, 400 ng/mL demecol-
cine, and 17 mg/mL sucrose.

7. PZM3 medium: 108 mM NaCl, 10 mM KCl, 0.35 mM
KH2PO4, 0.4 mM MgSO4·7H2O, 25.07 mM NaHCO3,
0.2 mM Na-pyruvate, 2 mM Ca-(lactate)2·5H2O, 1 mM L-
glutamine, 5 mM hypotaurine, 20 ml/L Basal Medium Eagle
amino acids (Sigma B6766), 10 ml/L Minimum Essential
Medium nonessential amino acids (Sigma M7145), and
20 μg/mL gentamicin, and 3 mg/mL BSA [48].

8. Hyaluronidase solution: Dilute 1 mg/mL hyaluronidase in
TCM199 medium supplemented with 25 mM HEPES and
5 mM sodium bicarbonate. Prepare 500 μL aliquots and store
at -20 °C.

9. Cysteine solution: Dilute 100 mg cysteine in 1 mL TCM-199,
prepare 20 μL aliquots, and store at -80 °C. Add 1 μL of the
stock solution per mL of IVM medium.

10. Sodium pyruvate: Dilute 10 mg sodium pyruvate in 1 mL
TCM-199, prepare 200 μL aliquots, and store at -80 °C.
Add 10 μL of the stock solution per mL of IVM medium.

11. EGF: Dilute 10 μg EGF in 1 mL TCM-199, prepare 20 μL
aliquots, and store at -80 °C. Add 1 μL of the stock solution
per mL of IVM medium.

12. FSH: Dilute 12.5 mg FSH (standard Armour) in 5 mL
TCM199, prepare 80 μL aliquots, and store at -80 °C. Add
4 μL of stock per mL of IVM medium.

13. hCG: Dilute 1 IU/μL hCG in TCM 199, prepare 100 μL
aliquots, and store at -80 °C. Add 5 μL of the stock solution
per mL of IVM medium.

14. cAMP: Dilute 9.8 mg cAMP in 1 mL TCM-199, prepare
100 μL aliquots, and store at -80 °C. Add 50 μL of the
stock solution per mL of IVM medium.
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15. Cytochalasin B solution (7.5 μg/mL): Dilute 7.5 mg in 1 mL
DMSO and store 1 μL aliquots at -80 °C. Working solution:
Dilute 1 μL stock solution in 1 mL oocyte manipulation
medium.

16. Electrofusion solution (0.28 mM D-mannitol): Dilute 5.46 g
D-mannitol, 100 μL stock solution (1000×) CaCl2, 100 μL
stock solution (1000×) MgSO4, 50 mg BSA, and 11.8 mg
HEPES in 100 mL ultrapure water. Stir, correct pH to
7.3–7.4, and sterile filter. Store at 4 °C for 4 months or at -
20 °C for 12 months. For CaCl2 1000× stock solution: Dilute
73.5 mg in 10 mL of ultrapure water. For MgSO4 1000× stock
solution: Dilute 246.6 mg in 10mL of ultrapure water. Stir and
filter both solutions, and store at 4 °C for 4 months.

17. Ionomycin solution: Dilute 1 mg ionomycin in 89 μL DMSO,
prepare 1 μL aliquots, and store at -80 °C. Working solution
(15 μM): Dilute 1 μL stock solution in 1 mL of TCM199
supplemented with 25 mMHEPES, 26 mM sodium bicarbon-
ate, and 2 mg/mL BSA.

18. N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN): Dilute 10.62 mg TPEN in 500 μL DMSO, prepare
2 μL aliquots, and store at -20 °C. Working solution
(200 μM): Dilute 2 μL stock solution in 500 μL porcine zygote
medium 3 (PZM3).

19. Cycloheximide (CHX) solution: Dilute 1 mg CHX in 100 μL
ethanol (100%) or DMSO, prepare 1 μL aliquots, and store at
-80 °C. Working solution (10 μg/mL): Dilute 1 μL stock
solution in 1 mL PZM3.

20. Strontium chloride (Sr2) solution: Dilute 317.06 mg Sr2 in
1 mL ultrapure water, prepare 5 μL aliquots, and store at
-80 °C. Working solution (10 mM): Add 5 μL stock solution
per mL of PZM3.

21. Scriptaid solution: Dilute 0.1 mg Scriptaid in 612 μL DMSO,
prepare 1 μL aliquots, and store at -80 °C. Working solution
(500 μM): Add 1 μL stock solution per mL of PZM3 (see
Note 5).

22. DRB (5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole)
solution: Dilute 3 mg DRB in 94 μL DMSO, prepare 1 μL
aliquots, and store at -20 °C. Working solution (100 μM):
Add 1 μL stock solution per mL of PZM3.

3 Methods

Oocyte and embryo handling, and SCNT are performed using
stereoscopes or inverted microscopes equipped with warm stages
with temperature set at 37 °C.
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3.1 Tissue Collection

and Culture of Somatic

Cells

1. Disinfect the skin with 70% ethanol (see Note 6).

2. Collect one or more 0.5–1 cm3 skin biopsies and transport at
4 °C to the laboratory in PBS containing antibiotics.

3. Fragment the biopsies in a 100 mm cell culture dish using a
scalpel blade and place explants in culture or digest using 0.25%
trypsin for 20 min. After tissue digestion, centrifuge cells at
500 g for 5 min, discard the supernatant, resuspend in 10 mL
cell culture medium, and then transfer to 25 or 75 cm2 culture
flasks.

4. Culture cells until reaching ~90% confluence (Passage 0). The
cells are then trypsinized for cryostorage, culture expansion, or
use in SCNT. For trypsinization, cells are incubated with
0.25% trypsin for 5 min at 38.5 °C, washed in culture med-
ium, centrifuged at 500 g for 5 min, and resuspended in culture
medium. For freezing, resuspend cells in freezing culture
medium, transfer to the freezing container overnight at
-80 °C, and store at -196 °C indefinitely.

3.2 Cell Cycle

Synchronization of

Donor Cells

1. Porcine cloning is normally performed with oocytes at meta-
phase II stage and cells at G0 or G1 stage of the cell cycle. To
obtain a higher proportion of cells at G1 stage, cells are seeded
and maintained in culture for 2–3 days after they reach >90%
confluency.

2. To prepare donor cells for SCNT, wash confluent cell cultures
with 5 mL of warm PBS and incubate with 5 mL 0.25% trypsin
solution for 5 min at 37 °C. Rinse and resuspend detached cells
in 1–2mL culture medium and add approximately 10 μL of cell
suspension to each droplet of the micromanipulation dish.

3.3 Oocyte Collection

and IVM

1. Collect porcine ovaries from gilts at a slaughterhouse and
transport them to the laboratory in saline solution at
32–37 °C using a thermos bottle. In the laboratory, wash the
ovaries with saline and keep them at 35 °C for follicle
aspiration.

2. Aspirate 2–8 mm follicles using 10 mL syringes and 21G
needles. Deposit the follicular content in 50 mL conical
tubes. After aspiration, let the follicular content sediment by
centrifugation at 20 g for 3 min, remove the supernatant fluid,
and wash the pellet containing the cumulus-oocyte complexes
(COCs) three times with 25 mL of COC manipulation
medium.

3. Transfer the fluid to 100 mm plates and retrieve the COCs by
searching under a stereoscope. Select the COCs having at least
three layers of cumulus cells and oocytes with homogenous and
agranular cytoplasm.

4. Wash groups of 30 COCs (Fig. 1a) in IVM medium and place
them in 90 μL droplets of the same medium covered with
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Fig. 1 Schematic representation of somatic cell nuclear transfer (SCNT) in pigs. Cumulus-oocyte complexes
are selected and subject to in vitro maturation (IVM) for 44 h. (a) Immature (germinal vesicle stage) oocytes; (b)
mature oocytes. Using a micromanipulation system (c), oocytes are enucleated (d, arrow indicates the polar
body and arrowhead indicates the pseudo-second-polar body), and a nuclear donor cell is transferred to the
perivitelline space (e, arrow indicates donor cell in the perivitelline space). Cell fusion is performed by using a
cell electroporator (f) once the cell is aligned between the electrodes of the fusion chamber (g). Oocytes are
then activated and cultured for up to 7 days to reach blastocyst stage (h) and are transferred to surrogate
sows. IVM in vitro maturation. (This figure was created using Biorender)

mineral oil in 35 mm or 60 mm plates. Maturation comprises
two periods of 22 h each, the first in the presence of gonado-
tropins (FSH and hCG) and cAMP, and the second in the
absence of these compounds (see Note 3).

3.4 Oocyte Denuding 1. Remove cumulus cells after IVM by repetitive pipetting for
3 min in 500 μL hyaluronidase solution in a well of a four-
well plate. Wash denuded oocytes twice in oocyte manipulation
medium and select for the presence of the first polar body and
normal morphology for use in SCNT (see Note 7).

2. Incubate selected oocytes in oocyte manipulation medium
supplemented with demecolcine and sucrose for 45–60 min
in the incubator (see Notes 4 and 8). After this treatment,
oocytes should display a pseudo-second-polar body containing
the oocyte spindle and chromatin (Fig. 1d).
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3.5 Somatic Cell

Nuclear Transfer

1. Transfer ~25 oocytes from the demecolcine and sucrose treat-
ment to a 50 μL drop of oocyte manipulation medium supple-
mented with 7.5 μg/mL cytochalasin B in a micromanipulation
plate (see Note 9).3.5.1 Oocyte Enucleation

2. Grasp one oocyte with the holding pipette, position the
pseudo-second-polar body to the 4 o’clock position in a clock’s
face, and aspirate it along with the first polar body and a small
portion of surrounding cytoplasm using the injection pipette
(Fig. 1c). After enucleation, keep the oocyte attached to the
holding pipette and perform the reconstruction by injecting a
nuclear donor cell in the perivitelline space.

3.5.2 Oocyte

Reconstruction

1. Aspirate one cell into the injection pipette and maintain it close
to the tip of the pipette.

2. Insert the pipette through the slit of the zona pellucida created
during the enucleation and place the nuclear donor cell in the
perivitelline space (Fig. 1e). Repeat the procedure of enucle-
ation and cell injection for all oocytes of the same batch.

3. Transfer the reconstructed oocytes to oocyte manipulation
medium at 38.5 °C and 5% CO2 for 30–60 min before
electrofusion.

3.5.3 Cell Fusion 1. Wash the reconstructed oocytes in a solution containing
500 μL of oocyte manipulation medium and 500 μL of elec-
trofusion solution under the stereoscope (Fig. 1f), and then in
electrofusion solution alone (see Note 10).

2. Fill the fusion chamber with electrofusion solution and align
each oocyte between the two electrodes (Fig. 1g). Apply a
single direct current (DC) pulse of 1.6 KV/cm and 70 μs
duration to induce membrane fusion. After the DC pulse,
keep the oocytes in oocyte manipulation medium for
45–60 min at 38.5 °C and 5% CO2 to allow complete mem-
brane fusion before performing oocyte activation.

3.6 Oocyte Activation 1. Initiate the oocyte activation protocol based on ionomycin and
TPEN (see Note 11). Wash the oocytes three times in oocyte
manipulation medium and transfer them to 15 μM ionomycin
for 5 min.

2. Wash the oocytes three times in oocyte manipulation medium
and transfer them to the TPEN solution for 15 min.

3. Wash the oocytes three times in PZM3 medium and transfer
them to the embryo culture medium.

3.7 Embryo Culture 1. Transfer batches of 20–30 activated oocytes to 60 μL PZM3
droplets supplemented with 500 nM Scriptaid and
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100 μM 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
(DRB) (see Note 12), and culture them under mineral oil at
38.5 °C and 5% CO2 for 15 h (see Note 13).

2. Wash the reconstructed oocytes three times in PZM3 and
transfer them in groups of 20–30 to 60 μL PZM3 droplets
for culture under mineral oil at 38.5 °C and 5% CO2.

3. Evaluate cleavage rates at 48 h of culture, remove the uncleaved
oocytes, and culture the cleaved embryos in PZM3 supplemen-
ted with 0.3% BSA until day 5.

4. After 5 days of culture, replace 30 μL (50% of the drop volume)
in each culture drop with PZM3 supplemented with 20% FBS.
Alternatively, transfer the embryos to new 60 μL drops of
PZM3 supplemented with 10% FBS.

5. Evaluate embryonic development at day 7 and classify blasto-
cyst stage embryos as early, expanded, or hatched blastocysts
(Fig. 1h). Blastocysts classification for embryo transfer will
depend on the stage of development when embryo transfer
will take place. Normally, early and expanded blastocysts on
D5 and D6 of culture are selected for transfer into the uterine
horns. Alternatively, reconstructed oocytes can be transferred
into the oviduct 15–24 h after oocyte activation.

3.8 Embryo Transfer 1. Feed gilts or sows 20 mg Altrenogest (Regumate®) per day for
12–14 days for estrus synchronization (see Note 14). Inject
1000 I.U. eCG (Novormon®) on the last day of Altrenogest
supplementation, followed by an intramuscular injection of
500 I.U. hCG (Chorulon®) given 72–78 h later (seeNote 15).

2. Prepare animals for embryo transfer by administering intra-
muscularly a mix of 2.2–4.4 mg/kg xylazine and 10–18 mg/
kg ketamine, intubate the animals (Fig. 2a), and maintain
anesthesia with isoflurane (see Note 16).

3. Perform an aseptic midventral laparotomy of approximately
10 cm to exteriorize oviducts/ovaries or uterine horns
(Fig. 2b, c). Transfer the embryos to the oviduct (embryos
on day 1 after SCNT) or to the uterus, approximately 2 inches
(~5 cm) away from the uterotubal junction (embryos on days
5–7 after SCNT; Fig. 2c).

4. Use a Tomcat catheter connected to a 1 mL syringe (Fig. 2d)
filled with PZM3-HEPES medium for embryo transfer. Load
embryos into the catheter as follows: (1) medium (~20 μL);
(2) air column (~0.5 cm); (3) medium with embryos (~10 μL);
(4) air column (~0.5 cm); and (5) medium (~10 μL) (Fig. 2d).
Introduce the catheter via the fimbria when transferring
embryos into the oviduct. Introduce the catheter via the uter-
ine wall when transferring blastocysts into the uterine horns.
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Fig. 2 Production of cloned piglets by somatic cell nuclear transfer (SCNT). Estrus synchronized gilts or sows
are anesthetized and a midventral laparotomy is performed (a) to expose the ovaries/oviducts and uterine
horns (b). Embryos are loaded into a Tomcat catheter attached to a syringe (d) and are transferred either into
the oviduct or uterine horns (c) depending on the embryo developmental stage. The abdominal incision is
closed using absorbable sutures (e). Pregnancy is confirmed by transabdominal ultrasonography at approxi-
mately 4 weeks after embryo transfer (f). Cloned piglets (g, 3-month-old Yucatan minipigs produced by SCNT)
are normally delivered around 114 days of pregnancy. (This figure was created using Biorender)

The catheter insertion in the uterus is facilitated by making a
small perforation with an 18G needle.

5. Use an absorbable suture (e.g., Vicryl) to close the incision
(both abdominal wall and skin; Fig. 2e).

6. Administer post-operatory medication (analgesic and antibio-
tics), e.g., 3 mg/kg ketoprofen (ANAFEN®; analgesic),
20 mg/kg oxytetracycline (Oxyvet® 200 LA; antibiotic), both
intramuscularly and monitor recovery.

7. Determine pregnancy rates by transabdominal ultrasound
examination (Fig. 2f) ~4 weeks after embryo transfer. Ultra-
sound examinations can be repeated regularly (every 2 weeks)
for monitoring fetal viability and development.

4 Notes

1. An alternative method named handmade cloning is also used
for SCNT in pigs [49]. This method does not require the use of
micromanipulators for enucleation and cell transfer, but
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embryos need to be cultured individually until the blastocyst
stage.

2. Porcine follicular fluid (PFF): Follicular fluid is collected from
follicles of cyclic gilts (ovaries with the presence of corpora
lutea), having 3–6 mm diameter from cycling gilts, centrifuged
twice at 4700 g for 10 min to spin down cell debris, sterile
filtered (0.22 μm), aliquoted (2 mL), and stored at -80 °C.

3. The use of cAMP during IVM is optional. Nonetheless, previ-
ous studies from our and other groups demonstrated beneficial
effects of cAMP during IVM, especially in association with
porcine follicular fluid [50–52].

4. Matured oocytes (with visible first polar body) are incubated in
oocyte manipulation medium supplemented with demecolcine
and sucrose, which results in the formation of a pseudo-
second-polar body that contains the oocyte chromatin, which
facilitates effective oocyte enucleation.

5. This inhibitor of histone deacetylases is used during the first
15 h of culture post activation.

6. Porcine skin biopsies are usually obtained from the tail or ears.

7. Oocyte denudation may be performed by vortexing. Transfer
the COCs into a 2 mL tube containing 100 μL of 0.1% hyal-
uronidase solution and vortex for 2–3 min at maximum speed.
Transfer the solution with the oocytes to a 35 mm plate, wash
the tube twice with oocyte manipulation medium, and select
oocytes with an extruded polar body and normal morphology.

8. Oocyte enucleation may be performed using DNA staining
(e.g., Hoechst 33342), followed by a brief exposure to ultravi-
olet (UV) light to ensure enucleation. However, the protocol
based on demecolcine and sucrose avoids detrimental conse-
quences of UV radiation on oocyte organelles (e.g., mitochon-
drial DNA damage).

9. Because the pseudo-second-polar body tends to disappear if
oocytes are maintained in the micromanipulation medium for a
long time, transferring a small group each time (~25 oocytes)
helps maximizing enucleation efficiency and oocyte usage.

10. Work with a small group of reconstructed oocytes (<20) each
time. Wash oocytes in the mixed solution (50% oocyte manip-
ulation medium and 50% fusion medium) to avoid osmotic
stress before transferring them to the electrofusion solution.
Oocytes should settle at the bottom of the plate during each
wash before transferring them to the next solution. Align each
oocyte between the electrodes of the fusion chamber to
increase fusion efficiency. Keep the remaining oocytes away
from electrodes to avoid excessive exposure to fusion electric
pulses.
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11. There are alternative protocols for chemical activation of pig
oocytes. For many years, we used a protocol based on ionomy-
cin, strontium chloride, cycloheximide, and cytochalasin B
[53]. Our current protocol for oocyte activation relies on
ionomycin and TPEN [54].

12. Culture reconstructed oocytes with inhibitors of histone dea-
cetylases (e.g., Scriptaid) and transcription (DRB) for 15 h. We
found that treatment with DRB improved the quality of
both porcine and bovine SCNT embryos [34, 35].

13. Pig SCNT embryos can be cultured in a gas atmosphere of
5% CO2 or 5% O2, 5% CO2 and 90% N2, and temperature of
38.5 °C.

14. Experiments involving the production of SCNT animals must
comply with national and institutional regulations. Normally,
two gilts or sows are synchronized to be used as recipients for
embryo transfer in each round of SCNT. At the time of embryo
transfer, the ovaries are checked to confirm ovulation has
occurred. Usually, 20–30 blastocysts are transferred to each
uterine horn or 40–60 reconstructed oocytes are transferred
to each oviduct.

15. Ovulation should occur approximately 42 h after hCG admin-
istration. Embryos are produced by SCNT 1 day before the
estimated day of ovulation.

16. For intubation of animals for embryo transfer, topical anes-
thetic (2% lidocaine) is sprayed prior to insertion of the
endotracheal tube.
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Chapter 11

Somatic Cell Nuclear Transfer Using Freeze-Dried
Protaminized Donor Nuclei

Luca Palazzese, Marta Czernik, Kazutsugu Matsukawa,
and Pasqualino Loi

Abstract

Somatic cell nuclear transfer (SCNT) is the only nuclear reprogramming method that allows rewinding an
adult nucleus into a totipotent state. As such, it offers excellent opportunities for the multiplication of elite
genotypes or endangered animals, whose number have shrunk to below the threshold of safe existence.
Disappointingly, SCNT efficiency is still low. Hence, it would be wise to store somatic cells from threatened
animals in biobanks. We were the first to show that freeze-dried cells allow generating blastocysts upon
SCNT. Only a few papers have been published on the topic since then, and viable offspring have not been
produced. On the other hand, lyophilization of mammalian spermatozoa has made considerable progress,
partially due to the physical stability that protamines provide to the genome. In our previous work, we have
demonstrated that a somatic cell could be made more amenable to the oocyte reprogramming by the
exogenous expression of human Protamine 1. Given that the protamine also provides natural protection
against dehydration stress, we have combined the cell protaminization and lyophilization protocols. This
chapter comprehensively describes the protocol for somatic cell protaminization, lyophilization, and its
application in SCNT.We are confident that our protocol will be relevant for establishing somatic cells stocks
amenable to reprogramming at low cost.

Key words Cloning, Lyophilization, Protamine, Biobanking, Endangered species

1 Introduction

Somatic cell nuclear transfer (SCNT) empowers us to obtain almost
unlimited numbers of genetically identical cells in a totipotent state.
Thus, with the birth of Dolly the sheep, SCNT brought the revo-
lution of asexual reproduction to mammalian species [1]. SCNT
potential is clearly noticeable in fields such as animal breeding,
transgenic animal production, and conservation of genetic
resources. Thus, it is somehow frustrating to realize that the low
cloning efficiency limits its applications.
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This is frustrating because we are certain that a reliable SCNT
could positively impact the multiplication of elite genotypes, pro-
duction of transgenic animals to produce biological peptides or act
as animal models for human diseases, or even farm animals with low
environmental impact [2]. Of relevance for the scope of this chap-
ter, SCNT holds a remarkable potential to expand or restore animal
populations threatened by extinction [3], a potential that regretta-
bly remains theoretical for the above reasons. One consensus strat-
egy to counteract species extinction is to establish biobanks in the
form of nucleated cells from selected, endangered animals. Some
biobanking organizations, including the Frozen Ark Consortium
(www.frozenark.org) and the Frozen Zoo, are well advanced, albeit
research groups have also stocked frozen cells of wild species. The
Frozen Zoo, established in 1972, stores over 10,000 viable samples
(somatic cells, oocytes, spermatozoa, and embryos) from almost
1,000 species and subspecies. The storage of genetic resources in
biobanks is in liquid nitrogen or well under -100 °C. Deep freez-
ing in liquid nitrogen is a robust and straightforward protocol
applied worldwide, but it is expensive, with a heavy carbon foot-
print [4], and thus restricted to wealthy countries that have facilities
for sustained liquid nitrogen production.

The demonstration that lyophilized cells can be reprogrammed
and direct embryonic development upon SCNT opened a new and
more affordable venue for biobanking [5–7]. As a widespread
storage approach in unicellular eukaryotes, lyophilization remained
unexplored in mammals until the discovery that non-motile lyo-
philized mouse spermatozoa support full-term development after
intracytoplasmic sperm injection [8]. Since then, reports have
demonstrated the feasibility of dry storage in spermatozoa, includ-
ing the birth of a few large animals [9]. The physical stability of the
spermatozoa on DNA is due to its packaging in tight toroid struc-
tures made of DNA and protamine(s), packaging that renders
spermatozoa far more resistant to mechanical/physical stresses
such as ionizing radiation than somatic cells [10]. In our continu-
ous efforts to improve somatic cell nuclear reprogramming, we
have recently demonstrated that exogenous expression of the
human Protamine 1 gene (hPrm1) in sheep fibroblasts remodels
their nuclei into a spermatid-like structure [11]. Furthermore,
injecting protaminized somatic nuclei into enucleated oocytes
resulted in higher preimplantation development than histone-
enriched cells [11–13]. Our next assumption was that if protamine
confers spermatozoa with resistance to lyophilization, it would very
likely show the same action in protaminized somatic cells. This
chapter combines our latest breakthrough in SCNT nuclear pro-
gramming with our expertise in spermatozoa lyophilization [14] to
establish dry biobanks of protaminized cells. Dry biobanks, ideally
with storage at room temperature (RT), would dramatically sim-
plify the storage of cell lines collected from endangered animals.

http://www.frozenark.org
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2 Materials

2.1 Equipment 1. Stereomicroscope (Nikon).

2. Inverted microscope (Ti2-U, Nikon).

3. Benchtop centrifuge (Eppendorf).

4. Mister Frosty (cat. no. 432004, CoolCell LX, Corning).

5. Freeze-drier (VirTis 2.0 BenchTop, SP Scientific).

6. Deep freezer set to -80 °C.

7. Piezo-driven micropipette system (PiezoXpert, Eppendorf,
Milan, Italy).

8. Microinjector for enucleation/injection micropipette (Cell-
Tram Oil, Eppendorf).

9. Microinjector for holding micropipette (CellTram Air,
Eppendorf).

10. Stereomicroscope (Nikon).

11. Microforge (cat. no. MF-900, Narishige, Tokyo, Japan).

12. Micropipette puller (model P-87 flaming/brown micropipette
puller, Sutter Instrument Company).

13. Fluorescence unit (Intensilight C-HGFI, Nikon).

14. Microscope glass warming plate (Okolab).

15. Micromanipulation system (Narishige).

2.2 Tools and

Consumables

1. Borosilicate glass capillaries: Outer diameter, 10 cm × 1 mm;
inner diameter, 0.78 mm (cat. no. GC 1005-15, Harvard).

2. Embryo image capture software (OCTAX EyeWare imaging
software, version 2.3.0.372, Octax Microscience GmbH, Alt-
dorf, Germany).

2.3 Media and

Solutions

All solutions should be prepared with cell culture-grade bi-distilled
water and analytical-grade reagents. Chemicals were obtained from
Sigma-Aldrich or as indicated below. Carry out all procedures at
room temperature and in sterile condition, unless otherwise
indicated.

1. HEPES-buffered oocyte holding medium (H-TCM-199): Mix
9.5% (w/v) TCM-199 (Gibco, Life Technologies, Milan,
Italy), 2.0 mM L-glutamine, 2.2% (w/v) NaHCO3, 5 mL/L
gentamicin solution (Sigma-Aldrich, cat. no. G1397), 0.4%
(w/v) bovine serum albumin (BSA), and 4.7% (w/v) HEPES.
Adjust the osmolarity to 280 mOsm (see Note 1).

2. H-TCM-199 supplemented with heparin: Dilute 0.05% (w/v)
heparin in H-TCM-199.
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3. In vitro maturation (IVM) medium: Mix 9.5% (w/v)
TCM-199 (Gibco), 2.0 mM (w/v) L-glutamine, 0.3 mM
sodium pyruvate, 100 μM cysteamine, 10% fetal bovine serum
(FBS; Gibco), 5.0 μg/mL follicle-stimulating hormone (FSH;
Ovagen, ICP, Auckland, New Zealand), 5.0 μg/mL luteinizing
hormone (LH), and 1.0 μg/mL 17 β-estradiol.

4. Cell culture medium (CCM): Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, cat. no. 1320-033), 10% (v/v)
FBS, and 5 mL/L gentamycin solution (Sigma-Aldrich, cat.
no. G1397).

5. Freezing medium:Mix 60% (v/v) DMEM, 20% (v/v) FBS, and
20% (v/v) dimethyl sulfoxide (DMSO).

6. Serum starvation medium (SSM): DMEM (Gibco, cod.
no. 11320-033), 0.5% FBS (v/v), and 5 mL/L gentamicin
solution (Sigma-Aldrich, cat. no. G1397).

7. Lipofectamine solution: Prepare Solution A (containing lipo-
fectamine) in a 1.8 mL microcentrifuge tube: Add 9.0 μL
lipofectamine into 500 μL Opti-MEM. Mix gently up and
down with a pipette and let it settle for 10 min at RT. Prepare
Solution B (containing DNA) in a 1.8 mL tube: Add 4.0 μg
phPrm1and 500 μL Opti-MEM. Mix gently up and down with
a pipette and let it settle for 5 min at RT. Spin briefly both
solutions and transfer Solution B into Solution A. Vortex the
final solution (B + A) and incubate for 30 min at RT. Spin the
final solution and use it fresh.

8. TSA solution: DMEM, 10% (v/v) FBS, 50 nM Trichostatin A.

9. Freeze-drying medium (FDM): 1.0 mL 0.5 M Tris-HCL,
5.0 mL 0.5 M EGTA, and 2.5 mL 1 M NaCl in water.

10. Polyvinylpyrrolidone (PVP) solution: Dissolve 12% (w/v) PVP
360 KDa in PBS.

11. Hyaluronidase solution: Dissolve 0.3 mg/mL hyaluronidase in
H-TCM-199 medium.

12. Hoechst solution: Dissolve 5.0 μg/mL Hoechst 33342 in
H-TCM-199 medium.

13. Enucleation medium: Dissolve 7.5 μg/mL cytochalasin B
(CB) in H-TCM-199 medium.

14. Ionomycin solution: Dissolve 5.0 μM ionomycin in
H-TCM-199 medium (see Note 2).

15. Embryo in vitro culture medium (IVCM): BO-IVC (cat.
no. 71005, IVF Bioscience).

16. 6-Dimethylaminopurine (6-DMAP) solution: Dissolve
2.0 mM 6-DMAP in IVC medium in incubator at 38.5 °C,
5% CO2 in air.
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17. DNA constructs pPrm1-GFP/RFP and GFP/RFPtag
(pEGFPC2 vector, pERFPC2 vector; Clontech).

18. Ficoll (Ficoll-Paque PLUS, cat. no. 71101700-EK, GE
Healthcare).

2.4 Micro-

manipulation Setup

1. Embryo culture dish: Prepare a 35 mm cell culture dish con-
taining 7–8 IVCM droplets of 20 μL around the border (cul-
ture droplets) and three 20 μL IVCmedium drops in the center
of the Petri dish (wash droplets). Cover the droplets with
mineral oil (Fig. 1a) and transfer the dish for equilibrating in
the incubator for at least 2 h before use.

2. Micromanipulation pipettes: Use thin-wall borosilicate capil-
lary glass without filaments (0.78 mm inner Ø). Pull all the
above pipettes with the micropipette puller. Use the

Fig. 1Micromanipulator setup. (a) Manipulation chamber (left) and embryo culture dish (right). (b) Piezo-driven
micropipette indicative settings display three parameters (Int.: pulse intensity; speed: pulse frequency; pulse:
pulse number per foot press). The “A” settings are for entry through the zona pellucida and for breaking the
donor cell membrane. The “B” settings are for donor nucleus injection into the oocyte. (c) Layout of holding
and injection pipettes. 4× magnification (left) and 20× magnification (right)
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Microforge to process the holding pipette with 100 μm outside
Ø and bent at a 30° angle. Adjust the enucleation pipette to
20–22 μm outside Ø and bent at a 30° angle. Prepare the
injection pipette with a 10 μm outside Ø and bent at a 25°
angle. Load ~8–10 mm mercury (see Note 3) to enucleation
and injection pipettes using a 10 μL microsyringe from the rear
end and then fill with mineral oil to the uncut tip.

3. Enucleation dish: Use the lid of a 100 mm dish and place
centrally ~150–200 μL enucleation medium droplet and 5–6
10 μL PVP droplets. Cover the droplets with mineral oil
(Fig. 1b).

4. Set holding and injection pipettes to the proper positions (both
pipettes should be positioned at the center of the field of view
and parallel to the working plane Fig. 1c).

5. Wash the enucleation pipette with PVP solution by aspirating
up and down a couple of times. Fill the enucleation pipette with
a small amount of PVP solution and then with enucleation
medium (indicatively, aspirate the PVP up to the pipette bend-
ing point). Set the piezo unit to high speed (>5) and power
(>5) as shown below (Fig. 1b; see Note 4).

6. Reconstruction dish: For the nuclear injection of the enu-
cleated oocytes with freeze-dried protaminized nuclei. This
dish should be prepared as described above (see item 3), with
the drop of enucleation medium replaced with a drop of
H-TCM-199 (Fig. 1a). Set the injection pipette as was done
for oocyte enucleation (Fig. 1c).

3 Methods

3.1 Adult Sheep

Fibroblast Culture

1. Collect a biopsy of ~2.0 cm2 from the selected tissue (tail, ear,
or skin) of an adult sheep (ewe or ram) and wash it briefly in
75% medical-grade ethanol (see Note 5).

2. Work in sterile conditions in a tissue culture hood. Under a
stereomicroscope, remove damaged tissue, fat, and/or hair
from the skin biopsy. Wash the tissue twice in sterile warmed
PBS incubate in 100 μL 0.25% trypsin-EDTA solution, cut it
with a surgical scalpel into small pieces, smaller than 1–2 mm
(see Note 6). Add 5 mL CCM to block the trypsin activity and
transfer to a 15 mL conical tube. Centrifuge at 1,637 × g at
room temperature (RT) for 5 min.

3. Remove the supernatant, add 2.0 mL CCM, and transfer the
medium containing the tissue fragments into a treated 35 mm
cell culture Petri dish. Incubate the tissue fragments in a humi-
dified incubator set to 5% CO2, saturated humidity, at 38.5 °C.

4. After 24 h, remove the CCM and all tissue fragments that did
not attach to the dish surface. Gently add 2 mL of fresh CCM.
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5. When cells reach 90% confluence, perform cell passaging as
described below. Replenish CCM every 2 days thereafter.

6. Remove the CCM and gently wash cells twice with PBS. Add
1 mL 0.25% trypsin-EDTA solution and incubate for 2 min at
38.5 °C. Observe under the inverted microscope whether cells
detached from the dish. If not, return cells to the incubator for
2 min. Add 5 mL CCM and transfer the content into a 15 mL
conical tube. Centrifuge at 1,637 × g at RT for 5 min.

7. Remove the supernatant and resuspend cells in a 1.0 mL CCM.

8. Estimate cell concentration with a Bürker chamber and cell
viability Trypan blue staining. Plate 5.0 × 105 cells per
100 mm cell culture Petri dish.

9. Make sure that you stock (freeze) cells after at least three
passages (subcultures).

10. Prepare cells for freezing by repeating previous passaging steps
(see steps 6–8). Resuspend 1.0 × 106 cells in 500 μL CCM and
transfer them into a 1.5 mL cryovial. Add 500 μL freezing
medium very gently, drop-by-drop (see Note 7). Place the
cryovial at -80 °C. After 24 h, store cells in liquid nitrogen
(-196 °C).

11. Thaw cells by taking one cryovial from the liquid nitrogen
tank. Work in sterile conditions under a tissue hood. Spray
the surface of the cryovial with 75% medical ethanol. Add
0.5 mL warm (37 °C) CCM and transfer the cryovial into a
water bath at 37 °C for 2–3 min. Transfer the cells from the
cryovial into a 15 mL conical tube containing 9 mL CCM and
centrifuge at 1,637 × g at RT for 5 min.

12. Discard the supernatant, add 10 mL CCM, and plate cells in
100 mm cell culture dish.

13. Do not use thawed cells for transfection. Perform at least one
passage before transfection, as described above (see steps 5–8).

3.2 Cell Transfection

with phPrm1

1. Use cells that reached 60–80% confluence. Remove the CCM,
wash twice with PBS, add 5 mL SSM to inhibit cell prolifera-
tion (cell synchronization at G0), and incubate with 5% CO2,
saturated humidity, at 38.5 °C for 24 h before transfection.

2. Remove the SSM 1 h before transfection, wash twice with PBS,
add 1.0 mL Opti-MEM to a 100 mm Petri dish, and incubate
in 5% CO2, saturated humidity at 38.5 °C.

3. Prepare the lipofectamine solution and add dropwise to the
cells in Opti-MEM medium. Gently rock the plate and incu-
bate in 5% CO2, with saturated humidity at 38.5 °C for
3.5–4.0 h (see Note 8).

4. Remove the Opti-MEM medium at the end of incubation and
add 7 mL CCM containing 50 nM TSA. Incubate in 5% CO2,
with saturated humidity at 38.5 °C for 16–20 h. Remove the
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Fig. 2 (a) Spermatid-like cells isolated by Ficoll gradient centrifugation. Spermatid-like cells before the
selection (left). Spermatid-like cells after the selection (right). (b) The freeze-drying device. (c) Freeze-dried
protaminized-somatic cells stored in one-in-one vacuum-sealed glass vials (glass vial of Ø 8 mm in a glass
vial of Ø 20 mm). Scale bar: 50 μm

CCM, wash twice with PBS, and add 7 mL of fresh CCM
(without TSA).

5. Identify hPrm1-transfected cells under the fluorescence micro-
scope 24 h post-transfection as cells with a single red (RFP) and
green (GFP) nuclear spots. At 48 h post-transfection, protami-
nized cells are observed as spermatid-like cells. These cells
detach from the Petri dish and remain nonadherent (Figs. 2a
and 3a).

3.3 Lyophilization of

Protaminized Somatic

Cells

Freeze-dry protaminized cells with a spermatid-like morphology
(Fig. 2a). To reach the proper conditions of the freeze-dryer (con-
denser at -58 °C and the freeze-drying chamber at – 12 °C), the
device must be on at least 3 h before use.

1. Aspirate the CCM with protaminized somatic cells at 48 h
post-transfection (Fig. 2b; see Note 9) and transfer to a
15 mL conical tube with 2.0 mL Ficoll.

2. Centrifuge at 1,637 × g at RT for 5 min to isolate the
spermatid-like cells, setting the centrifuge to activated up and
down breaks (seeNote 10). Discard the supernatant and resus-
pend the pellet in 200 μL CCM. Transfer cells into a 1.8 mL
tube with 1.0 mL of a (1:1) mixture of PVP solution and Ficoll.
Centrifuge at 1,637 × g at RT (centrifuge set to activate up
and down breaks) for 5 min (see Note 10). Discard the super-
natant and resuspend the pellet in 1.0 mL FDM. Using the
Ficoll-PVP gradient technique, almost 80% of the collected
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Fig. 3 Schematic representation of the experimental protocol. (a) Transfect adult sheep fibroblasts with
plasmids containing the human Prm1 gene tagged with Red Fluorescence Protein (phPrm1-RFP). At the end of
protaminization, the remodeled somatic nucleus has a spermatid-like structure. (b) Collect protaminized
somatic cells, subject them to differential gradient centrifugation, and freeze-dry for long-term storage. (c)
Somatic cell nuclear transfer (SCNT). Aspiration of the metaphase II (MII) spindle of sheep oocytes. Injection of
a somatic spermatid-like cell into the enucleated oocyte. The reconstructed oocyte subsequently undergoes
chemical activation and in vitro embryo culture

protaminized cells (Fig. 2a). Count cells using Bürker chamber
and dilute in FDM to obtain 1.0 × 106 cells/mL.

3. Transfer 100 μL of the cell suspension in FDM into glass vials
(Ø 8 mm) and place these into Mister Frosty. Set the Mister
Frosty to -80 °C for the duration required for the samples to
reach -50 °C (cooling rate of -1 °C/min).

4. At the end of the freezing step, transfer the vials (Ø 8mm) with
the suspended cells into larger glass vials (Ø 20 mm) and place
them in the freeze-drier (Fig. 2b). Place samples in the freeze-
drier, activate the vacuum pump, and leave it working for 16 h
until the pressure reaches 15 μbar. Seale the vials under vacuum
(Fig. 2c).

5. Store the glass vials with the freeze-dried protaminized somatic
cells at 4 °C in the dark until use.
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3.4 Oocyte Collection

and IVM

1. Collect sheep uteri at a local slaughterhouse and transport
them to the laboratory within 1–2 h at 37–38 °C (seeNote 11).

2. Cut ovaries from uteri with surgical scissors and place them in a
beaker with warm PBS at 37 °C.

3. Wash the collected ovaries 2–3 times with warm PBS (see
Note 12).

4. Aspirate cumulus-oocyte complexes (COCs) from 3 to 6 mm
follicles using a 5 mL syringe coupled to 21G needle into
H-TCM-199 with heparin. After aspirating 4–5 ovaries, trans-
fer the syringe contents into a 100 mm dish.

5. Select COCs surrounded by at least two cumulus cell layers and
with an evenly granulated oocyte cytoplasm. Place the COCs in
a 35 mm dish containing 1.0 mL H-TCM-199. Work on a
stereomicroscope under sterile conditions.

6. Add 500 μL IVM medium to each well of a four-well cell
culture dish (see Note 13).

7. Wash the selected COCs twice in IVM medium and place ~35
COCs per well in the four-well dish.

8. Incubate COCs with 5% CO2, saturated humidity at 38.5 °C
for 22 h.

3.5 Somatic Cell

Nuclear Transfer

The SCNT procedure contemplates oocyte enucleation and recon-
struction with freeze-dried protaminized somatic nuclei (see Note
14). The microscope stage is equipped with a warming plate that
should be set to 38.5 °C during oocyte enucleation. However,
during the oocyte reconstruction step (i.e., nuclear injection), it is
recommended not to use a warming plate or even cool it to 4–8 °C.

3.5.1 Oocyte Enucleation 1. Select COCs with uniformly expanded cumulus cell layers at
22 h post-IVM (see Note 15). Denude oocytes by gently
pipetting of COCs in hyaluronidase solution (see Note 16).
Select viable oocytes with a visible polar body (PB) and wash
them 4–6 times in H-TCM-199.

2. Incubate oocytes in Hoechst 33342 solution for 10 min in the
dark. Wash the oocytes in TCM-199 for 5 min and then place
the first batch (~10 oocytes) into the central enucleation drop-
let in the manipulation dish. Incubate oocytes for ~3–5 min.

3. Grab an oocyte with the holding pipette and use the enucle-
ation pipette to orientate the PB to an 11 o’clock position on a
clock’s face. Set the microscope focus on the PB, switch off the
bright light of the microscope, and turn on the ultraviolet
(UV) light for a few seconds (1–2 s maximum) to visualize
the metaphase II (MII) spindle (see Note 17). Switch on the
bright light, place the oocyte close to the enucleation pipette,
and make a hole in the zona pellucida with piezo pulses (see
Note 4).
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Fig. 4 Somatic cell nuclear transfer (SCNT). (a) Enucleation step. Mature sheep oocyte (top row) and
enucleated oocyte (bottom row). (b) Selection of a spermatid-like cell with the injection pipette (Scale
bar = 20 μm). (c) Nuclear injection step. A rehydrated somatic nucleus for injection into an enucleated
sheep oocyte. Arrowheads point at the donor nucleus. (d) Embryo at 132 h of in vitro culture. Scale bar: 50 μm.
MII metaphase II plate, PB polar body

4. Aspirate a small portion of cytoplasm containing the oocyte
spindle. Check very briefly under UV light to ensure proper
enucleation (Figs. 1c and 4a and see Note 17). Repeat the
procedure with the remaining oocytes (see Sect. 3.5.5 and
3.5.6). After enucleating the oocyte batch, transfer them to
H-TCM-199 in the incubator for 45 min before oocyte
reconstruction.

3.5.2 Oocyte

Reconstruction

1. Retrieve one cryovial containing freeze-dried protaminized
somatic cells stored at 4 °C. Add 100 μL bi-distilled water
with gentle pipetting. Take 5.0 μL of rehydrated protaminized
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somatic cells and transfer them into a 1.8 mL tube containing
30 μL PVP solution. Pipet very gently. Take 5.0 μL of rehy-
drated cells in PVP and place them in one PVP droplet in the
nuclear injection dish.

2. Place the first batch of 10 enucleated oocytes in the manipula-
tion droplet.

3. Select a spermatid-like nucleus using the fluorescence light
(GFP or red filter depending upon plasmid choice) and aspirate
into the injection pipette (Fig. 4b).

4. Break the donor cell membrane with a few piezo pulses.

5. Hold the enucleated oocyte with the holding pipette. Drill the
zona pellucida with light piezo pulses (Fig. 4c) or use the slit
previously drilled during the enucleation step (see Subheading
3.5.1). Move one donor cell forward near the tip of the injec-
tion pipette.

6. Apply a piezo pulse to break the oolemma (indicated by a rapid
relaxation of the oocyte membrane; seeNote 3) and release the
donor nucleus into the oocyte cytoplasm.

7. Withdraw the injection pipette from the oocyte very gently.
Release the reconstructed oocytes by gently applying positive
pressure within the holding pipette. Repeat the procedure with
the other enucleated oocytes.

3.6 Oocyte Activation 1. Allow the reconstructed oocytes to recover in H-TCM-199
inside the incubator for 45 min.

2. Activate the reconstructed oocytes in ionomycin solution for
5 min. Wash reconstructed oocytes in H-TCM-199 4–6 times.
Incubate the reconstructed oocytes in 6-DMAP solution for
3–5 h.

3.7 Embryo Culture 1. Wash activated oocytes twice in IVC medium for 5 min. Move
the reconstructed embryos into culture drops on the in vitro
embryo culture dish (place maximum of five embryos per
droplet). Incubate embryos with 5% CO2 7% O2, under
saturated humidity at 38.5 °C for 8 days. Check embryonic
development at 24 h post-activation for cleavage rates
(2-cellembryos) and on days 7–8 for blastocyst rates (Fig. 4d).

4 Notes

1. Store at 4 °C for up to 1 week.

2. Ionomycin is light sensitive, so handle it in the dark.

3. Mercury was extracted from old thermometers.
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4. The piezo-driving system parameters shown in Fig. 1b are for
illustration only and must be adapted at each manipulation
session (and even during the same manipulation session). The
fact remains that the “A” settings are “stronger” than the “B”
settings, which need to be “softer” to allow punching the hole
in the oolemma without oocyte lysis.

5. Prepare the cell line at least 3 weeks in advance before prota-
minization and/or an SCNT experiment. Carry out the tissue
biopsy collection in accordance with relevant national and
institutional regulations.

6. Warm the trypsin-EDTA solution at 37 °C before use. Do not
keep the tissue in the trypsin solution for more than 10 min.

7. Equilibrate the freezing medium at -20 °C for at least 30 min
before use.

8. Do not incubate for more than 4 h as the DNA/lipid com-
plexed might be toxic to the cells.

9. The fully protaminized cells (spermatid-like cells) will float in
the cell culture medium. Other cells (non-spermatid-like cells)
will remain attached to the Petri dish.

10. To prevent the cells from mixing prematurely with the Ficoll,
gently release the medium into the tube.

11. Keep the uteri at 37–38 °C to avoid thermal stress.

12. Perform sufficient washes to remove the blood.

13. Equilibrate the IVMmedium for 2 h in the incubator (5% CO2

at 38.5 °C) before use.

14. Perform micromanipulation on an inverted microscope
equipped with a piezo-driven micropipette system connected
to the enucleation/injection system. The left micromanipula-
tion controls control a micropipette holder connected to an
enucleation or injection pipette. The right micromanipulation
controls control a micropipette holder connected to a holding
pipette. The operator defines this setup, so it can also be
reversed (holding system on the left and enucleation/injection
system on the right).

15. Oocytes that have responded well to the gonadotropin treat-
ment will display cumulus cell expansion.

16. Warm the hyaluronidase solution at 38.5 °C before use.

17. Expose oocytes to UV as short as possible.
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Chapter 12

Cattle Cloning by Somatic Cell Nuclear Transfer

Juliano Rodrigues Sangalli, Rafael Vilar Sampaio,
Tiago Henrique Camara De Bem, Lawrence Charles Smith,
and Flávio Vieira Meirelles

Abstract

Cloning by somatic cell Nuclear Transfer (SCNT) is a powerful technology capable of reprograming
terminally differentiated cells to totipotency for generating whole animals or pluripotent stem cells for
use in cell therapy, drug screening, and other biotechnological applications. However, the broad usage of
SCNT remains limited due to its high cost and low efficiency in obtaining live and healthy offspring. In this
chapter, we first briefly discuss the epigenetic constraints responsible for the low efficiency of SCNT and
current attempts to overcome them. We then describe our bovine SCNT protocol for delivering live cloned
calves and addressing basic questions about nuclear reprogramming. Other research groups can benefit
from our basic protocol and build up on it to improve SCNT in the future. Strategies to correct or mitigate
epigenetic errors (e.g., correcting imprinting loci, overexpression of demethylases, chromatin-modifying
drugs) can integrate the protocol described here.

Key words Cattle, Nuclear transplantation, Reprogramming

1 Introduction

With the birth of the ewe Dolly in 1996, cloning by somatic cell
nuclear transfer (SCNT) was demonstrated to be feasible in mam-
mals [1], which was followed 2 years later by the announcement of
the first cloned cattle [2]. The benefits of cloning by SCNT are
shared by multiple fields, such as cell therapy, livestock production,
and biotechnology [3, 4]. However, in spite of high blastocyst rates
after SCNT, limited advances have been achieved in obtaining live
offspring, which ranges around 1–5% of birth [5], causing limited
usage due to high cost and low efficiency [3, 6]. While SCNT
methodology has not advanced much technically, epigenetic
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mechanisms have been identified as the main culprits of low effi-
ciency [7]. This finding has prompted laboratories around the
world to adopt different methods to overcome barriers by using
chemical probes targeting chromatin-modifying enzymes [8], gene
overexpression, or knockdown [9, 10]. In this chapter, we will first
briefly describe the epigenetic barriers that complicate faithful
nuclear reprogramming after SCNT and attempts to overcome
them to improve bovine cloning efficiency. Later, we will describe
an SCNT protocol for cattle cloning routinely used for nuclear
reprogramming experiments, which allows full-term development
at reasonable efficiency (up to 10% of live calves from the total
transferred blastocysts).
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During SCNT, the oocyte cytoplasm often fails to completely
erase the “identity” of the nuclear donor cell [11]. In fact, epige-
netic marks such as DNA methylation, histone modification, and
noncoding RNAs regulate many processes that determine cell-type
identity [12]. The epigenetic memory inherited from the nuclear
donor somatic cell retained in the embryo leads to abnormal gene
expression and it is considered the main barrier to an efficient
reprogramming process [13].

DNAmethylation and histone modifications are the most stud-
ied among all the epigenetic marks. The lysine residue at position
9 on histone H3 (H3K9) is one of the most investigated sites.
Special attention has been given to histone methylation since mod-
ifications on H3K9 are thought to be the main barrier affecting the
SCNT reprogramming efficiency [10, 14]. Recent findings in mice
have indicated that genomic areas refractory to reprogramming and
classified as reprogramming-resistant regions (RRR) retain residual
H3K9 trimethylation (H3K9me3) from the somatic nucleus and
behave as the main barrier for efficient reprogramming, which
supports the evidence that H3K9 methylation is critical for nuclear
reprogramming [10]. Strikingly, silencing of histone methyltrans-
ferase enzymes by siRNA in the donor cells was able to reactivate
genes in RRR, thus dramatically increasing embryonic develop-
ment [10]. Another important barrier hampering the reprogram-
ming efficiency is the H3K9 dimethylation (H3K9me2). Bovine
SCNT embryos present abnormal H3K9me2 levels (i.e., increased
compared with in vitro fertilized embryos), which may affect appro-
priate nuclear reprogramming [14, 15].

Different strategies have been attempted to transpose the bar-
riers formed by these epigenetic marks. The most widely applied
approach is treating donor somatic cells or early SCNT embryos
with histone deacetylases or methyltransferases inhibitors [8, 16,
17]. However, these approaches remain controversial with
promising results for cloning in mice [8] and pigs [18, 19], while
no improvement for bovine embryonic development after SCNT
[3, 20–22].
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Attempting to modulate/overcome these barriers, we have
shown recently that the catalytic inhibition of euchromatic
histone-lysine N-methyltransferases 1 and 2 (EHMT1 and
EHMT2, also known as GLP and G9a, respectively), which are
responsible for catalyzing H3K9me2, in both nuclear donor cells
and cloned embryos reduced H3K9me2 and H3K9me3 levels at
the blastocyst stage [16]. In addition, we observed increases in
other epigenetic marks, such as 5mC and 5hmC. Although this
approach reduced the levels of these histone marks, no improve-
ment was observed in preimplantation development, thus suggest-
ing that assessments at the blastocyst stage might not be the best
developmental stage to measure the impact of H3K9me3 on clon-
ing efficiency. In mice, the RRR are H3K9me3-enriched regions
refractory to transcriptional activation at the two-cell stage in
cloned embryos, the moment when the embryonic genome activa-
tion (EGA) occurs [10]. Likewise, the reduction in H3K9me3
levels during bovine EGA improved SCNT efficiency [14], indicat-
ing that 8-cell or 16-cell stages may be the most appropriate to
examine the effects of H3K9me3 modulation in this species.

Liu and coworkers showed that overexpression of lysine
demethylase 4E (KDM4E), an H3K9 lysine-specific demethylase,
improved the cloning efficiency by not only improving blastocyst
rate, but also live birth and postnatal survival rates in bovines
[14]. Another report from the same group showed that
H3K27me3 is also a barrier to efficient reprogramming of cattle
[23]. Using the same strategy, these authors overexpressed lysine
demethylase 6A (KDM6A), a specific demethylase for H3K9 mod-
ification, and obtained an improvement in blastocyst rate. More-
over, they found that reducing H3K27me3 levels enhanced the
expression of genes involved in cell adhesion, cellular metabolism,
and X-linked genes [23].

All these aforementioned studies paved the way to elucidate the
main barriers hampering adequate nuclear reprogramming. From
these ideas and strategies, we expect significant improvements to
SCNT outcomes in the years to come.

2 Materials

Hereafter, we describe the basic SCNT protocol utilized by our lab
in the last ~20 years that has propitiated the generation of several
viable offspring and published research articles.

2.1 Equipment 1. Inverted microscope with Hoffman contrast optics and fluo-
rescence illumination (ultraviolet light [UV], Fig. 1a).

2. Micromanipulation system containing a three-axis joystick sys-
tem with oil hydraulic control (Fig. 1a).
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Fig. 1 Essential equipment required for somatic cell nuclear transfer. (a) Microscope and micromanipulation
equipment. (b) Stereomicroscope. (c) Mouth pipette and Pasteur pipette. (d) Electrofusion generator. (e) Fusion
chamber. (f) CO2 incubator

3. Microinjectors: An oil-filled injector for holding pipette and
air-filled injector for cell transfer pipette (Fig. 1a).

4. Stereomicroscope for oocyte and embryo handling (Fig. 1b).

5. Mouth pipettes (Fig. 1c), microdispensers, or Tomcat catheters
for oocytes and embryo handling.

6. Electrofusion generator for cell fusion (Fig. 1d).

7. Fusion chamber with 0.2 mm gap between electrodes
(Fig. 1e).

8. Incubator with atmosphere adjust to 5% CO2, 5% O2, and
saturated humidity at 38.5 °C (Fig. 1f).

2.2 Media and

Solutions

1. Oocyte-holding medium (OHM): Add 9 mL TCM-199 with
Hank’s salts (cat # 12350039), 1.0 mL fetal bovine serum
(FBS), 50 μg/mL gentamicin, and 0.2 mM sodium pyruvate.
Sterile filter (0.22 μm).

2. Oocyte maturation medium (OMM): Add 9.0 mL
TCM-199 with Earle’s salts (cat # 11150059), 1.0 mL FBS,
50 μg/mL gentamicin, 0.2 mM sodium pyruvate, 0.5 μg/mL
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FSH, and 50 mg/mL hCG. Sterile filter (0.22 μm). The OHM
and OMM can be prepared and stored at 4 °C for 2 weeks.

3. Fusion solution: Add 0.28 M mannitol, 0.1 mM MgSO4,
0.5 mMHEPES sodium salt, and 0.05% bovine serum albumin
(BSA) in ultrapure H2O, pH 7.4. The fusion solution can be
aliquoted and stored at -20 °C for several months.

4. Synthetic oviduct fluid supplemented with amino acids
(SOFaa): 107.63 mM NaCl, 7.16 mM KCl, 1.19 mM
KH2PO4, 1.51 mM MgSO4, 1.78 mM CaCl2.2H2O,
5.35 mM sodium lactate, 25.00 mM NaHCO3, 7.27 mM
sodium pyruvate, 0.20 mM L-glutamine, 20 μL/mL BME
amino acids, 10 μL/mL MEM amino acids, 0.34 mM
Tri-sodium citrate, 2.77 mM Myo-inositol, 50 μg/mL genta-
micin, and 10 μg/mL phenol red in ultrapure H2O. Addition-
ally, the SOFaa is supplemented with 5 mg/mL of BSA and
2.5% FBS. Sterile filter (0.22 μm). The SOFaa can be stored for
over a month if kept in the refrigerator (4 °C) and protected
from light.

2.3 Preparation of

Dishes for Oocyte

Handling

Before starting the oocyte denuding, make a culture dish to prepare
and stain the oocytes for enucleation, to keep the oocyte batches for
micromanipulation, and to return the enucleated oocytes, the
reconstructed oocytes, and the fused cell couplets. We label this
dish as the “working plate” since it is necessary for all steps during
the micromanipulation procedure.

1. Prepare a microtube with 1 mL of SOFaa containing 7.5 μg/
mL Cytochalasin B (CB) and 1.0 μg/mL Hoechst 33342.

2. Place two 60 μL droplets on the left side of a 60 mm Petri dish
and use a marker pen to delimitate these droplets on the
external surface of the bottom of the dish (Fig. 2d). These
droplets are used to destabilize the actin cytoskeleton (CB)
and stain the DNA (Hoechst 33342) of oocytes before
enucleation.

3. On the same Petri dish, make at least eight additional droplets
with SOFaa to place the oocytes from the other steps as
described above. Allow the plate to equilibrate in the incubator
for 2 h before starting the oocyte denuding.

On the day of SCNT, prepare the culture dishes for micromanipu-
lation and oocyte handling, and assemble the micromanipulation
microscope. To carry out SCNT, it is necessary to have a holding
pipette and an injection pipette. High-quality pipettes are funda-
mental to minimize oocyte damage during the micromanipulation
procedure. To ensure repeatability and for convenience, our labo-
ratory prefers to use commercially available pipettes. In our experi-
ence, commercial pipettes possess high batch-to-batch production

2.4 Micro-

manipulator Setup



consistency, are designed to optimize experiment outcome by min-
imal cell/oocyte trauma, and enable fine micromanipulation con-
trol. One option of commercial holding pipette possesses a 15 μm
inner diameter and 100 μm outer diameter, and the tip is bent at a
35° angle to enable positioning parallel to the manipulation dish
(Fig. 2a). The injection pipette has a 15 μm inner diameter and
20 μm outer diameter, while the tip is bent in a 20° angle to
facilitate the enucleation or reconstruction (Fig. 2a). Nonetheless,
micromanipulation pipettes can be made if the laboratory is
equipped with micropipette puller, micro-forge, and micropipette
grinder. A detailed protocol to prepare holding and transfer pip-
ettes can be found elsewhere [24].
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Fig. 2 Preparation of culture dishes and micromanipulator setup. (a) Holding pipette (on the left) and injection
pipette (on the right). (b) Micromanipulation plate made using the lid of a 60 mm Petri dish containing
manipulation medium droplets. (c) Manipulation plate placed at the center of the microscope stage. (d)
Working plate for oocyte staining with the DNA-specific dye Hoechst 33342 to assist the oocyte
enucleation step

Carry out bovine SCNT in OHM droplets (see Note 1)
prepared in the lid of 60 mm Petri dishes (see Note 2). We usually
prepare both enucleation and reconstruction droplets in the same
dish.

1. Make two droplets 200 μL OHM at the center of the dish
(Fig. 2b). Add 7.5 ug/mL CB to one droplet destined for
oocyte enucleation to destabilize the actin cytoskeleton (see
Note 3).

2. Cover droplets with 9 mL mineral oil and transfer the plate to
the center of the microscope stage (Fig. 2c).

3. Mount the holding pipette on the left micromanipulator,
adjust the tip position parallel to the plate surface, and lower
the pipette until visualizing the holding touching the bottom
of the dish. Lift a few micrometers from the surface to avoid
attrition. The holding pipette will be static during the whole
micromanipulation procedure.

4. Next, connect the injection pipette to the hydraulic microin-
jector and mount it to the right side of the micromanipulator.
As described above, we work with an air-filled microinjector for
the injection pipette. To allow better micromanipulation
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control, we first lower the injection pipette into the oil to allow
the oil to fill the tip of the pipette by capillarity. Then, we move
the injection pipette to the center of the micromanipulation
droplet facing the holding pipette.

After assembly of the micromanipulation setup, proceed to
prepare the oocytes for nuclear transfer.

3 Methods

3.1 Preparation of

Somatic Cells

Collect skin biopsies from the base of the tail due to the absence of
large vessels, less exposure to UV radiation from the sunlight, and
easy accessibility for veterinary handling. This protocol for fibro-
blast cell culture can be used to isolate cells from fetuses or deceased
high-genetic merit animals.

1. Administer epidural anesthesia with 2% lidocaine chlorhydrate,
trim, and carefully clean the base of the tail with 70% ethanol.

2. Perform an incision of 1.0 cm2 at the base of the tail, retrieve
the skin biopsy, and immediately add the biopsy to a 15 mL
tube containing 5 mL of PBS + antibiotic-antimycotic (100×)
(Gibco; catalog number: 15240096).

3. Transport the biopsy material on ice to the laboratory where it
is minced using a sterile scalpel blade on a plastic Petri dish and
incubate with 0.01% (w/v) type I collagenase diluted in Alpha
Minimum Essential Medium (α-MEM) with antibiotic-
antimycotic (100×) solution for 3 h at 38.5 °C.

4. Transfer the dissociated tissue to a microtube and centrifuge at
300 g for 5 min.

5. Discard the supernatant and resuspend the pellet in 2 mL of
α-MEM supplemented with 10% FBS and antibiotic-
antimycotic (100×) solution (cell culture medium [CCM]).

6. Plate the cell suspension in a 35 mm Petri dish and culture with
5% CO2, under saturated humidity at 38.5 °C. Monitor cell
culture dishes every day to assess growth rate.

7. Replenish CCM in 48 h intervals until primary fibroblast cul-
tures reach ~90% confluence. Then, detach the cells by remov-
ing the CCM and adding 1 mL of trypsin. Return the cells to
the incubator, wait for 5 min, and inactivate the trypsin by
adding 1 mL of CCM. Recover the cells, transfer to 2 mL
microcentrifuge tube, and centrifuge the cell suspension at
300 g for 5 min.

8. Remove the supernatant and resuspend the cells in 1.0 mL of
cryopreservation medium (CCM supplemented with 10%
dimethyl sulfoxide [DMSO]).
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9. Count the cells and freeze at the density of 2.0 × 105 cells/per
vial using a freezing container, Nalgene Mr. Frosty (Sigma
C1562). After freezing, cell vials can be stored in liquid nitro-
gen tanks for unlimited time.

3.2 Fibroblast Cell

Cycle Synchronization

The SCNT may be performed with several cell types (e.g., granu-
losa, fibroblasts, stem cells). Routinely in our laboratory we use
fibroblasts since it is a cell line easy to obtain, grow, and maintain
in vitro. Cells at different stages of the cell cycle (e.g., quiescent or
mitotic) or physiological states (e.g., pluripotent, apoptotic) can
also be used to produce cloned embryos [25–27]. There are several
methods for cell cycle synchronization: cell cycle inhibitors (e.g.,
roscovitine), cell culture in 0.5% FBS (serum deprivation), and
contact inhibition (100% confluence) [27, 28]. Synchronization
of the cell cycle between the somatic donor cell and the oocyte is
crucial to maintain the correct ploidy of the embryo. The full-term
development of a viable offspring was only possible after a protocol
to induce cell quiescence was established [29]. We describe the two
methods used in our lab to arrest cells in G0 stage (noncycling
cells): contact inhibition and serum deprivation (see Note 4).

1. Contact inhibition: Thaw a vial of fibroblasts in water bath at
37 °C. Transfer the cells to a 1.5 mL microtube and centrifuge
for 300 × g for 5 min (Fig. 3a). Discard the supernatant and
resuspend the cells in 2 mL CCM. Plate the cells (2.0 × 105

cells) in a 35 mm Petri dish at least 4 days before the day of
SCNT. Replenish CCM after 48 h and allow cells to grow for
an additional period of 48 h. When the cells reach confluence
(usually within 2 days in culture), most will stop in stage G0 of
the cell cycle due to contact inhibition (Fig. 3b).

2. Serum deprivation: Thaw and plate fibroblasts as described
above. Grow the cells in CCM for 24 h. Replace the CCM
for α-MEM supplemented with only 0.5% FBS and antibiotic-
antimycotic (100×) solution) and culture the cells for 72 h. The

Fig. 3 Cell cycle synchronization of donor cells and oocyte reconstruction. (a) Bovine fibroblasts plated at low
density in a Petri dish. (b) Bovine fibroblasts grown to full confluency (100%) to stop cell proliferation by
contact inhibition. (c) Bovine fibroblasts under serum starvation for 72 h
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Fig. 4 Media preparation and oocyte aspiration. (a) Oocyte maturation dish. (b) Workstation to aspirate the
ovaries. (c) Ovaries in an insulated container containing saline solution. (d) Ovary held with a gauze sponge in
preparation for the aspiration. (e) Follicular fluid recovered from the ovaries decanting in the cell cabinet. (f)
Supernatant recovered from the follicular fluid. (g) Supernatant recovered from the follicular fluid after
centrifugation to remove blood and pieces of tissues and cells

serum deprivation will stimulate the cells to become quiescent
and arrest at G0 (Fig. 3c). When the enucleated oocytes
(ooplasts) are ready, dissociate the cells and proceed to the
somatic cell transfer.

3.3 Oocyte Collection

and In Vitro Maturation

Prepare OHM and OMM media in advance (see above) to allow
them to equilibrate for at least 2 h in the CO2 incubator.

1. Prepare oocyte maturation dishes by adding 100 μL OMM
droplets in a 35 mm Petri dish (Fig. 4a), cover with 4 mL
mineral oil, and equilibrate for at least 2 h in the incubator at
38.5 °C, humidity to saturation, and 5% CO2 in air.

2. Set up a workstation to aspirate the ovaries after OHM and
OMM media preparation (Fig. 4b). Using a clean working
bench, position a biological waste bag nearby, a 50 mL sterile
conical centrifuge tube, 10 mL syringes, 18G hypodermic
needles, and gauze sponges (Fig. 4b).

3. Collect ovaries at the slaughterhouse (see Note 5) and place
them in an insulated container containing 0.9% saline solution.
At the laboratory, wash ovaries in warmed saline solution
(~30 °C) to remove blood and debris. Transfer the ovaries to
a new container with warmed saline solution (Fig. 4c).
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4. Hold one ovary with gauze sponge and aspirate visible follicles
(2–8 mm in diameter) using an 18G hypodermic needle
connected to a 10 mL syringe (Fig. 4d).

5. Transfer the recovered follicular fluid to a 50 mL conical sterile
polypropylene tube. Allow the follicular fluid to decant. After
approximately 10 min, a pellet sediment will be visible (Fig. 4e)
containing oocytes, small tissue fragments, and cells.

6. Recover the supernatant of the follicular fluid, transfer to a
15 mL conical sterile polypropylene centrifuge tube (Fig. 4f),
and centrifuge 1000 × g for 3 min to produce a follicular fluid
without cell debris (Fig. 4g).

7. Transfer 6 mL of follicular fluid to a gridded 100 mm Petri dish
(Fig. 5a). The grid can be drawn with a marker pen on the
external surface of the dish. Making strips at the bottom of the
Petri dish will facilitate and guide the search for oocytes using a
stereomicroscope.

8. Collect the sediment (containing oocytes and cell debris) using
a disposable plastic Pasteur pipette, and mix and disperse with
the follicular fluid previously prepared (Fig. 5b).

Fig. 5 Oocyte recovery, selection, and in vitro maturation (IVM). (a) Gridded 100 mm dish containing
centrifuged follicular fluid. (b) Sediment containing cumulus-oocyte complexes (COCs) dispersed in the
follicular fluid. (c) COCs under the stereomicroscope. (d) Recovered COCs. (e) COCs selected based on a
homogeneously granulated cytoplasm and the number of cumulus cell layers. (f) COCs placed in medium
droplets of the IVM dish
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9. Search and retrieve the cumulus-oocyte complexes (COCs)
under a stereomicroscope using a mouth pipette, microdispen-
ser, or pipette (Fig. 5c).

10. Transfer COCs to a 35 mm Petri dish containing 2 mL OHM
(Fig. 5d). Select ~200 good-quality COCs taking into account
the number of layers of cumulus cells (at least 3) and contain-
ing a light brown and homogeneous cytoplasm (Fig. 5e),
which is associated with better developmental potential [30].

11. Wash the COCs three times in 200 μL OMM droplets and
transfer pools of 15–20 COCs to each 100 μL OMM droplet
(Fig. 5f). Place the Petri dish back in the incubator and allow
the oocytes to undergo in vitro maturation for 18 h (see
Note 6).

3.4 Oocyte Denuding

and Staining

1. Remove COCs from the maturation dish using a P200 micro-
pipette and wash three times in 200 μL OHM droplets to
remove the residual mineral oil.

2. Transfer the COCs to a 400 μL trypsin (Tryple Express, Gibco)
droplet and pipette gently for ~3 min to remove the cumulus
cells (see Note 7). Wash denuded oocytes three times in OHM
and transfer to an 800 μL OHM droplet to select oocytes with
a visible polar body (PB), thus indicating a metaphase II (MII)
oocyte (mature oocyte).

3. Examine the oocytes one by one searching for the first polar
body (seeNote 8). Transfer all mature oocytes to the top of the
droplet and the oocytes without to the bottom. Calculate the
maturation rate (number of matured oocytes divided by total
COCs placed in IVM) and discard the remaining immature
oocytes (without a visible PB).

4. Transfer ~30–40 oocytes to the working plate in the enucle-
ation droplet (containing Hoechst 33342 and CB) and incu-
bate for 15 min. Keep the remaining oocytes in SOFaa droplets
until they are required for micromanipulation.

3.5 Somatic Cell

Nuclear Transfer

1. Place the stained oocytes on the top of the enucleation droplet.
Move the microscope chariot and pull an oocyte with the
holding pipette. Move back to the center of the droplet and
adjust the microscope focus to the middle range of the oocyte,
which enables a better of view of the zona pellucida. Using the
enucleation pipette, rotate the oocyte to visualize and position
the PB to the four o’clock position on a clock face (Fig. 6a).

3.5.1 Oocyte Enucleation

2. Quickly expose the oocyte to the UV light to localize the
metaphase plate and confirm if it is nearby the PB (Fig. 6b).
Gently rotate the oocyte and make the required adjustments to
ensure that both PB and metaphase plate are in the same focal
plane.
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Fig. 6 Oocyte enucleation. (a) Oocyte with the first polar body (PB) positioned to 4 o’clock position on a clock’s
face. (b) Oocyte exposed to ultraviolet (UV) light to locate the metaphase II spindle. (c) Aspirated PB and
surrounding cytoplasm. (d) Brief illumination of the pipette with UV light to ensure successful enucleation

3. Pierce the zona pellucida with the enucleation pipette, pene-
trate the perivitelline space and aspirate the PB. Next, aspirate
~3% of the oocyte cytoplasm (see Note 9) surrounding the PB
(Fig. 6c).

4. Expose briefly the enucleation pipette to the UV light to con-
firm that the metaphase plate has been successfully removed
(Fig. 6d).

5. Move the enucleated oocyte to the bottom of the drop to avoid
mixing with the nonenucleated ones. Repeat the process until
all oocytes in the batch are enucleated. It is advisable to place
another batch of oocytes a few minutes before finishing to
enucleate the previous batch (~15 min). In such a way, you
can save time and speed up the process. In a typical day
performing SCNT, we usually enucleate three batches of
30–40 oocytes, thereby totalizing ~100 enucleated oocytes.

6. Transfer the enucleated oocytes to a SOFaa droplet in the
“working plate” after finishing the oocyte batch. Our labora-
tory uses this basic enucleation protocol, but there are alterna-
tive methods to enucleate oocytes utilizing oocytes in telophase
stage [31] or special microscopes that dispense UV light expo-
sure [32]. Oocytes enucleated at telophase do not require the
use of G0/G1 donor cell synchronization to produce cloned
blastocysts and viable offspring [31].

7. Proceed to oocyte reconstruction after finishing with the
oocyte enucleation step.

3.6 Oocyte

Reconstruction

1. Dissociate donor cells from the culture dish by removing the
medium and add 1 mL of trypsin (Tryple Express, Gibco) and
return the cell culture dish to the incubator for 5 min.

2. After detachment, transfer the cells to a 1.5 mL microtube and
centrifuge at 300 × g for 5 min.

3. Remove the supernatant, resuspend the pellet in 100 μL
OHM, and transfer ~5.0 μL of cell suspension to the oocyte
reconstruction droplet. This cell suspension volume should
provide enough cells to reconstruct all cytoplasts.
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Fig. 7 (a) Dissociated fibroblasts for oocyte reconstruction and loading into the injection pipette. (b) Enucleated
oocyte positioned for reconstruction. (c) Donor cell inserted into the perivitelline space and attached to the
enucleated oocyte

Fig. 8 (a) Cell couplets in the fusion chamber. (b) Cell couplet between the electrodes. (c) Cell couplet with the
cell aligned at 12 o’clock to receive the electrical pulse

4. Transfer a group of 40–50 enucleated oocytes to the recon-
struction drop. Load the injection pipette with a single small
and round-shaped cell (Fig. 7a).

5. Pick one enucleated oocyte and hold it with the holding
pipette. Pierce the zona pellucida in a region with the smallest
space (seeNote 10) between the zona pellucida and the oolema
(Fig. 7b).

6. Repeat the procedure (see Note 11) for the remaining enu-
cleated oocytes (Fig. 7c).

3.7 Cell Fusion 1. Fill the fusion chamber with 200 μL fusion solution and cover
with 200 μL mineral oil to avoid evaporation.

2. Remove the oocytes from the incubator and wash three times
in fusion solution to remove all traces of SOFaa medium. Place
the couplets (ooplast + somatic cell) in the chamber on one side
(e.g., top) of the electrodes (Fig. 8a).

3. Pick up one couplet using the mouth pipette and position it
between the electrodes (Fig. 8b) by aligning the cell close and
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perpendicular to the electrode axis at 6 or 12 o’clock position.
Once the cell couplet was aligned, deliver two pulses of
1.75 kV/cm for 45 μs (Fig. 8c) (see Note 12).

4. Transfer the fused couplet to the bottom of the fusion chamber
and repeat the process until all cell couplets were subject to cell
fusion.

5. Wash fused cell couplets three times in SOFaa to remove resid-
ual mannitol solution and return them to the “working plate”
in the incubator for 1 h to check the fusion rate.

6. Place all cell couplets subjected to fusion in an OHM droplet
and confirm the fusion under a stereomicroscope by the
absence of the somatic cells adjacent to the enucleated oocyte.

7. Discard all lysed and nonfused couplets and proceed to the
oocyte chemical activation step.

3.8 Oocyte Chemical

Activation

The artificial activation is carried out 26 h after the onset of oocyte
IVM and usually 1–2 h after the cell fusion. We use the classical
protocol described by Susko-Parrish [33], with minor
modifications.

1. Prepare a culture dish with 60 μL SOFaa droplets containing
2.0 mM 6-dimethylaminopurine (6-DMAP) and equilibrate in
the incubator for at least 2 h. This dish can be prepared
together with the “working plate” and kept in the incubator.

2. To artificially activate the reconstructed couplets, select the
successfully fused couplets and incubate in a 300 μL OHM
droplet supplemented with 5 μM ionomycin calcium salt for
5 min.

3. Immediately after incubation, wash the oocytes at least three
times in SOFaa + 2 mM 6-DMAP.

4. Incubate the activated oocytes in SOFaa + 2 mM 6-DMAP for
3 h.

3.9 Embryo Culture 1. Prepare a culture dish with multiple 100 μL SOFaa droplets
under mineral oil and equilibrate in the incubator for at least
2 h before use. Prepare this dish during the incubation in
SOFaa + 6-DMAP.

2. Remove activated oocytes from the activation dish and wash
them extensively (i.e., at least five times) in fresh SOFaa
droplets.

3. Transfer the presumptive embryos to the culture dish (20–30
embryos per SOFaa droplet) and incubate for 7 days in 5%
CO2, 5%O2, and 90%N2, under saturated humidity at 38.5 °C.

4. Determine embryonic developmental potential at 72 h post-
activation (day 3) for cleavage rates and at 168 h post-activation
(day 7) for cloned blastocyst development rates (Fig. 9a).
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Fig. 9 (a) Cloned blastocysts at day 7 of in vitro culture. (b) Recipient cow used for transfer of cloned embryos.
(c) Cloned calves obtained from the same cell line. (d) Neonate cloned calf stabilized after intensive care and
oxygen supplementation. (e) Cloned calf fully recovered from post-delivery stabilization as demonstrated by
suckling without assistance. (f) Cloned calves at ~3 months

3.10 Embryo

Transfer

Examine the culture dishes for viable blastocysts on day 7 post-
activation. At this point, they can be snap frozen in liquid nitrogen
and stored at -80 °C for molecular analyses. To generate live
offspring, proceed to embryo transfer to surrogate mothers as
described below.

1. Select the high-grade cloned blastocysts from the culture dish
(Fig. 9a) and load them into 0.25 mL sterile straws in HEPES-
buffered SOFaa for embryo transfer.

2. Synchronize the recipient cows using a progesterone-releasing
intravaginal device (PRID) plus 2 mg of estradiol benzoate
(EB) at unknown stages of estrus cycle (day 0). On day
5, administrate 0.15 mg of D-cloprostenol (PGF) and
400 IU of eCG by intramuscular shots. Remove the PRID on
day 8. Administrate 1 mg of EB on day 9. Day 10 is considered
the day of estrus. Detailed protocols for recipient synchroniza-
tion can be found elsewhere [34].

3. Transfer the embryos (blastocysts at day 7) transcervically to
surrogate cows on day 17 into the uterine horn ipsilateral to the
corpus luteum of previously synchronized recipient cows
(Fig. 9b) (see Note 13).
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4. Monitor pregnancies by rectal ultrasound examination.
Restrain the recipients in a cattle squeeze chute. Evacuate the
feces from rectum. Lubricate the ultrasound transducer. Intro-
duce into the rectum and position in close proximity to the
dorsal surface of the uterine tract. Examine both horns for signs
of pregnancy (e.g., presence of an echo-free fluid zone of
varying size in the lumen of an echogenic uterine horn; pres-
ence of embryo or fetus).

5. Check the pregnancy every 30 days.

6. Expect the recipient to calving between 275 and 285 days after
SCNT (see Note 14).

3.11 Delivery of

Cloned Offspring and

Neonatal Care

1. Start to closely monitor the recipient cows 1 week before the
expected delivery date.

2. Prepare and sterilize the surgical instruments and clean the
cattle squeeze chute.

3. Prepare a team of veterinarians to assist the recipient cow and
the neonate.

4. Assist the recipient cow as soon as it starts showing signals of
labor. In case it fails in naturally calving, proceed to caesarean
section (see Note 15).

5. Perform a caesarean section and delivery the calf (Fig. 9c).

6. Check all vital parameters and estimate the calf viability.

7. Execute intensive care (Fig. 9d) immediately after birth (see
Note 16).

8. Keep intensive care until vital parameters stabilize and the calf is
able to stand up and suckle from the surrogate mother
(Fig. 9e).

9. Monitor the calves during the neonatal period to avoid later
complications such as diarrhea and umbilical infections.

10. Discharge the calves and transfer to a clean stall or pasture
(Fig. 9f) (see Note 17).

4 Notes

1. We use OHM tomicromanipulate because it has high buffering
capacity preventing pH changes, and the FBS acts as a surfac-
tant minimizing cell stickiness.

2. Micromanipulation dishes are prepared in the lid of 60 mm
Petri dishes since the borders are lower, making it easier to
assemble the holding and the injection pipettes.
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3. The Cytochalasin B added to the micromanipulation drop will
destabilize the actin cytoskeleton, which facilitates the micro-
manipulation procedure and prevents oocyte lysis.

4. In our experience, cellular synchronization by contact inhibi-
tion by cell confluence or serum deprivation propitiate the
birth of viable offspring with similar efficiency.

5. We usually use oocytes from ovaries collected at local slaughter-
houses. Oocytes can also be collected from animals by
ultrasound-guided oocyte aspiration (ovum pick-up) when
there is a desire for a specific cytoplasm donor (e.g., studies
on mitochondrial inheritance).

6. Maturing the oocytes for 18 h propitiates at least 60% of
oocytes to reach the metaphase II stage, and they are ready to
be prepared for SCNT.

7. Partially denuded oocytes may be moved to another droplet
with fresh trypsin to make sure all cumulus cells are removed.
This will facilitate the selection of PB and also the
enucleation step.

8. Stereomicroscopes with large zoom ranges facilitate the
process.

9. During the enucleation, it is crucial to expose the oocytes to
the UV light as quick as possible and to remove the minimal
amount of cytoplasm necessary to enucleate it. These details
avoid oocyte damage and help achieve higher fusion rate and
embryonic development. When the metaphase plates are far
from the PB, aspirate first the PB and then rotate the oocyte to
find a better position to remove the metaphase plate.

10. Transferring the cell to the region with the smallest perivitelline
space will help position the donor cell in close contact with the
cytoplast and increase the fusion rates.

11. After finishing the first batch of cell transfer, if there are two
researchers working, it is advisable to proceed immediately to
cell fusion. In case you are working alone, return the cell
couplets to the SOFaa drop in the “working plate” in the
incubator and perform another round of oocyte
reconstruction.

12. Herein, we described the fusion carried out in an Eppendorf
Multiporator 4308 Electroporation System. The protocol can
be adapted and tested in other electrofusion apparatus. The
voltage to achieve satisfactory fusion rates with low cell lysis
may vary among electrofusion apparatuses. Usually, best results
are obtained with voltages between 1.75 and 2.25 kV/cm
[24]. Moreover, the duration and number of pulses must be
adjusted for each fusion apparatus.
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13. It is crucial to plan in advance and start to synchronize the
recipient cows 10 days before the expected date to carry out the
SCNT. Then, the recipient cow’s uterus and the embryos will
be synchronized to maximize the chance to get pregnant.

14. The cloning efficiency has ranged from 0% to 10% according to
the cell batch being used. Therefore, we usually transfer ~50
embryos to ensure the production of at least one viable clone.

15. In our own experience, over 90% of all cloned pregnancies
require a C-section since the recipients often fail to calve
naturally.

16. The neonate clones often display comorbidities such as hypo-
glycemia, enlarged umbilical veins, and suffer from respiratory
distress requiring oxygen supplementation (Fig. 9d). Intensive
care immediately after birth (e.g., fluid drainage from the
respiratory system, clamping the umbilicus) can help stabilize
the calf’s vital parameters, enabling it to stand up and suckle
from the surrogate mother (Fig. 9e). The details of the man-
agement and intensive neonatal care can be found in a review
article published by our group [6]. After the critical neonatal
period, the surviving calves tend to develop into healthy adults
(Fig. 9f) that reproduce normally.

17. Some donor cell lineages are more amenable to reprogram-
ming and with a few numbers of transferred embryos enable
the production of several viable offspring (Fig. 9c). Contrari-
wise, some lineages seem unclonable. On some occasions, we
carried out 3–4 complete rounds of SCNT embryo transfers
and consistently obtained only offspring that died a few min-
utes after birth, suggesting that sometimes the epigenetic
errors acquired by the somatic donor cells cannot be
reprogrammed.
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Chapter 13

Production of Water Buffalo SCNT Embryos by Handmade
Cloning

Prabhat Palta, Naresh L. Selokar, and Manmohan S. Chauhan

Abstract

Cloning by somatic cell nuclear transfer (SCNT) involves the transfer of a somatic nucleus into an
enucleated oocyte followed by chemical activation and embryo culture. Further, handmade cloning
(HMC) is a simple and efficient SCNT method for large-scale embryo production. HMC does not require
micromanipulators for oocyte enucleation and reconstruction since these steps are carried out using a sharp
blade controlled by hand under a stereomicroscope. In this chapter, we review the status of HMC in the
water buffalo (Bubalus bubalis) and further describe a protocol for the production of buffalo-cloned
embryos by HMC and assays to estimate their quality.

Key words Buffaloes, Cloning, Embryogenesis, Nuclear transplantation, SCNT

1 Introduction

The technique of cloning by somatic cell nuclear transfer (SCNT)
involves the transfer of a somatic cell nucleus to an enucleated
oocyte. The ooplasm of the enucleated oocyte converts the differ-
entiated somatic cell nucleus to a totipotent state through a process
called nuclear reprogramming. In the conventional SCNTmethod,
both oocyte enucleation and reconstruction require micromanipu-
lators [1], a fact which confined SCNT to a few laboratories that
could afford expensive equipment and had skilled scientists to
operate them. A simpler and less expensive SCNT method was
developed and called handmade cloning (HMC), which does not
require micromanipulators, and SCNT is done by hand using a
sharp blade under a stereomicroscope [2]. Further, HMC led to a
much wider use of SCNT and is suited to large-scale cloning
programs, thus offering high embryo yields and improved live
birth rates in cattle, sheep, and pigs [3–9].
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We used HMC for the production of the world’s first cloned
water buffalo (Bubalus bubalis) [10]. During the last decade, we
made improvements in buffalo HMC, which included standardiza-
tion of embryo culture [11, 12], improved cell fusion conditions
[13], enhanced donor cell synchronization [14], selection of
oocytes with greater developmental competence [15], and selec-
tion of early cleaved embryos for improved full-term development
[16]. Furthermore, we tested modulations of the epigenetic status
(donor cells, reconstructed embryos, or both) with histone deace-
tylase inhibitors [17–23] or inhibition of DNA methyltransferase
activity [18, 19, 24]. Attempts to improve blastocyst yields by
modulating small noncoding RNAs showed limited potential
[25–27]. Collectively, these modifications in buffalo HMC
improved blastocyst rates, thus making it comparable to in vitro
fertilization [28, 29]. Recently, we have shown that treatment of
reconstructed oocytes with Dickkopf-1, an inhibitor of canonical
WNT signaling pathway, increased both conception and live birth
rates to as high as 25% [30].

To prospect the most promising cell type for higher cloning
efficiency (i.e., high blastocyst and live birth rates), we tested several
cell types such as fetal fibroblasts [10], newborn fibroblasts [10],
adult fibroblasts [31], milk-derived cells [31, 32], blood-derived
cells [33], and from the trophectoderm [34]. Live births using
buffalo HMC were derived from fetal fibroblasts [10], embryonic
stem cell-like cells [35], adult fibroblasts [30, 31], seminal plasma-
derived cells [36], and urine-derived cells [37]. Therefore, this
chapter describes our HMC method used for producing clone
calves from adult water buffaloes.

2 Materials

2.1 Equipment The equipment required for production of embryos by HMC is
illustrated below (Fig. 1).

1. Laminar flow hood.

2. Two stereomicroscopes.

3. Inverted microscope equipped with Hoffmann and
epifluorescence.

4. Two CO2 incubators: one with 5% CO2 with high oxygen
tension (20% O2) and the other with 5% CO2 and low oxygen
tension (5% O2).

5. Electrofusion machine (ECM 2001, BTX San Diego,
CA, USA).
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Fig. 1 Instruments for buffalo handmade cloning. (a) Electrofusion machine. (b) CO2 incubators. (c) Inverted
microscope with fluorescence. (d) Stereomicroscopes. (e) Oocyte handling pipette. (f) Microblade. (f1)
Microblade tip. (g) Glass capillary attached to pipette holder. (h) Electrofusion chamber. (h1) Electrofusion
chamber. (h2) Fusion medium droplet placed on the fusion chamber that is attached to red (positive) and black
(negative) electrodes

2.2 Tools and

Consumables

1. Oocyte handling pipettes (Unopette, Becton Dickinson&Co.,
USA).

2. Microblades (MTB-05; Micromanipulator Microscope
Co. Inc., Carson City, USA).

3. Microslide 0.5 mm gap, model 450 (BTX, San Diego, USA).

2.3 Media and

Solutions

Use only high-grade reagents (see Note 1). Store the stock solu-
tions at – 20 °C until use, unless specified otherwise (see Note 2).

1. Ovary washing medium (OWM): Mix 1 L distilled water, 9.0 g
sodium chloride, 100,000 IU penicillin, and 100 mg strepto-
mycin. Filter-sterilize (0.22 μm) and store at 4 °C (seeNote 3).

2. Aspiration medium (APM): Mix 50 mL TCM-199 medium
(Sigma, M7528), 0.3% (w/v) bovine serum albumin (BSA),
0.68 mM L-glutamine, and 50 μg/mL gentamicin.
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3. Washing medium (WSM): Mix 36 mL TCM-199, 4.0 mL fetal
bovine serum (FBS), 3.6 mg sodium pyruvate, 4.0 mg L-glu-
tamine, and 2.0 mg gentamicin.

4. Brilliant cresyl blue medium (BCBM): Dissolve 0.4045 mg
BCB (Sigma, B5388) in 20 mL PBS supplemented with
0.4% BSA.

5. In vitro maturation medium (IVMM): Mix 10 mL WSM with
5.0 μg/mL porcine FSH and 1.0 μg/mL 17-β estradiol (see
Note 4).

6. Handling media (HM): Prepare HM0 with 30 mL TCM-199
and 0.84 mg sodium pyruvate, 3.0 mg L-glutamine, and
1.5 mg gentamicin. Prepare HM2 with 13.72 mL HM0 sup-
plemented with 280 μL FBS. Prepare HM20 with 12.8 mL
HM0 supplemented with 3.2 mL FBS.

7. Hyaluronidase solution: Mix 200 mL TCM-199 with 2.0%
(v/v) FBS and 100 mg hyaluronidase. Store 500 μL aliquots
in 1.5 mL tubes.

8. Pronase solution: Dissolve 100 mg pronase E in 50 mL
TCM-199 medium supplemented with 10% FBS. Store
500 μL aliquots in 1.5 mL tubes. Spin down for 1 min
before use.

9. Phytohemagglutinin (PHA) solution: Dissolve 50 mg PHA in
10 mL TCM-199 medium. Store 50 μL aliquots in 1.5 mL
tubes. Prepare the working solution by thawing a 50 μL stock
aliquot and add 450 μL HM2. Spin down for 1 min and
aspirate 400 μL of the supernatant.

10. DPBS: PBS supplemented with 50 μg/mL gentamicin. DPBS-
BSA: DPBS supplemented with 0.4% BSA.

11. Cell fusion medium (CFM): Mix 50 mL ultrapure water with
2.73 g D-mannitol, 1.0 mg MgCl2.6H2O, and 0.368 mg
CaCl2.2 H2O. Add 50.0 mg polyvinyl alcohol and homoge-
nize. Incubate overnight at 4 °C. Store in 1.0 mL aliquots in
1.5 mL tubes.

12. Embryo in vitro culture medium (IVCM): 3.0 mL KRVCL
medium (Cook®, Australia, K-RVCL-50) with 30 mg fatty
acid-free BSA (Sigma, A8806).

13. Calcium ionophore solution: Dissolve 1.0 mg calcium iono-
phore in 1.0 mL dimethyl sulfoxide (DMSO). Store 5.0 μL
aliquots in 0.2 mL tubes protected from light (it is light sensi-
tive). Spin down for 30 s before use.

14. 6-Dimethylaminopurine (6-DMAP): Dissolve 100 mg
6-DMAP in 6.13 mL PBS. Shake the solution in a water bath
at 55 °C until the solution becomes clear. Store 10 μL aliquots
in 0.5 mL tubes.
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15. Cell culture media (CCM20): Mix 20 mL FBS in 80 mL of
DMEM-F12 (Sigma, D8437) supplemented with 50 μg/mL
gentamicin. CCM10: Mix 10 mL FBS in 90 mL of DMEM
supplemented with 50 μg/mL gentamicin.

16. Cell freezing media (CFZM): Mix 2 mL FBS, 1 mL DMSO in
7 mL of DMEM-F12 (Sigma, D8437) supplemented with
50 μg/mL gentamicin.

3 Methods

Experiments involving live animals must comply with institutional
and national regulations. Carry out all the procedures at room
temperature unless specified otherwise. Perform all handling and
manipulation of oocytes under a stereomicroscope (see Note 5).
The CO2 incubator used for most steps should have 5% CO2 and
20% O2 (see Note 6), while embryo culture under 5% CO2 and 5%
O2 supports higher embryonic developmental rates.

3.1 Preparation of

Donor Cells

1. Restrain a water buffalo, wash the ventral part of the tail (just
above the anal region) with soap, and disinfect with 70% etha-
nol. Wipe it dry with sterile cotton and collect biopsy of skin
(approximately 2.0 cm2) with a notcher. Transfer the biopsy to
a sterile 15 mL tube containing 10 mL DPBS. Alternatively,
skin biopsy may be taken from ear pinna tissue.

2. Cut the tissue biopsy into small fragments (~1.0 mm2/each)
immersed in 3.0 mL DPBS containing 35 mm dish. Transfer
the tissue fragments to another 35 mm dish containing 3.0 mL
DPBS and wash them 2–3 times with 3.0 mLCCM10. Usually,
15–20 fragments can be made from each tissue biopsy.

3. Place 3–5 tissue fragments in 10 μL CCM20 droplets (one
tissue fragment per droplet) to a 25 cm2 culture flask and
incubate with 5% CO2, saturated humidity at 37 °C 10–15 h.
Replenish 4.0 mL CCM20 at 15 h and replenish 3.0 mL
CCM20 every third day during the culture period. Cell out-
growths from the explants usually become visible after 5 days of
culture (Fig. 2).

4. Remove the explants and dissociate cell outgrowths with 0.25%
trypsin after 10–12 days of culture. Add 3.0 mL CCM10 and
transfer the cell suspension to a sterile 15 mL tube. Centrifuge
the tube at 800 g for 5 min and suspend the pellet in 3.0 mL
CCM10. Divide the cell suspension into 3–4 aliquots (split
ratio of 1:3–1:4 depending upon the total number of cells).
Passage cells (subculture) 3–5 times in 25 cm2 culture flasks in
CCM10 with 5% CO2, saturated humidity at 37 °C to establish
fibroblast cultures without epithelial cells.
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Fig. 2 (a) Immature cumulus-oocyte complexes (COCs). (b) COCs showing cumulus expansion. (c) Denuded
oocytes. (d) Zona pellucida-free oocytes displaying protrusion cones (arrows). (e) DNA staining of zona-free
oocytes in which the arrows indicate the metaphase-II plates. (f) Enucleated oocytes (demicytoplasts) under
bright light. (g) Demicytoplasts stained with DNA dye H33342 under ultraviolet light. (h) Fibroblast cell line. (i)
Donor cells after trypsinization. (j) Cell couplets made with donor cells (arrows) attached to demicytoplasts. (k)
Cell couplets made with somatic cells (arrows) in between two demicytoplasts. (l) Four-cell embryo. (m) Eight-
cell embryo. (n) Compact morula. (o) Blastocysts

5. Cryopreserve cells at each passage by loading cryovials with 1.0
× 106 to 1.0 × 107 cells in 1.0 mL CFZM and subject it to slow
freezing by placing in -80 °C overnight. Next day, transfer
cryovials for store in N2 at -196 °C.

6. Before use, thaw a Cryovial in a water bath at 37 °C and wash
cells 2–3 times with 5 mL CCM20, centrifugation at 800 g,
and remove the supernatant. Place cells 400 μL CCM10 per
well of a four-well dish and incubate with 5% CO2, saturated
humidity, at 37 °C for 5–7 days.

7. Cells grow for 5–7 days to make them full confluence before
SCNT. Trypsinize cells immediately before use and resuspend
the cell pellet inCCM10 at a concentration of 1.0× 105 cells/mL.

3.2 Oocyte Collection

and In Vitro Maturation

1. Collect ovaries (preferably >100 per collection) at a slaughter-
house and wash 3–4 times with OWM at 30 °C. Transport
ovaries to the laboratory as soon as possible (less than 6 h) in a
thermos flask containing OWM at 30 °C. In the laboratory,
wash ovaries thoroughly with OWM at 30 °C and remove any
extra tissue around them. Transfer the ovaries to a beaker
containing warm OWM at 30 °C.
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2. Hold one ovary with a sterile filter paper and aspirate all the
visible antral follicles with an 18-gauge needle attached to a
10 mL syringe containing APM. Repeat the process with all the
ovaries. Whenever the syringe gets filled, transfer the aspirated
content to a 15 mL sterile tube. Keep all tubes in a dry bath at
30 °C and wait for cumulus-oocyte complexes (COCs) to settle
for 15 min.

3. Remove the top portion of the APM of each tube with a sterile
Pasteur pipette and transfer the pellet to a 100 mm dish with a
13 mm grid. Add 5 mL APM and shake the dish gently to
distribute its contents evenly.

4. Collect COCs from the dish under a stereomicroscope. Use a
sterile glass Pasteur pipette with mouth diameter of approxi-
mately 300–400 μM.

5. Transfer the COCs to a 35 mm dish containing 3.0 mL WSM.
Select COCs with two or more compact cumulus cell layers and
evenly granular cytoplasm (Fig. 2a). Transfer the selected
COCs to another dish containing 3.0 mL DPBS-BSA. Discard
the remaining oocytes.

6. Wash COCs twice in DPBS-BSA. Incubate COCs in BCBM in
the CO2 incubator at 38.5 °C for 90 min. Wash COCs once
with DPBS-BSA and examine under a stereomicroscope. Col-
lect COCs with discernible degree of blue coloration (BCB+
oocytes). These are oocytes of high developmental competence
(see Note 7).

7. Transfer the BCB+ oocytes to another 35 mm dish containing
3.0 mL WSM and wash them three times with IVMM. Prepare
100 μL IVMM droplets in a cell culture grade 35 mm dish and
cover with sterile mineral oil (see Note 8). Transfer 15–20
COCs to each IVMM droplet. Perform IVM of COCs with
5% CO2, saturated humidity, at 38.5 °C for 21 h.

3.3 Oocyte

Preparation for

Enucleation

1. Examine the COCs after IVM under an inverted microscope.
Select COCs with adequate cumulus expansion (Fig. 2b).
Transfer COCs to hyaluronidase solution while avoiding trans-
ferring them with IVMM. Incubate COCs in hyaluronidase at
38.5 °C for 1 min. Pipette gently to assist oocyte denuding.
Vortex gently if oocytes are not completely denuded.

2. Transfer the content of the tube to 35 mm dish containing
3.0 mL HM2. Pick all denuded oocytes (Fig. 2c) and wash
twice in HM2 to remove residual cumulus cells (see Note 9).

3. Prepare a 400 μL pronase droplet in a 35 mm dish, transfer
200–250 denuded oocytes, and incubate with 5% CO2,
saturated humidity at 38.5 °C for 8–10 min. Swirl the dish
gently a few times.
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4. Examine the oocytes under a stereomicroscope. Transfer the
oocytes with completely digested zona pellucida to another
35 mm dish containing 3.0 mL HM20. Wash twice with
HM20 and incubate in a 35 mm dish containing 3.0 mL
HM20 in a CO2 incubator at 38.5 °C for 15–20 min.

3.4 Somatic Cell

Nuclear Transfer

1. Examine the oocytes for a “protrusion cone” under an inverted
microscope (Fig. 2d, e). Transfer pools of 8–10 protrusion-
bearing oocytes (each time) to a 35 mm dish in 4.0 mL HM20
containing 2.5 μg/mL cytochalasin B. Position them in a row
for manual bisection.

3.4.1 Oocyte Enucleation

2. Slice oocytes (i.e., one at a time) using the microblade into two
parts, although intending to leave the protrusion cone in the
smaller part (see Note 10). The larger oocyte part lacks the
metaphase plate (oocyte spindle) and is thereafter called “demi-
cytoplast” (Fig. 2f). Enucleate the remaining protrusion-
bearing oocytes (see Note 11).

3. Transfer demicytoplasts to a 35 mm dish containing 3.0 mL
HM20 and incubate with 5% CO2, saturated humidity at
38.5 °C for 10–15min, to enable them to regain spherical shape.

4. Incubate demicytoplasts in a 200 μL droplet of HM20 with
10 μg/mL Hoechst 33342 under 5% CO2, saturated humidity
at 38.5 °C for 10 min.

5. Subject demicytoplasts to a brief ultraviolet light exposure (i.e.,
few seconds) to confirm enucleation (Fig. 2g). Discard none-
nucleated demicytoplasts and wash enucleated demicytoplasts
2–3 times in HM20.

3.4.2 Oocyte

Reconstruction

1. Prepare a four-well dish with the following solutions: Well #1
with 400 μL HM20, well #2 with 400 μL PHA solution, well
#3 with 400 μL HM20, and well #4 with 400 μL CFM.

2. Fill the space between wells of the four-well dish with 4.0 mL
HM2 and add 8–10 μL of the donor cell suspension to it.

3. Transfer demicytoplasts to well #1. Pick 5–8 demicytoplasts
from well #1 and immerse them in well #2 for 3–4 s.

4. Prepare cell couplets by gently rolling the demicytoplast over a
single donor cell, thus keeping tight membrane contact
(Fig. 2i). Repeat the process until half of the demicytoplasts
are paired with donor cells (Fig. 2j). Electrofused couplets are
incubated in well #3 for 4 h.

5. Transfer cell couplets to well #4 and incubate the dish in the
CO2 incubator at 38.5 °C for 10 min.
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3.5 Cell Fusion 1. Turn on the electrofusion machine set with the following
parameters: alternate current (AC) at 4 V (one pulse for
4 ms), direct current (DC) at 160 V (one pulse for 6 μs), and
post-AC pulse at 0 V.

2. Place the fusion chamber on the stage of another stereomicro-
scope in the laminar hood. Fix the fusion chamber to the
microscope stage with sticky tape. Attach electrode wires of
the electrofusion machine to electrode tips of the fusion
chamber.

3. Cover the electrodes with a 1.0–2.0 mL CFM droplet at the
center of the fusion chamber and transfer cell couplets from
well #4 to the northern part of the fusion chamber (see Note
12).

4. Transfer the remaining demicytoplasts to well #4 of the four-
well dish and incubate the dish at room temperature for 5 min.
Then, transfer the demicytoplasts to the southern part of the
fusion chamber (distant from the platinum wires).

5. Transfer 1–2 cell couplets to the space between platinum wires
and gently steer them with the glass capillary (Unopette) until
the fibroblast of the cell couplet is placed between the demicy-
toplasts and faces the negative electrode.

6. Trigger the electrofusion. This will result in movement of the
couplets and the demicytoplasts toward each other in such a
way that the somatic cell gets sandwiched between the two
demicytoplasts (Fig. 2k).

7. Collect gently all fused couplets and transfer them to well #3 of
the four-well dish to recover from cell fusion. Continue the
electrofusion until all cell couplets and demicytoplasts are fused
to form reconstructed oocytes (see Note 13) and incubate
them in well #3 in 5% CO2, saturated humidity at 38.5 °C for
4 h.

3.6 Oocyte Activation 1. Prepare a four-well dish as follows: Well #1 with 5 μM calcium
ionophore in 400 μL HM20, well #2 with 400 μL HM20, well
#3 with 400 μL HM20, and well #4 with 2.0 mM 6-DMAP in
400 μL HM20.

2. Transfer reconstructed oocytes to well #1 and incubate in the
CO2 incubator at 38.5 °C for 5 min. Wash reconstructed
oocytes in well #2 and well #3. Transfer reconstructed oocytes
to well #4 and incubate with 5% CO2, saturate humidity at
38.5 °C for 4 h (see Note 14). Wash reconstructed oocytes
three times in HM20 after incubation with 6-DMAP-contain-
ing medium.
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Fig. 3 Buffalo-cloned blastocysts produced by handmade cloning. (a) Grade A blastocyst with tightly packed
inner cell masses (circles). (b) Grade B blastocyst. (c) Grade C blastocyst

3.7 Embryo Culture 1. Add 400 μL KRVCL medium per well of a four-well dish.
Cover the medium in each well with 300 μL sterile mineral
oil. Place gently 15–18 embryos per well along the periphery of
the well at some distance from each other to avoid aggregation.

2. Transfer the dish very gently to the CO2 incubator with 5%
CO2 and 5% O2. Avoid shaking the dish (seeNote 15). Replace
gently 4.0 μL of the culture medium with 4 μL DKK1 stock on
day 5 post-activation. Resume embryo culture until day 8 post-
activation and record the embryo developmental rate
(Fig. 2l–o) and evaluate the blastocyst quality (see Note 16).

3.8 Embryo

Evaluation

Capture an image of the blastocyst under a phase-contrast inverted
microscope at 100× magnification. Use the following criteria for
evaluation of the quality of blastocysts (Fig. 3).

3.8.1 Blastocyst

Morphology
Grade A: Blastocyst size is greater than 350 μm with tightly

packed inner cell mass (ICM) cells and trophectoderm (TE) cells
forming an organized cell layer. Grade B: Blastocyst size is
200–350 μmwith both ICM and TE cells loosely packed. Grade C:
Blastocyst size is less than 200 μm, with no distinct ICM and very
few TE cells. For embryo transfer, use only grade A blastocysts.

3.8.2 Blastocyst Total

Cell Number

1. Incubate blastocysts in a 50 μL DPBS droplet containing
10 μg/mL Hoechst 33342 and keep on a warm plate at
38.5 °C for 10 min.

2. Wash the blastocysts 2–3 times with DPBS.

3. Place blastocysts in a 10 μL DPBS droplet on a glass slide and
cover it with a coverslip.

4. Capture the image of each blastocyst using a confocal fluores-
cence microscope at 100× magnification.

5. Count the number of nuclei visualized as blue dots (total cell
number). Grade A blastocysts usually have 250–400 nuclei.
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4 Notes

1. Success of HMC depends heavily on the quality of reagents and
consumables. If possible, purchase all media in ready-to-use
liquid form. Use chemicals of cell culture grade or wherever
possible embryo culture grade. Use cell culture-grade
plastic ware.

2. Prepare solutions in ultrapure water.

3. Prepare media or solutions and filter-sterilize using 0.22 μm
membranes immediately before use.

4. There is a significant variation among batches of animal-
derived products (e.g., FBS, BSA). Test the quality of each
new batch before wide use. This can be done by producing
parthenogenetic embryos comparing old and new batches
simultaneously.

5. Keep media and solutions at 38.5 °C throughout oocyte and
embryo handling outside the CO2 incubator. Dishes with
oocytes or embryos should be placed on a heating plate at
38.5 °C.

6. Oocytes and embryos must not be kept out of the CO2 incu-
bator any longer than necessary. Avoid the exposure of oocytes
and embryos to light during microscopic examinations.

7. Select only those COCs with a clearly discernible blue colora-
tion (i.e., BCB+) to ensure higher oocyte developmental
competence.

8. The mineral oil deteriorates over time. Do not store it for long
periods of time or exposed to intense sunlight (causes peroxi-
dation). Use embryo-tested mineral oil.

9. The inner capillary diameter should be 250–300 μm for
handling zona-enclosed oocytes or reconstructed embryos,
and 150–200 μm for handling zona-free oocytes. The opening
of the capillaries should be smoothened by flame polishing to
avoid oocytes or embryo damage.

10. The metaphase II plate (oocyte spindle) lies below the protru-
sion cone. For enucleation, place the cutting edge of the blade
on the oocyte and lower the blade slowly to bisect each oocyte
into two parts. Care should be taken to ensure that a minimal
amount of cytoplasm (no more than 30–40%) is lost during
removal of the protrusion cone.

11. A skilled worker should be able to obtain more than 90%
survival rate after enucleation of oocytes.
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12. Errors in preparing CFM cause embryo sticking to the surface
of the fusion chamber or osmotic stress, thus causing cell lysis.
The osmolarity of CFM should be checked immediately before
use. It should be 250–350 mOsm.

13. The number of reconstructed oocytes per session depends on
experience and skill. Usually, one worker can produce 45–60
reconstructed oocytes per session.

14. Place reconstructed oocytes distant from one another during
activation since embryos become sticky during incubation with
6-DMAP. Wash reconstructed oocytes 2–3 times with HM20
to ensure that they do not aggregate.

15. Place incubators on a nonvibrating table and avoid unnecessary
opening of CO2 incubators during embryo culture. Zona-free
embryos are very fragile and may disintegrate by any distur-
bance. Allocate one CO2 incubator strictly for embryo culture.

16. A video of our HMC method is available in another
publication [28].
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Chapter 14

Bovid Interspecies Somatic Cell Nuclear Transfer
with Ooplasm Transfer

L. Antonio González-Grajales and Gabriela F. Mastromonaco

Abstract

Interspecies somatic cell nuclear transfer (iSCNT) contributes to the preservation of endangered species,
albeit nuclear–mitochondrial incompatibilities constrain its application. iSCNT, coupled with ooplasm
transfer (iSCNT-OT), has the potential to overcome the challenges associated with species- and genus-
specific differences in nuclear–mitochondrial communication. Our iSCNT-OT protocol combines the
transfer of both bison (Bison bison bison) somatic cell and oocyte ooplasm by a two-step electrofusion
into bovine (Bos taurus) enucleated oocytes. The procedures described herein could be used in further
studies to determine the effects of crosstalk between nuclear and ooplasmic components in embryos
carrying genomes from different species.

Key words Cloning, Cross-species, Cybrid, Heteroplasmy, Interspecies, Micromanipulation, Nuclear
transplantation, Cytoplasm transfer

1 Introduction

Scarcity and technical challenges in acquiring viable gametes for use
in the propagation of genetically valuable individuals of threatened
species fueled an interest in alternative technologies for embryo
production in genetic conservation programs. Interspecies somatic
cell nuclear transfer (iSCNT) offers the possibility for cloning
infertile, reproductively senescent or even deceased individuals, as
well as reproductively healthy ones, thereby increasing contribu-
tions to the gene pool [1]. Studies have shown that the extent of
evolutionary relatedness (i.e., taxonomic distance) between the
species chosen for donating donor somatic cells and recipient
oocytes in the context of iSCNT has significant effects on embryo
developmental potential, which has been linked to mitochondrial
and nucleus compatibility [2].
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Ooplasm transfer (OT) following iSCNT (iSCNT-OT) has
been attempted to enhance nuclear–mitochondrial communication
in the reconstructed embryos, but with contradictory results to
date. While some studies reported significant benefits to transfer-
ring conspecific ooplasm (oocyte cytoplasm) along with the donor
cell [3], others reported no improvements in embryonic develop-
ment after embryonic genome activation [4–6]. Further studies are
needed to better understand the implications of adding conspecific
ooplasm or mitochondria to the reconstructed iSCNT embryo,
including defining the components present in the transferred
ooplasm and injecting isolated organelles (e.g., mitochondria)
independently of other factors to evaluate specific outcomes.
Meanwhile, the challenges associated with iSCNT-OT must be
overcome. Limited availability and access to specimens of rare
breeds and endangered wildlife species restrict the availability of
oocytes and recipient females for iSCNT. Furthermore, the techni-
cal demands involved with increased handling and micromanipula-
tion steps may put added stress on iSCNT embryos. This chapter
describes our method to supplement ooplasm during reconstruc-
tion of iSCNT embryos (iSCNT-OT) to investigate the effects of
ooplasmic factors during bison (Bison bison bison) embryonic devel-
opment and may be adapted to other species.

2 Materials

2.1 Equipment 1. Stereomicroscope.

2. Inverted microscope.

3. Micromanipulators.

4. Electro Square Porator ECM 830 (BTX, Harvard Apparatus,
Holliston, MA, USA).

5. CO2 incubator.

6. Enucleation pipette (inner diameter of 10 μm), injection
pipette (inner diameter of 15 μm), and holding pipette (inner
diameter of 120 μm).

7. Fusion chamber (0.5 mm, Harvard Apparatus, Holliston,
MA, USA).

2.2 Media and

Solutions

1. 0.9% sodium chloride solution (Baxter Corporation, ON,
Canada).

2. Oocyte collection medium: 9.8 g Ham’s F-10 powder, 10 mL
of 1 M HEPES buffer stock, 20 mL of 2% steer serum,
5000 IU/mL penicillin and 5000 μg/mL streptomycin,
2000 IU/L heparin, and 1.2 g NaHCO3 in 1 L ultra-pure
water (see Note 1).
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3. IVM medium: TCM-199 (Fisher Scientific, Mississauga, ON,
Canada), 25 mM HEPES, and 2% steer serum (Cansera). For
IVM +Hmedium, add 2.0 μg/mL FSH, 14 IU/mL hCG, and
1.0 μg/mL estradiol to the IVM medium (see Note 2).

4. HEPES-TALP: 100 mL HEPES-TALP salt stock, 0.011 g
sodium pyruvate, 0.21 g NaHCO3, 0.31 mL sodium lactate
syrup, 5 mg/mL gentamicin, 0.1 mLHEPES buffer stock, and
0.632 g BSA (see Note 3).

5. Hyaluronidase solution: Dissolve 1 mg/mL in HEPES-TALP,
aliquot in 15 mL centrifuge tubes (2 mL/tube), and store at -
20 °C for 12 months.

6. Mannitol solution (0.28 M): Add 5.1 g D-mannitol, 100 mL
ultrapure water, 50 μL of 1 M HEPES buffer stock, and
3.33 μL of 30% BSA solution (see Note 4).

7. Calcium chloride (10 mM): Dissolve 0.0147 g calcium chlo-
ride-2H2O in 10 mL ultrapure water. Sterile filter (0.22 μm)
and store at 4 °C up to 6 months.

8. Magnesium chloride (10 mM): Dissolve 0.0203 g magnesium
chloride-6H2O in 10 mL ultrapure water. Sterile filter
(0.22 μm) and store at 4 °C up to 6 months.

9. Hi BSA (30 mg/mL): Dissolve 1 mL of 30% BSA solution in
9 mL HEPES-TALP. Mix well and store at 4 °C up to 4 weeks.

10. Hoechst 33342 (1 mg/mL): Prepare the 10 mg/mL primary
stock by adding 25 mg Hoechst 33342 into 2.5 mL ultrapure
water. Mix well to dissolve. Prepare the 1 mg/mL working
stock by adding 100 μL of primary stock in 900 μL ultrapure
water. Mix well and make 5 μL aliquots in 0.5 mL microtubes
and store at -20 °C.

11. Cytochalasin B (1 mg/mL): Add 1 mL DMSO to a vial con-
taining 1 mg cytochalasin B. Mix well to dissolve. Make 20 μL
aliquots in 0.5 mL microtubes. To prepare the micromanipula-
tion droplets, add 5 μL cytochalasin B to 1 mL HEPES-TALP
(final concentration of 5 μg/mL).

12. Ionomycin (500 μM): Add 2.677 mL of DMSO to a vial
containing 1 mg ionomycin. Mix well to dissolve. Make
50 μL aliquots in 0.5 mL microtubes. Store at –20 °C.

13. 6-Dimethylaminopurine (6-DMAP; 32.4 μg/mL): Add
50 mL DMSO to 0.8160 g 6-DMAP. Mix well to dissolve.
Make 20 μL aliquots in 1.5 mL microtubes. Store at –20 °C.

14. Synthetic oviductal fluid (SOF): Mix 10 mL SOF medium
(Chemicon-Millipore, Billerica, MA, USA) and add 50 μL
sodium pyruvate, 200 μL of 100× nonessential amino acids
solution, 100 μL of 50× essential amino acids solution, 5 μL
gentamicin, 560 μL of 15% essentially fatty acid-free BSA (dis-
solved in SOF), and 200 μL steer serum in a 15 mL centrifuge
tube (see Note 5).
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3 Methods

The methods described here focus on the details for performing
iSCNT+OT protocol. Further instructions on SCNT, in general,
including preparation of somatic cells, can be found in previous
publications [4, 7]. All media and solutions are used warm at
38.5 °C for 2 h unless otherwise specified.

3.1 Oocyte Collection

and IVM

1. Collect domestic cattle (Bos taurus) and plains bison (Bison
bison bison) ovaries from slaughterhouses and transport them
in a sealed container (e.g., thermos) in 0.9% sodium chloride
(i.e., saline solution) at 37 °C within a maximum of 3 h after
slaughter.

2. Rinse ovaries with sterile saline solution in a sieve to remove
blood and other debris. Transfer ovaries to a beaker of clean,
warm saline, and keep at 37 °C until ready to process.

3. Collect cumulus-oocyte complexes (COCs) by follicular aspi-
ration using a vacuum pump or hand-held syringe with
18-gauge needle into a 50 mL tube containing 5–10 mL of
oocyte collection medium (see Note 1).

4. Allow the cellular content to settle to the bottom of the 50 mL
tube, remove the supernatant, and resuspend the settled cells in
10 mL of oocyte collection medium. Transfer the cellular
solution into a 100 mm Petri dish.

5. Search for the COCs using a stereomicroscope and select
COCs with optimal morphological characteristics for IVM
according to de Loos et al. [8].

6. Wash COCs in a four-well dish containing 0.5 mL per well
twice in IVM medium and once in IVM + H medium (see
Note 2).

7. After the series of washes, transfer COCs into 50 μL droplets of
equilibrated IVM + H medium covered by 3.5 mL of
conditioned silicone oil in a 35 mm Petri dish (maximum of
10 oocytes/droplet).

8. Place dishes in an atmosphere of 5% CO2 in air, saturated
humidity at 38.5 °C for 18 h.

3.2 Oocyte Denuding

and Staining

1. At approximately 17.5 h of IVM, strip oocytes by manual
pipetting in 500 μL droplets of hyaluronidase solution for
3 min at 37 °C.

2. Wash denuded oocytes 2× in a four-well dish containing
0.5 mL HEPES-TALP per well.

3. Select mature oocytes [Metaphase II (MII)] with visible
extruded polar body (PB) and a homogeneously granulated
cytoplasm under a stereomicroscope.
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4. Transfer MII oocytes back into new droplets containing IVM
medium. Repeat the above steps until all cattle and bison
oocytes are denuded.

5. Prior to micromanipulation, stain denuded oocytes with
5.0 μg/mL Hoechst 33342 and incubate in an atmosphere of
5% CO2 in air, saturated humidity at 38.5 °C for 3 min. Wash
the oocytes once in a four-well dish containing 0.5 mL
HEPES-TALP per well.

3.3 Somatic Cell

Nuclear Transfer with

Ooplasm Transfer

1. Perform all micromanipulations, including enucleation and
reconstruction (transfer of somatic cells and ooplasm), on an
inverted microscope with attached micromanipulators.

3.3.1 Oocyte Enucleation
2. In a 60 mm Petri dish, prepare 40 μL droplets of HEPES-

TALP supplemented with 5.0 μg/mL cytochalasin B for all
micromanipulations and cover with conditioned silicone oil.

3. Restrain an oocyte using the holding pipette and place the PB
at 4–5 o’clock.

4. Pierce the zona pellucida with the enucleation pipette and
slowly aspirate the PB and a small amount of ooplasm.

5. Quickly expose the oocyte to UV light to confirm successful
enucleation (PB and metaphase plate should be seen fluores-
cing in the pipette and not within the oocyte).

6. Place the enucleated oocytes back in new droplets containing
IVM medium. Repeat the above steps until all cattle and bison
oocytes are enucleated.

3.3.2 Oocyte

Reconstruction and

Ooplasm Transfer

1. Dissociate bison somatic cells from a 35 mm Petri dish using
1 mL of trypsin/EDTA solution (see Note 6) followed by
washing with 4 mL HEPES-TALP using centrifugation at
120 × g for 5 min.

2. Resuspend the pellet in 2 mL HEPES-TALP.

3. Place between 100 and 200 cells (~5 μL) from the cell suspen-
sion into a separate 40 μL micromanipulation droplet
(HEPES-TALP droplets covered by conditioned silicone oil).

4. Add a maximum of 10 enucleated cattle oocytes and 1–2
enucleated bison oocytes in a 40 μLmicromanipulation droplet
of HEPES-TALP + cytochalasin B covered by conditioned
silicone oil. Keep oocytes from both species as far apart as
possible. For instance, within the same micromanipulation
droplet, keep cattle, bison, and discarded oocytes at 9, 3, and
6 o’clock positions, respectively.

5. Move the injection pipette to the droplet with somatic cells and
aspirate five good-quality (smooth membrane, small-medium
sized sphere) bison fibroblasts into the end of the pipette. Make
sure the cells are close to each other within the pipette to
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localize them easily. Thereafter, move the injection pipette into
the micromanipulation droplet containing the ooplasm-donor
oocytes (bison) and enucleated recipient oocytes (cattle) men-
tioned above.

6. Restrain a bison oocyte with the holding pipette and roll it
around with the injection pipette to locate the previous slit
(from enucleation) within the zona pellucida. If the site is not
easily detected, proceed to slowly introduce the pipette at a new
location through the zona pellucida. When some ooplasm
content extrudes out of the oocyte from the piercing previously
performed during enucleation, it is recommended to stop the
procedure and relocate the transfer pipette near the site of
extrusion to facilitate entry of the pipette. Aspirate 10–15%
bison ooplasm in the same pipette containing the bison somatic
cells.

7. Release the bison oocyte at the 3 o’clock position and proceed
to pick up a cattle oocyte at the 9 o’clock position with the
holding pipette and roll it around to locate the previous pierc-
ing site within the zona pellucida whenever possible.

8. Slowly expel the bison ooplasm followed immediately by one
bison somatic cell into the perivitelline space. Avoid expelling
too much medium along with the cell. Place the reconstructed
oocyte at the 12 o’clock position (see Note 7).

9. Pick up the bison oocyte (donor ooplasm) again with the
holding pipette and repeat steps 6–8. Continue until all cattle
oocytes have a bison cell and bison ooplasm transferred
into them.

10. After removal of more than 70% of ooplasm from the bison
oocyte, select a new one as ooplasm donor. Place oocytes
transferred with a somatic cell and ooplasm back into the
incubator in new droplets containing IVM medium.

3.4 Electrofusion of

Reconstructed

Embryos

1. Set up two stereomicroscopes side by side for the fusion proce-
dure. One is used for attaching the fusion chamber and the
other to manipulate the reconstructed embryos before
electrofusion.

2. Tape the chamber onto the stereomicroscope stage and attach
the positive electrode to the top rod and the negative electrode
to the bottom rod.

3. Add 100 μL CaCl2 solution and 100 μLMgCl2 solution to the
tube containing mannitol solution and mix well.

4. Add 1.0 mL of mannitol solution in the form of a large bubble
to the center of the fusion chamber avoiding formation of small
air bubbles.
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5. Set the parameters required to fuse the transferred ooplasm to
the reconstructed embryo. We recommend using low voltage
and short exposure time for the first DC pulse at 1.5 kV/cm for
20 μs in a 0.5 mm gap electrofusion chamber.

6. On the free stereomicroscope, transfer five reconstructed
embryos to a 35 mm Petri dish containing 3 mL HEPES-
TALP, and immediately thereafter to a 35 mm Petri dish con-
taining 3 mL mannitol solution at room temperature. Then,
move the couplets to the fusion chamber on the outside of the
rods (on the bottom side).

7. Start the fusion of each couplet by moving one reconstructed
embryo at a time between the rods and lining it up so that the
transferred ooplasm is at 12 o’clock and in the same plane as the
oocyte.

8. Press the fusion button using the foot pedal. Rotate the recon-
structed embryo to ensure proper positioning within the rods.
Finally, move the fused couplet to the outside of the rods
(on the top side).

9. Repeat steps 7 and 8 until fusion of all five couplets is done,
and then transfer them back to the dish of HEPES-TALP. Once
the batch of oocytes is fused, place them back in a new droplet
of IVMmedium covered by conditioned silicone oil for 30 min
in the incubator (see Note 8).

10. Determine fusion rates of the transferred ooplasm and proceed
to apply a second DC pulse to fuse the somatic cell into the
ooplasm this time. To accomplish this step, repeat the steps
explained above (steps 1–9).

11. Set values for the second pulse at 2.1 kV/cm for 32 μs. After
each pulse, reconstructed oocytes are subsequently washed in
3.0 mL HEPES-TALP and placed in IVM medium in an
atmosphere of 5% CO2 in air, saturated humidity at 38.5 °C.
Assess fusion rates for the somatic cell 30 min after completion
of the second pulse. The micromanipulation and fusion steps
conducted on cattle and bison oocytes are described below
(Fig. 1).

3.5 Chemical

Activation and In Vitro

Culture (IVC)

1. Initiate oocyte activation 24 h post-IVM.

2. Transfer only fused couplets (somatic cell + ooplasm) to a
35 mm Petri dish containing HEPES-TALP.

3. Make a four-well dish as follows: Add 10 μL ionomycin to
1.0 mL of HEPES TALP for a final concentration of 5.0 μM
to well #1, 1.0 mL HEPES TALP to well #2, 1.0 mL Hi BSA
solution to well #3, and 20 μL of 2.0 mM 6-dimethylamino-
purine (6-DMAP) diluted in 980 μL synthetic oviductal fluid
(SOF) to well #4 keeping at 38.5 °C in 5% CO2 with saturated
humidity.
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Fig. 1 Schematic representation of interspecies somatic cell nuclear transfer and ooplasm transfer (iSCNT-
OT). (a) Cattle oocytes used for enucleation and as recipients of bison somatic cells and ooplasm. (b) Bison
oocytes used as ooplasm donors. Red diamond and small orange circles represent the oocyte metaphase II
spindle and bison somatic cell, respectively. Blue oval-shaped structures represent the ooplasm removed from
a bison oocyte for iSCNT-OT. Reconstructed oocytes are subject to in vitro culture

4. Transfer the fused couplets to well #1 (ionomycin solution)
and incubate for 5 min at 37 °C.

5. Thereafter, transfer the fused couplets to well #2 (HEPES-
TALP) and wash stringently.

6. Transfer the reconstructed embryos to well #3 (Hi BSA solu-
tion) and incubate at 37 °C for 5 min.

7. Wash the reconstructed embryos in well #4 (6-DMAP) and
culture embryos in SOF + 6-DMAP in a new well using the
same concentration described above for four additional hours
at 38.5 °C in 5% CO2 with saturated humidity.

8. After 4 h, wash the reconstructed embryos twice in SOF
medium and culture them at 38.5 °C in 30 μL droplets of
SOF covered by conditioned silicone oil previously equilibrated
in a humidified atmosphere of 5% CO2, 5%O2, and 90% N2 for
up to 10 days.

4 Notes

1. Stir well to dissolve, sterile filter (0.22 μm), and store at 4 °C
for up to 3 weeks. We use steer serum from Cansera (Rexdale,
ON, Canada). HEPES buffer stock (1M): 23.8 g HEPES (acid
form) in 100 mL ultrapure water. Stir well to dissolve, sterile
filter (0.22 μm), and store at 4 °C for up to 6 months.

2. Make up fresh for every experiment. We use FSH (National
Hormone & Peptide Program, Torrance, CA, USA), human
chorionic gonadotropin (Chorulon, Intervet Canada, Kirk-
land, QC, Canada), estradiol (Sigma-Aldrich, Oakville, ON,
Canada), and conditioned silicone oil (Paisley Products, Scar-
borough, ON, Canada).
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3. HEPES-TALP salts stock (1 L): Add 28.5 g NaCl, 1.18 g KCl,
0.24 g NaH2PO4.H2O, 1.47 g CaCl2. 2H2O, 1.01 MgCl2.
6H2O, and ultrapure water. Stir well to dissolve and sterile
filter (0.22 μm). Store at 4 ° C for up to 6 months. Dissolve
well by stirring in 75% of final volume for approximately 1 h.
Add pellets of NaOH while stirring and adjust pH to 7.3–7.4.
Make up to final volume. Check osmolarity:
1600–1800 mOsm. Check pH again. Sterile filter and store at
4 °C for up to 6 months. 60% syrup (density 1.32 g/mL).
HEPES-TALP: Add all components except BSA, which should
be added last. Stir well to dissolve. Adjust pH to 7.4. Check
osmolarity = 290–305 mOsm. Add BSA once pH and Osm
have been adjusted. Stir well to dissolve. Sterile filter (0.22 μm)
and store at 4 °C for up to 2 weeks.

4. Dissolve the mannitol in water. Add the other components in
order. Adjust pH to 7.2–7.4 and osmolarity to 300 Osm.
Sterile filter (0.22 μm) and aliquot in 15 mL tubes. Store at
4 °C up to 1 month.

5. Add BSA last and dissolve all components. Sterile filter
(0.22 μm) and make up fresh.

6. Trypsin/EDTA solution: Dissolve 50 mL Hanks balanced salt
solution 10× (w/o Ca++ or Mg++) in 450 mL Milli-Q water.
Continue adding the following: 0.6 g NaHCO3, 100 μL phe-
nol red (0.5% solution), 1.25 g trypsin (from porcine pancreas
1:250), 0.224 g EDTA-Na salt, and 5 mL HEPES (1 M solu-
tion). Mix all components and adjust pH to 7.4. Filter sterilize
and aliquot in 15 mL centrifuge tubes (10 mL/tube). Store at
-20 °C up to 12 months.

7. Discontinue the procedure if the bovine or bison
ooplasms lyse.

8. If the fusion parameters are working properly, expect more
than 90% fusion rates after this time.
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Chapter 15

Horse Somatic Cell Nuclear Transfer Using Zona
Pellucida-Enclosed and Zona-Free Oocytes

Daniel Salamone and Marc Maserati

Abstract

Horse cloning by somatic cell nuclear transfer (SCNT) is an attractive scientific and commercial endeavor.
Moreover, SCNT allows generating genetically identical animals from elite, aged, castrated, or deceased
equine donors. Several variations in the horse SCNT method have been described, which may be useful for
specific applications. This chapter describes a detailed protocol for horse cloning, thus including SCNT
protocols using zona pellucida (ZP)-enclosed or ZP-free oocytes for enucleation. These SCNT protocols
are under routine use for commercial equine cloning.

Key words Equus caballus, Somatic cell nuclear transplantation, Cloning, Micromanipulation

1 Introduction

Cloning by somatic cell nuclear transfer (SCNT) was developed in
equids for propagating elite horses due to the low efficiency of
other techniques such as superovulation and conventional in vitro
fertilization (IVF). Further, SCNT cloning remains as the sole
approach to rescue genetics of orchiectomized or recently deceased
animals. Since initial reports of equine cloning [1, 2], numerous
authors have produced cloned horses [3–8]. Briefly, SCNT involves
the enucleation of a mature oocyte followed by its reconstruction
with a donor cell by fusion or injection. This exposure of the donor
cell to the oocyte cytoplasm reprograms the somatic epigenetic
state to an undifferentiated state compatible with full-term devel-
opment [1–8].

The production of cloned offspring by SCNT has been success-
fully attained in most of the species tested so far. Nonetheless,
horses are one of the few species that SCNT continues to be of
commercial interest. Failures in superovulation and conventional
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in vitro fertilization (IVF) have been also reasons for the use of this
technology in horses. Besides, the high cost of valuable individuals
has justified the use of this expensive technology.
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In horses, three different techniques have been used for clon-
ing. The first to be used was enucleation with zona pellucida
(ZP) followed by transfer of the donor cell into the perivitelline
space, followed by cell fusion using an electrical pulse [1, 2]. One of
the problems with this technique is fusion failure by the lack of
good contact of the donor cell with the oolemma. The second way
of performing SCNT in horses is by introducing the somatic
nucleus in the ZP-enclosed oocyte by microinjection, most fre-
quently using a piezoelectric equipment to facilitate the process
[3–6]. The mechanical damage caused to the oocyte after injecting
the donor cell is greater and can lead to oocyte lysis during micro-
injection. The great advantage of this protocol is that cells with
damaged plasma membrane can be used in SCNT. The third way of
performing SCNT is by applying the ZP-free procedure, which
allows working with a blunt enucleation pipette and a single micro-
manipulation arm attached to the inverted microscope, followed by
making cell–cell contact with phytohemagglutinin under a stereo-
scopic microscope, and then conducting cell fusion as in first pro-
tocol [7, 8]. The fusion rates increase significantly, albeit it requires
a microwell system to keep blastomeres together during embryo
culture. This methodology improves fusion rates, possibly due to a
greater cell–cell by phytohemagglutinin. Other advantage of this
protocol is the easier embryo aggregation to increase blastomere
numbers while making epigenetic compensation since it uses more
than one SCNT embryo.

Another aspect to take into account is the degree of synchrony
of the mitotic stage of the donor cell with the meiotic stage of the
oocyte. Numerous publications showed that it is essential that
oocytes have high levels of the maturation-promoting factor. The
donor cells can be either G1 or G0, but they could be in G2 or
metaphase. In the latter two cases, it is important to allow releasing
the extra chromosome set.

In this chapter, we will describe a detailed protocol for horse
cloning using both zona pellucida (ZP)-enclosed and ZP-free
oocytes.

2 Materials

2.1 Equipment 1. Two humidified CO2 incubators set at 38.5 °C (Fig. 1). One
incubator with high oxygen tension (20%) and another with
low oxygen tension (5%), while both incubators with 5% CO2.
Eventually, the last one can be replaced by a modular incubator
chamber (MIC-101, Billups-Rothenberg Inc.) or common
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Fig. 1 Laboratory facilities for horse SCNT. Micromanipulation room with inverted microscope on anti-vibratory
table. Wear a jacked incubator and stereomicroscope. Tissue culture hood with electrofusion machine,
stereomicroscope, and thermic plate

household plastic storage container (i.e., a commercially pur-
chased premade chamber), roughly 35.1 × 25.4 × 18.6 cm,
with adaptor and tubing with a clamp to introduce a gas
mixture and purge the air (5% O2, 5% CO2, and 90% N2).

2. Tissue culture hood.

3. Micropipette puller (Sutter, P-97 Flaming).

4. Microforge (Narishige).

5. Microgrinder (Narishige).

6. Stereomicroscope.

7. Heating plate.

8. Centrifuge.

9. Vortex mixer.
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10. Inverted microscope (Nikon, Eclipse TE-300 microscope)
with fluorescence system (Fig. 1).

11. Micromanipulator set (Narishige).

12. Electrofusion machine (BTX Electro-Cell Manipulator 830).

2.2 Tools and

Consumables

1. Holding pipette for ZP-free oocytes: Prepare the holding
pipette by pulling a glass capillary on a micropipette puller.
Make a blunt tip with an approximate outer diameter of
120 μm with the microforge. Close the tip slightly by exposing
it to a flame.

2. Holding pipette for ZP enclosed oocytes: All the steps were
similar to previous pipette until pipette tip closing (step 1).
Here, use the microforge to reduce the pipette opening to
25–30 μm.

3. Injection pipette for ZP-free oocytes: Pull a glass capillary with
a micropipette puller. Make a blunt tip with an approximate
outer diameter of 25–30 μm using the microforge. Prepare 2–3
pipettes of each type before SCNT session.

4. Injection pipette for ZP enclosed oocytes: All the steps are
similar to the previous pipette (step 3). However, after the
beveled tip (see Note 1) of 45° is made with a microgrinder.
Prepare the beveled pipette tip using the microgrinder. Wash
the pipette extensively with alcohol 70%. Make a spike in the
pipette tip using the microforge.

5. Microslides for electrofusion chambers: Use slides with two
stainless steel tubes mounted on a glass slide at 10 mm gaps
to provide homogenous fields (BTX™, Cat# 15447250).

2.3 Media and

Solutions

Unless otherwise stated, all chemicals were obtained from Sigma-
Aldrich. Ready-to-use media after the addition of all the supple-
ments are subject to sterile filtering (0.22 μm; Corning; Cat
#431219 – cellulose acetate membrane/surfactant-free) and stored
at 4 °C for a week. Store stock solution at -20 °C indefinitely.

1. Media or solution used for handling and transporting the skin
biopsy.

2. Cell culture medium (CCM): 1:1 mixture of Dulbecco’s mod-
ified Eagle’s medium and Ham’s F12 media (DMEM/F12;
Thermo Fisher Scientific, 11320-033) supplemented with
10% (v/v) fetal bovine serum (FBS; GE Healthcare Life
Sciences, HyClone), 1.0 μL/mL insulin–transferrin–selenium
(ITS; Thermo Fisher Scientific, Cat# 51300-044), and 1.0%
(v/v) penicillin and streptomycin solution (ATB; Cat# P4458).

3. Cell freezing solution (CFS): DMEM/F12 supplemented with
10% (v/v) FBS and 10% (v/v) dimethyl sulfoxide (DMSO).
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4. Aspiration medium (APM): HEPES-buffered Tyrode’s
medium containing albumin, lactate, and pyruvate
(H-TALP). Use this media for all manipulations outside the
incubator. Add 6.62 g NaCl, 0.239 g KCl, 0.294 g CaCl2-
2H2O (Sigma; Cat# C-7902), 0.102 g MgCl2-6H2O, 0.168 g
NaHCO3, and 2.38 g HEPES to 981.86 mL sterile embryo
tested water (Sigma-Aldrich; Cat# W1503). Swirl and add
10 mL antibiotic–antimycotic (ATB; Thermo Fisher; Cat#
15240-096), 1.0 mL phenol red (Sigma-Aldrich; Cat#
P0290), 1.44 mL sodium lactate (Sigma-Aldrich; Cat#
L1375), 1.0 mL of 100 mM sodium pyruvate stock (Sigma-
Aldrich; Cat# P2256), and 3.0 g bovine serum albumin
(Sigma-Aldrich; Cat# A7906). Adjust the pH to 7.2–7.3 and
the osmolality to 275 ± 10 mOsm. Aliquot in 50 mL tubes and
store at 4 °C for a month.

5. In vitro maturation medium (IVMM): Bicarbonate-buffered
Tissue Culture Medium 199 (TCM-199; Thermo Fisher Sci-
entific, Cat# 11150–059) supplemented with 10% (v/v) FBS,
1.0 μL/mL ITS, 1.0 mM sodium pyruvate, 100 mM cyste-
amine, 10 μg/mL follicle-stimulating hormone (FSH; Bio-
niche, Folltropin, NIH-FSH-P1, Ontario, Canada), and 1.0%
(v/v) ATB.

6. Hyaluronidase solution: Dissolve 5.0 mg hyaluronidase (Cat#
H3506) in 5.0 mL H-TALP. Make ready-to-use 50 μL
aliquots.

7. Pronase solution: Dissolve 1.5 mg pronase (Sigma-Aldrich;
Cat# P8811) in 1.0 mL H-TALP. Make 5 μL aliquots and
add 100 μL H-TALP before use.

8. Cytochalasin B (Sigma-Aldrich; Cat# C6762): Prepare 0.5 μg/
μL stock in DMSO. Make 5 μL aliquots and store at -20 °C.
Dilute 2.5 μL stock/mL in culture medium before use.

9. Hoechst 33342 (Sigma-Aldrich; Cat# B2261): Dissolve
1.0 mg/mL in H-TALP. Make 5 μL aliquots and 1:100 dilu-
tions in culture medium.

10. Demecolcine (Sigma-Aldrich; Cat# D1925): Demecolcine
(D1925) 4 μM in SOF for 20 min to induce protrusion of
the chromosome plate, for facilitating the enucleation.

11. Cell fusion media (CFM): 0.3 M mannitol (Sigma-Aldrich;
Cat# M9647), 0.1 mM MgSO4, 0.05 mM CaCl2, and
1.0 mg/mL polyvinyl alcohol (PVA) in ultrapure water. Store
at -20 °C.

12. Ionomycin (Thermo Fisher Scientific; Cat# I24222): Prepare
5.0 mM stock by dissolving 1.0 mg ionomycin in 267.6 μL
DMSO. Make 5.0 μL aliquots and store at -20 °C. Prepare
working aliquots by diluting 1.74 μL stock per mL H-TALP.
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13. 6-Dimethylaminopurine (6-DMAP; Sigma-Aldrich; Cat#
D2629): Dissolve 1.0 mg 6-DMAP in 30 mL PBS (Gibco;
Cat# 21600–051). Place the 6-DMAP solution in boiling
water to facilitate dissolving. Store at -20 °C. Make 2.0 mM
working solution by diluting 0.5 μL stock per 100 μL culture
medium.

14. Cycloheximide solution: Prepare stock with 1.0 mg/mL in
PBS. Make a 10 μg/mL working solution in culture medium.

15. Oocyte activation medium (OAM): DMEM/F12 supplemen-
ted with 5.0% (v/v) FBS, 2.0 mM 6-DMAP, 10 μg/mL cyclo-
heximide, and 1.0% (v/v) ATB.

16. Embryo culture medium (ECM): 50% (v/v) DMEM/F12 and
50% Global Total (Life Global, Cat# LGGT-030), and
1.0% ATB.

17. Embryo feeding medium (EFM): DMEM/F-12 supplemen-
ted with 10% (v/v) FBS and 1.0% ATB.

Prepare micromanipulation pipettes in advance (see Subheading
2.2). Connect pipettes to the micromanipulation system with hold-
ing and injection pipettes placed on opposite sides within the
microscope field. Aspirate and eject media using both holding and
injection pipettes to ensure adequate control of micromanipulation
pipettes (see Note 2).

2.4 Micro-

manipulation Setup

2.4.1 Dishes for

Handling, Culture, and

Micromanipulation

1. Micromanipulation dish: This procedure is typically performed
by using the lid of a 100 mm Petri dish with 100 μL H-TALP
droplets under mineral oil.

2. Before micromanipulation, oocytes are maintained for 15 min
in a culture medium containing 1.0 μg/mL Hoechst 33342,
1.0 μg/mL cytochalasin B, and 4 μL in 100 μL demecolcine.

3. Cell fusion dish: BTX™ Microslides for Electrofusion Cham-
bers, Fisher Scientific.

4. Oocyte activation dish: Activation can be in culture media, but
in ZP-free SCNT should be in 5 μL droplets.

5. Embryo culture dish: Group of at least 10 embryos should be
cultured together but in ZP-free SCNT every embryo should
be located in small microwells to avoid dispersion. These are
produced previously using a heated glass capillary slightly
pressed to the bottom of a 35 mm diameter Petri dish. Micro-
wells can be produced following the procedure described else-
where [9] and are covered with 50–100 μL ECM droplets.
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3 Methods

3.1 Preparation of

Donor Somatic Cells

1. Restrain the animal chosen as cell donor for SCNT (see Note
3). Apply local sedation before biopsy collection.

2. Shave and clean with alcohol 70% of the surface area to be
biopsied.

3. Collect with a skin biopsy using a punch between 5 and 8 mm
of diameter from the neck or base of the tail of the donor
animal.

4. Transfer the biopsy to a 15 mL tube a solution at room tem-
perature or 4 °C and transport it to the laboratory.

5. Mince the biopsy into small fragments with a sharp blade (see
Note 4).

6. Plate in small fragments tissue in 30 mm or smaller Petri dish
covered with media but preventing them from floating. Cul-
ture with 5% CO2, saturated humidity at 38.5 °C.

7. Replenish the CCM at 48 h intervals until reaching full (100%)
confluence (see Note 5).

8. Passage (subculture) the confluent dish by removing CCM and
adding 5 mL of 0.25% trypsin. Place the dish in a thermic plate
controlling microscopically the detachment (usually takes
5–10 min).

9. Add 5–10 mL CCM to inactivate the trypsin. Transfer the cell
suspension to a 15 mL tube and centrifuge at 400 g for 10 min.

10. Discard the supernatant and resuspend the cell pellet with
10 mL CCM. Passage the fibroblast culture in 4- to 6-day
intervals.

11. Cryopreserve cells by resuspending the cell pellet (step 10) in
1–2 mL CFS. Transfer the cell suspension to cryovials. Place
cryovials at -70 °C in a freezing container (Nalgene®

Mr. Frosty) for 24 h and transfer to liquid nitrogen
(-196 °C) for long-term storage.

12. Thaw and prepare the donor cell line a few weeks before its use
for SCNT. Make sure to cryopreserve cell stocks as a backup.

3.2 Cell Cycle

Synchronization of

Donor Cells

There are several protocols for cell cycle synchronization in G0 or
G1. For zona-free oocytes, we used (a) cell confluence and serum
deprivation (G0) and (b) culture after cell confluence for 24 h (G1).

For zona enclosed enucleation is with a telophase II (TII)
oocytes [10], a procedure using roscovitine (G2/M of the cell
cycle synchronizer). Incubate fibroblast culture at less than 80% of
confluence for 16–24 h 25–50 μM roscovitine diluted in CCMwith
5% CO2, saturated humidity at 38.5 °C for 24 h.
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1. Remove the media for cell cycle synchronization and dissociate
cells with 5 mL 0.25% trypsin for 5–10 min in the incubator.
Add 5–10 mL CCM to inactivate the trypsin.

2. Transfer the cell suspension to a 15 mL tube and centrifuge at
400 g for 10 min.

3. Remove the supernatant and resuspend the cell pellet in
1–3 mL H-TALP for SCNT.

3.3 Oocyte Collection 1. Collect equine ovaries at slaughterhouses and transfer them to
a recipient bottle with saline solution (0.9% NaCl) at 27–29 °C
(see Note 6). Transport ovaries to the laboratory within 4–7 h
after slaughter.

2. Wash ovaries in the laboratory and transfer to a Becker with
saline solution in a water bath at 30 °C.

3. Aspirate all visible antral follicles by applying scraping and
washing with an 18-gauge needle attached to a syringe with
10 mL APM.

4. Transfer the aspirated content to a 50 mL tube and let it settle
for at least 10 min in the water bath at 35 °C.

5. Aspirate the pellet of the 50 mL tube and transfer to a 100 mm
dish with 10 mL H-TALP.

6. Recover cumulus-oocyte complexes (COCs) under the
stereomicroscope.

3.4 Oocyte In Vitro

Maturation and

Denuding

1. Select COCs with at least three compact layers of cumulus cells
and a homogeneously granulated cytoplasm. Wash COCs three
times in IVMM.

2. Transfer COCs to each 100 μL IVMM droplet under mineral
oil and for IVM with 5% CO2, saturated humidity at 38.5 °C
for 24–26 h.

3. Denude COCs by brief exposure to 0.05% trypsin-EDTA and
gentle pipetting in a solution of at 100 μL hyaluronidase solu-
tion for 2 min.

4. Wash denuded oocytes twice in H-TALP.

5. Select mature oocytes [i.e., metaphase II (MII) oocytes] for
SCNT with homogeneously granulated cytoplasm and a visible
polar body (PB) under a stereomicroscope (Fig. 2).

3.5 Zona Pellucida

Removal

This step is strict to the ZP-free SCNT protocol.

1. Incubate MII oocytes in a 100 μL pronase solution droplet at
35–38 °C for 3–6 min. Monitor oocytes under a stereomicro-
scope until the ZP begins thinning. Collect oocytes as soon as
the ZP disappears.
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Fig. 2 Enucleation and reconstruction of zona pellucida (ZP)-free horse oocytes. (a–c) Schematic representa-
tion of oocyte enucleation and reconstruction using ZP-free oocytes. (a–e) Microscope or stereomicroscope
view of micromanipulation using ZP-free oocytes

2. Wash ZP-free oocytes extensively in H-TALP.

3. Place ZP-free oocytes in maturation or culture medium until
enucleation (see Note 7).

3.6 Somatic Cell

Nuclear Transfer

(SCNT)

Most horse cloning relies on SCNT protocols using ZP-enclosed
oocytes [1, 2, 5, 6], albeit may display minor variations in experi-
mental conditions (e.g., oocyte IVM, embryo culture).

3.6.1 Enucleation and

Reconstruction of ZP-

Enclosed Oocytes

1. Incubate 10–20 oocytes per CB droplet in the micromanipula-
tion dish. Place 1–5 μL donor cell suspension in an H-TALP
droplet.

2. Aspirate 1–5 small-donor cells into the injection pipette.

3. Grab an oocyte with the holding pipette. Make sure the pres-
sure is sufficient to hold the oocyte by the ZP but allows its
rotation with the injection pipette.

4. Rotate the oocyte with the injection pipette and position the
PB in the three o’clock position in a clock’s face (see Note 8).

5. Use the beveled tip of the inject pipette to penetrate the
ZP. Apply a subtle aspiration with the injection pipette to
remove the PB with 5–10% of adjacent cytoplasm.

6. Remove the injection pipette from the perivitelline space and
expose the PB and aspirated cytoplasm to the ultraviolet light
(UV) to ensure enucleation and discard the aspirated content
(see Note 9).

7. Use the same ZP hole made during enucleation to introduce
the injection pipette and place the donor cell into the perivitel-
line space. Push the ZP with the injection pipette to ensure the
attachment of donor cells on enucleated oocytes, which is
essential for cell fusion (see Note 10).
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3.6.2 Enucleation and

Reconstruction of ZP-Free

Oocytes

ZP-free SCNT was developed initially for the handmade cloning
protocol [9], in which oocyte enucleation relies on manual bisec-
tion with a sharp blade under a stereomicroscope. This method was
adapted to equine cloning using micromanipulators and ZP-free
TII oocytes [7, 8]. ZP-free embryos require a specific well-of-the-
well (WOW) culture system, which keeps developing blastomeres
in proximity and avoids embryo aggregation.

1. Subject MII oocytes to chemical activation for obtaining TII
oocytes (see Subheading 3.8.1).

2. Place 10–20 oocytes per CB droplet of the micromanipulation
dish for 20 min. Add 1–5 μL donor cell suspension in an
H-TALP droplet.

3. Use the injection pipette to aspirate 5–7 large fibroblasts,
which are at the G2/M stage of the cell cycle (see Note 11).
Keep donor cells far from the injection pipette tip, such that
they are not exposed to the UV light during enucleation.

4. Move pipettes to a droplet with activated oocytes. Place an
oocyte adjacent to the holding pipette and apply the UV light.

5. Select activated oocytes with a cytoplasm protrusion, which
indicates the location of the oocyte spindle.

6. Rotate the oocyte with the injection pipette and place the
protrusion in the three o’clock position in a clock’s face. Aspi-
rate the protrusion with 5–10% of adjacent cytoplasm using the
blunt injection pipette under exposure to the UV.

7. Stop the oocyte exposure to the UV. Discard the aspirated
oocyte cytoplasm and its protrusion. Move one donor cell to
the tip of the injection pipette and stick it to the enucleated
oocyte (see Note 12).

3.7 Cell Fusion Place a fusion microslide on a 100 mm dish and attach it with
vacuum grease. Place the dish on the stereomicroscope. Attach
fusion cables to the microslide and turn on the electrofusion
machine. Cell fusion is done with two 1.2 kV/cm pulses [direct
current (DC)], in which each pulse lasted for 30 μs and 0.1 s apart.

1. Place cell couplets in CFS for 2–3 min. Add 2.0 mL CFS at the
center of the fusion microslide.

2. Wash cell couplets quickly in CFS and transfer to the microslide
(up to four cell couplets).

3. Turn on the AC and align cell couplets on one electrode (cell
couplets will stick to the electrode with AC on). Place the
surface of contact between the donor cell and the enucleated
oocyte in parallel to electrodes.
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4. Apply the DC pulses and place cell couplets back to H-TALP
droplets. Transfer cell couplets subject to fusion to individual
10 μL of culture media droplets and incubated with 5% CO2,
saturated humidity at 38.5 °C for 30 min.

5. Check for fused cell couplets 30–50 min after fusion (i.e.,
absence of the donor cell on the oocyte surface). Non-fused
cell couplets are subject to the second round of cell fusion.

6. ZP-enclosed reconstructed oocytes are subject to chemical
activation (see Subheading 3.8.1) and ZP-free undergo embryo
culture (see Subheading 3.9).

3.8 Oocyte Activation 1. Incubate reconstructed oocytes in 10 μM ionomycin for 5 min.

3.8.1 Chemical

Activation for SCNT Using

ZP-Free Oocytes

2. Rinse and incubate reconstructed oocytes BSA containing
media for 10 min.

3. Place reconstructed oocytes in ECM until the emergence of the
second PB.

3.8.2 Chemical

Activation for SCNT Using

ZP-Enclosed Oocytes

Perform oocyte activation 2 h after the completion of cell fusion.

1. Wash reconstructed oocytes once in ionomycin solution.

2. Culture reconstructed oocytes in 10 mM ionomycin solution
for 4 min.

3. Wash reconstructed oocytes once in activation solution.

4. Culture reconstructed oocytes individually in single 10 μL acti-
vation droplets for 4 h.

3.9 Embryo Culture

and Grading

1. Wash reconstructed embryos three times in ECM droplets.

2. Transfer 20 reconstructed oocytes per 100 μL ECM droplet in
the embryo culture dish.

3. Incubate reconstructed oocytes with 5% CO2, 5%O2, saturated
humidity at 38.5 °C for 7–8 days.

4. Replenish 50% of ECM with EFM on day 3 post-activation.

5. Grade blastocysts according to morphology (Fig. 3): Expanded
blastocysts with distinctive trophectoderm and inner cell mass
(grade I), blastocysts with mild expansion (grade II), and non-
expanded blastocysts (grade III).

4 Notes

1. This step is restricted to SCNT using ZP-enclosed oocytes.

2. Micromanipulation systems are usually formed by syringes
attached to paraffin oil-filled plastic hoses. Make sure to avoid
air bubbles in the micromanipulation system, which interferes
with fine control in fluid movement.
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Fig. 3 Cloned blastocysts after horse SCNT. (a) Cloned blastocysts obtained from ZP-enclosed oocytes. (b)
Cloned blastocyst produced with the protocol using ZP-free oocytes. Embryos were imaged with 100×
amplification

3. Research with live animals must follow institutional and
national guidelines for animal experimentation.

4. Perform this and the following steps with somatic cells in the
tissue culture hood.

5. Fibroblasts adapt faster to culture conditions and overgrow
other cell types found in the biopsy (e.g., keratinocytes, epithe-
lial cells). The cell line should be restricted to fibroblasts in a
few passages.

6. Both immature and mature oocytes can be recovered from live
mares as described elsewhere [9].

7. ZP-free oocytes are more sensitive to manipulation than
ZP-included oocytes.

8. The oocyte spindle is usually positioned next to the first
PB. The removal of the PB and its adjacent cytoplasm allows
the enucleation of >90% oocytes.

9. Aspirate more oocyte cytoplasm if the spindle remained in the
oocyte. Make sure to not remove large cytoplasm fractions
since it diminishes the oocyte developmental competence.

10. An alternative SCNT protocol with zona intact oocytes uses
the Piezo drill device [3–6]. The Piezo drill applies subtle
vibrations for ZP drilling and oolemma rupturing. Further,
the donor cell is also ruptured by additional Piezo pulses,
thus releasing its nucleus. Further, the donor nucleus is
injected into the enucleated oocyte, which circumvents cell
fusion for oocyte reconstruction.

11. Small donor cells are at the G0/G1 stage of the cell cycle.

12. Another approach is to begin oocyte reconstruction after fin-
ishing the enucleation of all oocytes.
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Chapter 16

A Modified Handmade Cloning Method for Dromedary
Camels

Fariba Moulavi and Sayyed Morteza Hosseini

Abstract

Camels play very important economic and sociocultural roles for communities residing in arid and semi-arid
countries. The positive impacts of cloning on genetic gain in camel species are indisputable, considering the
unique ability of cloning to produce a large number of offspring of a predefined sex and genotype using
somatic cells obtained from elite animals, live or dead, and within any age category. However, the current
low efficiency of camel cloning seriously limits its commercial applicability. We have systematically opti-
mized technical and biological factors for dromedary camel cloning. In this chapter, we present the details
of our current standard operating procedure for dromedary camel cloning, namely, “modified handmade
cloning (mHMC).”

Key words Camelids, Camelus dromedarius, Modified handmade cloning, Oocyte

1 Introduction

Camels belong to the Camelidae family, the surviving family in the
suborder Tylopoda [1, 2]. The even-toed ungulates in this family
owe their existence to the Old (OW) and New World
(NW) camelids. The OW camelids include two species: dromedary
or one-humped (Camelus dromedarius) and Bactrian or
two-humped (Camelus bactrianus). The NW camelids include
four species: llama (Lama glama), alpaca (Lama pacos), guanaco
(Lama guanicoe), and vicuña (Vicugna vicugna). The dromedary
camel thrives in the hot dry climates of North Africa, Arabia,
and Southern Asia, whereas the Bactrian camels are found in colder
and more mountainous regions, such as Southern Russia, China,
and Mongolia. The NW camelids are native to the Andes Moun-
tains on the Western side of South America [2].
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Genetic progress in camel breeding programs has been slow
due to both limited selection accuracy and intensity of selection,
and long generation intervals [3]. For instance, it usually takes
6–7 years for a female dromedary to reach reproductive age and
more than 8–12 years to determine its genetic merit for milking
ability. The application of assisted reproductive technologies could
diminish the impact of such limitations. Since 1990, multiple ovu-
lation and embryo transfer (MOET) has been the only assisted
reproductive technology available for multiplying elite animals
despite the increasing demand for improved dromedary camel
genetics by the camel industry, particularly the United Arab Emi-
rates (UAE) [3, 4]. However, MOET has its own disadvantages,
including high costs of hormonal treatments of embryo donors and
recipients, variable superovulation responses, risk of disease trans-
mission duringmating, and genetic unpredictability of the resulting
offspring. In turn, the impact of animal cloning by somatic cell
nuclear transfer (SCNT) to genetic gain in camel breeding is indis-
putable due to its unique ability to produce a large number of
cloned offspring from desired genomes using somatic cells
obtained from elite animals (both live or dead, and of any age)
(Fig. 1). Therefore, the development of an optimized method for
efficient cloning would greatly enhance genetic progress in camels
[5, 6].

Fig. 1 The impact of animal cloning by SCNT to genetic gain in camel breeding compared to multiple ovulation
and embryo transfer (MOET) technology that is widely used in camel. SCNT technology has a unique ability to
produce cloned offspring from desired genomes using somatic cells obtained from elite animals without limits
for age, health status, and fertility status of the cell donor, whereas MOET requires mature healthy male and
female camels
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Dromedary camel cloning has been reported by different teams
in the UAE [5–8]. The accumulated information from these experi-
ments suggested that improvements toward both technical and
biological factors should improve the cloning of dromedary camels.
Accordingly, stepwise adjustments allowed to adapt the handmade
cloning (HMC) method, originally developed in cattle and sheep
[9–11], to the cloning of dromedary camels. Using this novel
method named modified HMC (mHMC) for dromedary camels,
cloned blastocyst production was significantly increased compared
with the standard method of cloning [5, 6]. We then systematically
optimized the major biological contributors to dromedary camel
cloning, including the conditions for oocyte in vitro maturation
(IVM), cell cycle synchronization, cell fusion, oocyte activation,
assisted epigenetic reprogramming, and embryo culture system.
Importantly, successful vitrification of zona-free cloned blastocysts
without a significant loss in viability enabled us to establish a
cryobank of cloned embryos for large-scale embryo transfer pro-
grams [12]. These modifications enabled us to develop an efficient
and consistent mHMC method for large-scale cloning of drome-
dary camels. The aim of this chapter is to describe our mHMC
method in detail for efficient cloning in dromedary camels, which
may prove adaptable to other camelid species.

2 Materials

Some methods described in this chapter are similar to the SCNT
methods described for sheep cloning by our group [11]. The full
detail of chemicals and reagents and their stock preparation are
essentially similar to and can be found in the aforementioned study.

2.1 Equipment 1. TwoCO2 incubators: One with high (20%) oxygen tension and
the other with low (5%) oxygen tension.

2. Laminar flow cabinet.

3. Stereomicroscope (Olympus SZX series, Japan).

4. Inverted microscope.

5. Electrofusion machine (BTX ECM2001, Harvard
Apparatus, USA).

6. Table-top centrifuge.

7. Water bath.

8. Aspiration pump.

9. Liquid nitrogen tank.

10. Warming stages.
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2.2 Tools and

Consumables

1. Fusion chamber (BTX Microslides, 3.2 mm gap, Harvard
Apparatus, USA).

2. Aggregation needle (DN10/N) with handling bulb and cap
(BLS, Hungary).

3. Pipette Borosilicate Pasteur (7095D-9, Corning).

4. 100 μm Cell Strainer, Sterile (431752, Corning).

5. Biopsy punch (OD: 8 mm, KruuseTM, Denmark).

2.3 Media and

Solutions

Prepare solution using high-grade reagents (see Note 1), sterile
filter (0.22 μm), and store solutions at 4 °C, unless stated
otherwise.

1. Biopsy medium (BPM): Phosphate-buffered saline (PBS) with
300 IU/mL penicillin, 300 μg/mL streptomycin, and 2.0 μg/
mL amphotericin B.

2. Biopsy washing medium (BWM): Phosphate-buffered saline
(PBS) with 100 IU/mL penicillin, 100 μg/mL streptomycin,
and 2.0 μg/mL amphotericin B.

3. Cell culture medium (CCM): Dulbecco’s modified Eagle’s
medium/F12 with L-glutamine and phenol red (DMEM/
F12; Gibco, Cat# 11320-033) with 10% (v/v) fetal bovine
serum (FBS).

4. Cell freezing medium (CFM): DMEM/F12 with 50% (v/v)
FBS and 10% (v/v) dimethyl sulfoxide (DMSO).

5. Cell starvation medium (CSM): DMEM-F12 with 0.5% (v/v)
FBS and 1 μM rapamycin.

6. Ovum pick-up medium (OPUM): HEPES-buffered medium
199 containing 15 mM HEPES and 5.0 mM NaHCO3

(H-TCM199; Gibco, Cat# 22340) with 1 mg/mL BSA, 3%
(v/v) FBS, and 5.0 IU/mL heparin.

7. Oocyte washing medium (OWM): H-TCM199 supplemented
with 10% FBS.

8. Ovary transportation solution (OTS): 0.9% (w/v) NaCl (saline
solution) supplemented with 100 IU/mL penicillin and
100 μg/mL streptomycin.

9. Ovary storage solution (OSS): Buffer solution containing
high-potassium and low-sodium electrolytes and magnesium
sulfate, raffinose, lactobionate, antioxidant, and antibiotics
(patenting data).

10. Aspiration medium (APM): H-TCM199 supplemented with
10% FBS and 2 IU/mL heparin.

11. In vitromaturationmedium (IVMM):Medium199 containing
Earle’s salts and L-glutamine without NaHCO3 (Gibco, Cat#
11150-059) supplemented with 25 mMNaHCO3, 10 μg/mL
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follicle-stimulating hormone (rhFSH), 10 μg/mL luteinizing
hormone (roLH), 1 μg/mL estradiol 17β, 10 μg/mL epider-
mal growth factor (EGF), 10 μg/mL brain-derived neuro-
trophic factor (BDNF), 10 μg/mL vascular endothelial
growth factor (VEGF), 10 μg/mL insulin-like growth factor-
I (IGF-I), 1 μM rapamycin, 1 μg/mL cystine, 5 μg/mL genta-
mycin, and 5% platelet-rich plasma (PRP) extracted from blood
of estrous camels. The production method of PRP can be
followed in [13].

12. Denudation solution: H-TCM199 with 10% (v/v) FBS.

13. Hyaluronidase solution: Dissolve 0.075 g hyaluronidase in
7.5 mL H-TCM199. Do not filter and make 25 μL aliquots.
Store at – 20 °C for 1 year.

14. Pronase solution: Dissolve 0.05 g protease in 20 mL
H-TCM199 and then centrifuge at 700 g, for 5 min. Recover
the supernatant and make 500 μL aliquots. Store at – 20 °C for
1 year.

15. Demecolcine solution: Dissolve 5.0 mg demecolcine in 20 mL
PBS by pipetting and vortexing. Make 50 μL aliquots. Store
at – 20 °C for 2 years.

16. Enucleation medium (ENM): H-TCM199 with 10% (v/v)
FBS and 0.4 μg/mL demecolcine.

17. Phytohemagglutinin (PHA) solution: Dissolve 2.0 mg PHA in
4.0 mLH-TCM199. Make 50 μL aliquots. Store at – 20 °C for
1 year.

18. Hypo-osmolar cell fusion buffer (CFB): Add the following
sequentially and dissolve well: 3.005 g D-mannitol, 0.0024 g
MgCl2. 6H2O, 0.012 g HEPES, and 0.05 g fatty acid-free
bovine serum albumin (FAF-BSA) to 100 mL ultrapure
water. Check and adjust pH and osmolarity to between 7.2
and 7.4 and 200 and 210 mOsm, respectively. Make 1.0 mL
aliquots. Store at – 20 °C for 1 year.

19. Post fusion solution (PFS): HTCM199 with 3 mg/mL
FAF-BSA, epigenetic cocktail [10 μg/mL vitamin-C
(VC) + 10 nM trichostatin A (TSA)], and 10 μg/mL PHA.

20. Ionomycin solution: Pipette 10 μL of ionomycin stock (5 mg
ionomycin dissolved in 1340 μL of DMSO and 12.06 mL of
absolute ethanol, stored in -20 °C) into 1 mL of activation
buffer (HTCM199) with 1 mg/mL FAF-BSA. Keep the ready
activation solution in a 1.5 microcentrifuge tube and use
within 5 min after preparation.

21. Inactivation solutions: HTCM199 with 30 mg/mL BSA and
HTCM199 with 3 mg/mL BSA.
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22. 6-Dimethylaminopurine (6-DMAP): Pipette 1 mL mSOFaa
into 20 μL of 6-DMAP stock [(0.0652 g 6-DMAP dissolved
in 4.0 mL mSOFaa (plus epigenetic cocktail)] and shake the
solution thoroughly at 40 °C bath until completely dissolved.
Store at -20 °C for 1 year.

23. Synthetic embryo culture medium: A modified formulation of
synthetic oviductal fluid with amino acids (mSOFaa) [14]
comprised of 107.70 mM NaCl, 7.16 mM KCl, 1.19 mM
KH2PO4, 0.74 mM MgSO4.7H2O, 3.30 mM sodium lactate,
1.78 mM CaCl2.2H2O, 0.33 mM Na-pyruvate, 25 mM
NaHCO3, 0.5 mM glucose, 1.0% (v/v) MEM nonessential
amino acids (Sigma, M7145, 100X), 2.0% (v/v) BME essential
amino acids (Sigma, B6766, 50X), 2.0 mM L-glutamine,
10 μg/mL epidermal growth factor (EGF), 2.77 mM
myo-inositol, 0.34 mM tri-sodium citrate, 10 μg/mL brain-
derived neurotrophic factor (BDNF), 5 μg/mL lectin, 10 μg/
mL vascular endothelial growth factor (VEGF), 10 μg/mL
insulin-like growth factor-I (IGF-I), 1 μg/mL cystine, 1 μM
rapamycin, 50 μg/mL gentamycin, 5% PRP, 0.01 mM ethyle-
nediamine tetraacetic acid (EDTA), and 4.0 mg/mL
FAF-BSA. When amino acids were added to SOF, osmolarity
of the medium was maintained at 265–275 mOsmol by adjust-
ing the concentration of sodium chloride and pHwas sustained
at 7.2–7.4 by adding NaOH or HCl. All slats and additives
were embryo culture tested. The embryo culture dishes were
preincubated at 38.6 °C with 6% CO2, 5% O2, and balance N2

before using for embryo culture.

24. Epigenetic cocktail: Comprised of trichostatin A (TSA, Sigma,
T1952, readymade solution of 5 mM in DMSO) and vitamin C
(VC, Sigma, A5960; was dissolved in distilled water to prepare
1 mg/mL stock solution, filtered, and stored at -20 °C). The
final concentrations of the epigenetic cocktail were adjusted to
10 nM TSA and 1 μg/mL, respectively, by diluting the stock
solutions in post-fusion, post-activation, and initial embryo
culture media.

25. Mineral oil (Vitrolife™).

3 The mHMC Setup

3.1 Preparation of

Enucleation

Micropipette

A unique feature of the mHMC technique is the use of a simple
handheld enucleation device. Pasteur pipettes pulled on a flame
produce adequate tips with inner diameters for oocyte enucleation
(10–20 μm). Following the steps described below, you will be able
(after some trial and error) to produce your enucleation device
within 1 min (Supplemental Video 1).
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1. Prepare commercially available laboratory glass Pasteur pip-
ettes. We prefer Pasteur pipettes made of borosilicate glass
(size: 5.75″). Borosilicate glass has a particularly high heating
tolerance compared to soda lime, and thus, it is less likely to
break or melt during heating and pulling.

2. Hold the Pasteur pipette at both ends and place its tip (2 cm
from the opening) into the flame of a Bunsen burner until it
softens. Apply a gentle pressure to bend a 45° angle.

3. Draw the pipette out of the flame and immediately pull both
ends horizontally to prepare an approximately 10-cm-long
straight-drawn pipette.

4. Cut off the extra-long part by bending the pipette. Break the
pipette at approximately 4–5 cm above the shoulder to create
an internal diameter of about 200–300 μm. Repeat this pulling
step if the diameter of the pulled part is still bigger than
200–300 μm.

5. Heat the thin tip of the pulled pipette (about halfway between
the bent angle and the narrow tip bend). When it gets soft,
remove from the flame and quickly pull it as described previ-
ously (seeNote 2). This will end up with one functional micro-
pipette that has a 45° angle.

6. Check the tip of the prepared enucleation devices using a zona-
free oocyte under a stereomicroscope. Select pipettes with an
internal diameter approximately slightly larger than the cyto-
plasmic protrusion (~10–20 μm) and with a smooth-tipped
opening (see Note 3).

3.2 Preparation of

Donor Cells

1. Restrain the donor animal and perform sedation, if needed,
with an IV injection of xylazine hydrochloride (under the
supervision of a veterinarian) (see Note 4).

2. Hold and scrub the back of the ear (the mastoid area) with a
soap solution and an impregnated brush to remove any remain-
ing dirt. Shave the area completely with a razor and scrub with
1.0% povidone-iodine. Wash the area thoroughly with BWM,
dry with a sterile gauze pad, and spray with 70% (v/v) ethanol.
Do not touch the tissue after shaving.

3. Apply the biopsy punch to the center of the shaved area. Rotate
the punch with a turning motion in one direction (this will
minimize any shearing artifact) with slight downward pressure
(the turning force should be higher than this pressure). Use the
cutting action of the tool rather than pressure. Once through
the skin, remove the punch slowly and straight up.

4. Grasp the edge of the sample and pull it upward and outward
using forceps. Cut as low on the stalk (underlying fat) using
scissors.
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5. Place the biopsy in a sterile 50 mL tube containing 15mL BPM
and transport to the laboratory at room temperature for short
distances or beside ice for long (overnight) transportation.

6. Transfer the biopsy to a 100 mm dish containing 10 mL BPM
in a laminar flow hood. Shave off any remaining hair with a
sterile scalpel blade. Wash the biopsy by serial submerging in
three 100 mm dishes containing 20 mL BWM.

7. Cut the biopsy medially to remove cartilage and make small
tissue fragments of approximately 4 mm2 with a sharp razor
blade. Transfer tissue fragments to a 25 cm2 tissue culture flask
containing 10 mL CCM without antibiotics. Incubate the
culture flask with 6% CO2, saturated humidity at 37 °C.

8. Check the cell culture flask under low and high magnifications
under an inverted microscope at 24 h and 48 h after the onset
of culture. Replenish the CCM every other day until the culture
reaches 70–80% confluence.

9. Proceed with cell passaging (subculture). Remove the CCM
and wash cells three times with PBS at 37 °C to completely
remove serum traces.

10. Add 1.0 mL of 2.5% Trypsin-EDTA for 1 min and then dis-
card. Return the flask to the incubator for 5 min (see Note 5).

11. Add 5.0 mL CCM and pipette it over the surface of the culture
flask to provide a single-cell population. Transfer the cell sus-
pension to a 15 mL conical tube and centrifuge at 700 g for
10 min.

12. Discard the supernatant and resuspend cells with 5.0 mL CCM
and repeat centrifugation at 700 g for 10 min. Discard the
supernatant.

13. Passage cells by adding 1.0 mL CCM and resuspend cells by
pipetting. Count cells with a hemocytometer and culture
2.5 × 104 cells/cm2 with 6% CO2, saturated humidity at 37 °C.

14. Prepare for cryopreservation by diluting cell pellets
(steps 8–12) with 10 mL CFM at room temperature. Split
cells into 1.5 cryovials and attach them to cryocanes.

15. Place cryocanes at – 70 °C freezer at a 45° angle for 2 h and
transfer to a liquid nitrogen tank.

3.3 Cell Cycle

Synchronization of

Donor Cells

1. Passage cells as described above and culture 2.5 × 104 cells/
cm2 in one well of a four-well dish, add 0.5 mL CCM and
culture with 6% CO2, saturated humidity at 37 °C for 24 h.

2. Remove the CCM and wash cells three times with PBS.

3. Add 1.0 mL CSM and culture with 6% CO2, saturated humid-
ity at 37 °C for 2 days.
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4. Remove the CSM and wash cells three times with PBS. Prepare
cells as described above and resuspend the cell pellet with
1.0 mL CSM.

5. Place cells at 4 °C until their use for nuclear transfer.

3.4 Media and Dish

Preparation for

Handling or Culture of

Oocytes

Figure 2a–j illustrates the composition of media and the method of
dish preparation for handling oocytes during oocyte aspiration
(Fig. 2a), IVM (Fig. 2b), denudation (Fig. 2c), zona-digestion
(Fig. 2d), enucleation (Fig. 2e), nuclear transfer (Fig. 2f), artificial
activation (Fig. 2g, h), and embryo culture (Figs. 2i, j).

3.5 Preparation of

Recipient Oocytes

Ovum pick-up (OPU) is the major source of oocytes for SCNT in
dromedary camels. Alternatively, ovaries of slougthered camels can
be used for in vitro maturation. Due to limited number of camels
slaughtered, very few oocytes are available for in vitro maturation.
Therefore, we preserve ovaries in a specially formulated OSS at
10 °C for up to 48 h with negligible effects on oocyte developmen-
tal competence. This strategy enabled us to have more oocytes in
each SCNT run. However, due to limited number of camels
slougthered, and since SCNT runs [6].

3.5.1 Preparation of In

Vivo Matured Oocytes

The procedure of donor superovulation and OPU is a standard
procedure and can be followed in corresponding studies [6, 7], and
is briefly mentioned here:

1. Aspirate >10 mm follicles into 50 mL conical tubes containing
10–15 mL OPUM (Fig. 2a).

2. Transfer ready tubes immediately to the lab, gently agitate the
content in the aspiration tube, and pour the aspirated material
onto a 100 μM cell strainer. This process will retain cumulus-
oocytes complexes (COCs).

3. Backwash the strainer with 10 mL COC washing medium in a
100 mm dish on a warm stage at 38.5 °C. Distribute the
aspirated content evenly in the dish by gentle swirling (Fig. 2a).

4. Collect COCs and denuded oocytes with a mouth pipette
under a stereomicroscope. The aspirated content is usually
bloody and may have coagulated blood particles. Separate
COCs from debris, coagulated blood particles, and follicular
fluid by washing at least three times in 200 μL COC washing
droplets.

5. Transfer the COCs dish into incubator until denudation.

6. Prepare the denudation solution by pipetting 25 μL hyaluroni-
dase stock into 1 mL HTCM199.

7. Prepare denudation dish by making 5 × 100 μL drops of
denudation solution in a 6 cm Petri dish; overlay with mineral
oil (Fig. 2c).
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Fig. 2 The basic composition of media and the method of dish preparation for handling oocytes during oocyte
aspiration (a), IVM (b), denudation (c), zona digestion (d), enucleation (E), nuclear transfer (f), artificial
activation (g, h), and embryo culture (i, j). The media used for post fusion (not shown here), activation for
4 h with 6-DMAP (h), and initial embryo culture (for 4 h), were supplemented with epigenetic cocktail (10 μg/
mL VC + 10 nM TSA) optimized for assisted epigenetic modification of the reconstructed oocytes before final
culture in embryo culture medium
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8. Transfer COCs into the first denudation droplet and incubate
it for 1 min in incubator.

9. Start denudation of oocytes with large (250 μm), medium
(200 μm), and small (150 μm) pulled glass Pasteur pipette in
sequence by performing movements of entry and exit from the
pipette.

10. By the end of denudation, thoroughly wash denuded oocytes
in 200 μL droplets of OWM and incubate there for 30 min
before starting zona pellucida (ZP) removal.

3.5.2 Preparation of In

Vitro Matured Oocytes

1. Collect ovaries immediately after slaughter and extrusion of the
internal organs from the carcass. Cut ovaries from the repro-
ductive tract with minimum surrounding tissues and place
them in a thermos flask containing at least 1 L OTS at room
temperature. Transport the thermos flask with ovaries to the
laboratory as soon as possible.

Collection and Storage of

Abattoir-Derived Ovaries

2. Trim ovaries from any excessive tissue if destined for long-
distance transportation (e.g., overseas). Wash ovaries several
times with OTS, gently rub to remove excess blood, and per-
form a final wash with 1000 mL OTS at room temperature.

3. Transfer ovaries into a sealing plastic bag containing 1 L OSS at
room temperature and place the sealed bag in a portable refrig-
erator adjusted at 10 °C for gradual cooling during
transportation.

4. Wash ovaries with OTM after arrival at the laboratory and
transfer them to a beaker containing 500 mL OTM.

Follicular Aspiration and

IVM

1. Hold one ovary at a time with a sterile absorbing gauze and
aspirate all 2–8 mm follicles using a 20-gauge needle of a scalp
vein set connected to a 50 mL conical tube containing 10 mL
APM and attached to a vacuum pump (Fig. 2a; see Note 6).

2. Gently agitate the content and pour the entire aspirant onto a
100 μM cell strainer to separate COCs from blood, other cells,
and debris (Fig. 2a).

3. Backwash the strainer with 10 mL COC washing medium in a
100 mm dish on a warm stage at 38.5 °C. Distribute the
retrieved COCs evenly in the dish by gentle swirling.

4. Retrieve COCs of grades I–III with a mouth pipette. Oocytes
with five or more layers of surrounding cumulus cells are
graded as class I or II if the cumulus cells are fully compact,
and as class III if a slight expansion is observed in the outer
layers.

5. Transfer COCs to a 35 mm dish containing 2 mL of H199/10.
Swirl the dish and apply gentle pipetting to disperse COCs
from each other and debris (Fig. 2b).
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6. Wash COCs twice with 2 mL OWM and once with 2 mL
IVMM (Fig. 2b).

7. Transfer 30–35 COCs with the minimum amount of medium
into a preincubated 500 μL maturation medium prepared in
the wells of an IVM 4-well dish (Fig. 2b). Incubate COCs with
6% CO2, 20% O2, and saturated humidity at 38.5 °C for 28 h.

3.5.3 Oocyte Denuding 1. Transfer COCs from the maturation dish 28 h after IVM to a
microtube containing 1.0 mL denudation solution and vortex
it for 1 min (Fig. 2c). Dromedary camel oocytes following IVM
are easily denuded during pickup from IVM dish or following a
short vortexing without hyaluronidase.

2. Spin down the microtube briefly.

3. Transfer oocytes from the microtube to a 35mm dish. Swirl the
dish to collect the oocytes in the center, pick up denuded
oocytes, and transfer them to the first 100 μL OWM droplet
(Fig. 2c). Wash oocytes in at least three 200 μL OWM droplets
to remove remaining cumulus cells.

4. Select oocytes with a polar body (PB) or undergoing extrusion.

5. Place denuded oocytes in 200 μL droplets and incubate for
30 min before starting ZP removal (Fig. 2c).

3.5.4 Removal of the

Zona Pellucida

1. Transfer 50–100 denuded oocytes to a 200 μL pronase droplet
in the ZP digestion dish and gently rotate the dish by hand on
the warm stage for 1–2 min (Fig. 2d). Decrease light intensity
and adjust the contrast of the stereomicroscope to focus on the
ZP. The oocytes pose no concerns since they lose their shapes
during zona removal (see Note 7). However, they will retain a
spherical shape soon after pronase treatment.

2. Do not wait for complete ZP removal. Once the ZP starts
dissolving, pick up the oocyte with the minimum volume pos-
sible of the solution. Wash at least three times in 200 μL
washing solution droplets.

3. Incubate ZP-free oocytes in 200 μL washing solution droplets
for 15 min before oocyte enucleation (Fig. 2d).

3.6 Somatic Cell

Nuclear Transfer

1. Wash ZP-free oocytes in 100 μL ENM droplets, transfer 2–3
oocytes per 10 μL ENM droplet, and incubate for 1 h (Fig. 2e;
see Note 8).

3.6.1 Oocyte Enucleation

Assisted by Demecolcine

Treatment

2. Pick oocytes with a clear cytoplasmic protrusion under the
stereomicroscope. Discard oocytes without the protrusion.
Usually, more than 95% of treated oocytes have a clear cyto-
plasmic protrusion of MII spindle following demecolcine treat-
ment. If not, check the IVM system.
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Fig. 3 Oocyte enucleation setup and hand position (A). Steps for enucleation of oocytes in mHMC shown in real
and schematic (inserts) images (B 1–4). For further description, refer to the oocyte enucleation section

3. Place the enucleation dish on warm plate of the stereomicro-
scope and hold the enucleation dish in your left hand with your
thumb and index finger (for right-handed people) and hold the
enucleation device in right hand in the same focus as for the
oocytes (Fig. 3a).

4. Roll the oocyte and place the cytoplasmic protrusion at
3 o’clock position in a clock’s face (Fig. 3b; Supplemental
Video 2).

5. Place the pipette tip adjacent to the cytoplasmic protrusion.
Ensure that the micropipette opening shares the same focus as
the cytoplasmic protrusion (Fig. 3b1).

6. Allow the cytoplasmic protrusion to enter the micropipette via
capillary and apply gentle suction by mouth if needed
(Fig. 3b2).

7. Remove the pipette (while holding the oocyte) from the drop-
let and place it in the mineral oil. This movement will split the
oocyte into two parts. The cytoplasmic portion held by the
pipette will contain the oocyte chromosome mass and the
enucleated oocyte (i.e., cytoplast) will remain in the enucle-
ation droplet (Fig. 3b3).

8. Discard the removed cytoplasmic protrusion in an enucleation
droplet and check whether enucleation occurred (the enu-
cleated oocyte lacks a cytoplasmic protrusion). Repeat the pro-
cess with all the remaining oocytes (Fig. 3b4).
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3.6.2 Oocyte

Reconstruction

1. Pick up 10–20 cytoplasts and wash twice in 50 μL HTCM199
with 1 mg/mL PVA droplets in an oocyte reconstruction dish
(see Note 9; Fig. 2f).

2. Transfer cytoplasts to the PHA droplet. Pipette gently each
cytoplast in PHA to make them sticky. Distribute cytoplasts
apart in the PHA droplet (Fig. 2f; see Note 10).

3. Resuspend donor cells and place 1–3 μL of the cell suspension
into an HTCM199/PVA droplet under a stereomicroscope to
obtain an approximate population of 100–200 cells per
droplet.

4. Pick up 20–30 donor cells with a mouth pipette and place them
in PHA droplets with cytoplasts. Deposit cells apart from
cytoplasts.

5. Allow cells to settle for a few minutes and adjust the contrast
filter of the stereomicroscope to visualize the cells.

6. Pick up five cytoplasts and drop them on single donor cells.
Give preference to small well-rounded donor cells. Push and
press gently the cytoplast onto the donor cell to sustain attach-
ment, if necessary. Repeat this process with the remaining
cytoplasts.

7. Transfer cell couplets to a second PHA droplet, while checking
for the presence of a single donor cell in each cytoplast. Incu-
bate cell couplets in the PHA droplet for 2–3 min.

8. Wash cell couplets in 50 μL HTCM199/PVA droplets and
transfer them individually into 5 μL HTCM199/PVA droplets
to prevent them from sticking together (Fig. 2f).

3.7 Cell Fusion Cell couplets are fused 35–37 h after the onset of IVM. We also
suggest using hypo-osmolar (200–210 mOsm) fusion buffer to
increase fusion efficiency.

1. Turn on the fusion machine (seeNote 11) and set parameters as
follows: pre-fusion alignment (AC) of 15 V (1,000 Hz), fusion
pulse (DC) with two pulses of 600 V (20 μs/each and 1 s
delay), and post-fusion alignment of 15 V for 9 s).

2. Place the fusion chamber on the stereomicroscope. Attach live
(red) wire to northern and ground (black) to southern wire in
the fusion chamber. Cover fusion chamber with 500 μL CFM
between electrodes at the center of the microscope field of view.

3. Add 100 μL CFM on the lid of a 60 mm Grainer dish and
equilibrate 10–20 cell couplets for 1–2 min.

4. Transfer cell couplets over regular distances on the electrodes.
Roll each cell couplet with a mouth pipette until the contact
plane between the cytoplast and the donor cell is parallel to
electrodes (see Note 12).
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5. Apply the AC current for 5–10 s to further align cell couplets.

6. Apply the DC fusion pulses and let fused couplets drop from
the electrodes.

7. Remove fused couplets gently with a mouth pipette. Wash
them in 100 μL droplets of PFS medium droplets and incubate
them individually in PFS microdroplets until activation.

8. No need not check for fusion events and proceed to the next
step as soon as possible.

3.8 Oocyte Activation 1. Prepare reconstructed oocytes 2 min before oocyte activation.
Wash fused couplets in 50 μL PFS medium and keep them in
one droplet.

2. Place 500 μL ionomycin solution into one well of a four-well
dish. Place inactivation solutions in the two remaining wells
(Fig. 2g).

3. Incubate reconstructed oocytes in ionomycin solution for
1 min. Take care to avoid reconstructed oocytes from
aggregating.

4. Wash reconstructed oocytes and incubate in inactivation solu-
tion (HTCM199 with 30 mg/mL BSA) for 5 min (Fig. 2g).

5. Transfer activated oocytes into post-activation medium
(HTCM199 with 3 mg/mL BSA) and incubate for 5 min
(Fig. 2g).

6. Wash reconstructed oocytes three times in 50 μL 6-DMAP
droplets in a dish and then culture them individually in
5.0 μL 6-DMAP droplets with 6% CO2, saturated humidity at
38.5 °C for 4 h (Fig. 2h).

3.9 Embryo Culture ZP-free embryos need to be cultured in wells to avoid disaggre-
gation of blastomeres at pre-compaction stages and also to avoid
aggregation of embryos together.

1. Using nontreated culture dishes for embryo culture is neces-
sary to avoid attachment of zona-free embryos to the culture
dish. Place three washing (50 μL) and nine culture (20 μL)
droplets of mSOFaaci in a 60 mm culture dish and cover with
prewashed embryo-tested paraffin oil (Fig. 2i).

2. Sterilize the aggregation needle tip with drips of 70% ethanol.
Allow it to dry before washing with drips of embryo culture-
grade water and then let it dry completely.

3. Support the bottom of the embryo culture dish with a thick
glass microscope filter.

4. Make 10 wells in each 20 μL mSOFaaci droplet. Press the
aggregation needle tip into the plastic through the paraffin oil
and culture medium, while making a circular movement with
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the free end of the needle held by your hand. This movement
makes tiny depressions (i.e., wells) of approximately 300 μm in
internal diameter and with smooth border (Fig. 2j).

5. Incubate the prepared dish in 6% CO2 and 5% O2, at 38.5 °C
for at least 2 h before embryo culture.

6. Embryo culture takes place in two steps: Step 1 in the presence
of the epigenetic cocktail for 4 h and step 2 in the absence of
epigenetic cocktail for the rest of the culture period.

7. Wash the reconstructs three times in 50 μL mSOFaaci plus
epigenetic cocktail droplets.

8. Place each activated oocytes in a well, transfer the embryo
culture dish plus epigenetic cocktail gently to the incubator
and culture in 6% CO2, 5%O2, and saturated humidity at 38.5 °
C for 4 h.

9. Wash the reconstructs three times in 50 μLmSOFaaci droplets.

10. Place each activated oocytes in a well, transfer the embryo
culture dish gently to the incubator and culture in 6% CO2,
5% O2, and saturated humidity at 38.5 °C.

11. Do not check embryonic development until days 5.5–6 post-
activation when embryos are checked for vitrification or trans-
fer to the recipients (see Note 13; Fig. 4).

Fig. 4 A batch of day 6 embryos produced by mHMC using in vitro matured oocytes. Bar represents 100 μm
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3.10 Vitrification of

Embryos

Due to limits in the source of abattoir-derived oocytes and also in
performing OPU on a large scale, the number of recipient oocytes
in each SCNT run is also limited. Fresh transfer of the resultant few
clone blastocysts requires keeping recipients throughout the breed-
ing season for ET sessions. To avoid this, our routine plan is to
stock embryos in liquid nitrogen tank for bulk transfer during the
best season time. The method of blastocyst vitrification was
described previously [14] and supports high survival of vitrified-
warmed blastocysts with comparable, even higher, pregnancy
outcomes.

3.11 Embryo

Transfer

Blastocysts of morphological grades 1 and 2 are selected for transfer
into recipients according to the established criteria for morpholog-
ical grading of embryos developed by the International Embryo
Transfer Society (IETS). For ZP-free embryos, however, a system-
atic study needs to be conducted to understand how meaningful
the morphological grading criteria of zona-intact fertilized
embryos are for ZP-free cloned embryos, especially with regard to
their survival after embryo transfer [15]. In our routine clone-ET
system that supports high rates of initial pregnancy and delivery, we
transfer grade 1 and 2 blastocysts on day 5.5–6 of the culture into
the synchronized recipient she camels on day 5 of ovulation. The
standard method for preparation and synchronization of the reci-
pients can be found in [14].

1. Load one grade 1 or two grade 2 blastocysts in the ET medium
(mSOFaa) per 0.25 mL straw (IMV, France) and transfer non-
surgically into the uterine lumen.

2. Perform initial pregnancy diagnosis using transrectal ultraso-
nography between days 25 and 25 of ET. The diagnosis is
based on the presence of three endpoints: embryonic vesicle,
embryo proper, and embryonic heartbeat.

3. Pregnancies can be examined by a second round of ultrasonog-
raphy at days ~70–90 after ET.

4. The gestation length in cloned pregnancies varies widely, from
345 to 400 days post-ET.

5. Monitor pregnant camels approaching the expected delivery
date with the assistance of a veterinarian and trained herd
shepherd. Allow the camel to calve naturally and provide man-
ual assistance if necessary.

Current Success Rate and Future Directions
In our experience, the mHMC has proved to be a viable alternative
to the traditional method. Its simplicity, ease of implementation,
low cost, and high efficiency are important features that will
encourage its broader application in both research and commercial
applications. Use of the mHMC decreases costs radically as the
enucleation and nuclear transfer devices are each reproducible



within as short a time period as 1 min using simple equipment such
as a glass Pasteur pipette and a laboratory flame burner [5]. This
technique is facile enough for a person with no previous experience
in micro-manipulation to learn the basic routines of the procedure
in 3–4 weeks, which is in stark contrast to the several months
typically required to master the traditional method.
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The overall efficiency of the in vitro blastocyst development
reached to 90–100% when using OPU-derived oocytes, clearly
pointing to significant improvements (unpublished data). It is
noteworthy that this high rate of blastocyst development was
achieved when we used a static embryo culture medium containing
all nutrients and growth factors from the beginning of culture and
did not disturb the embryos throughout culture period compared
to the biphasic embryo culture system used during our first experi-
ments [5, 6]. One first conclusion is that 100% clone blastocyst
development may be achievable in dromedary camels when using
in vivo matured oocytes as recipient oocytes and an optimized
cloning protocol. The results also indicate that current IVM prac-
tice in dromedary camels continues to remain inefficient, and future
studies are required to optimize maturation and produce more
competent recipient oocytes in vitro.

Following transfer of vitrified-warmed embryos derived from
in vivo matured oocytes with our established method the overall
efficiencies of the initial pregnancy/total recipients, development
to term/total pregnancies, and weaving/total pregnancies were
42.1%, 39.7%, and 37.7%, respectively [5, 6, 14, and unpublished
data]. In our experience, approximately 6.6% of the transferred
embryos developed into viable offspring. This overall efficiency of
6.6% compares very unfavorably with that of MOET, where
approximately 40–60% of freshly transferred embryos develop
into healthy calves at weaning [3]. This great difference between
the SCNT and MOET with regard to dromedary camels is not
surprising in view of the similar differences observed between
in vivo developmental fate of SCNT and IVF embryos in other
species as well [15].

In dromedary camels, most of the early embryonic deaths in
natural mating and MOET programs usually occur during the first
2 months of pregnancy, with rates ranging from 30% to 40%
[16]. For clone pregnancies, in our experience, the frequency of
pregnancy losses until day 90 was higher than those in the remain-
der of the gestation period, which is consistent with other studies
[7]. Importantly, in vivo development of dromedary camel clones
does not seem to exhibit the same complications that have been
reported for cattle, namely, large offspring syndrome, hydrops, and
advanced pregnancy failure [15]. This important advantage of a



4 Notes

1. The efficiency of SCNT depends on the reagents, glassware,

2. An alternative is to bend the shoulder during softening, which

3. Handheld pipettes need a blunt tip end with a smooth surface

4. Perform experiments with live animals under institutional and

5. Use differential trypsinization to remove epithelial cells at the

6. The pressure on the vacuum pump is set to 100 mm Hg via

7. Do not wait until the ZP dissolves completely. Rather, remove

good pregnancy prognosis, especially for camels with a very long
gestation period (≥1 year), increases the economic value of camel
cloning in large-scale applications. We successfully used the mHMC
system presented here for the production of dromedary camel
clones at thus far the largest scale from a single laboratory. Since
then, this SCNT system is actively used for the production of clones
from several other cell lines in a commercial plan. This innovative
technique can accelerate cloning technology in camels, and we
expect it to be readily applicable to other camelids as well.
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and disposable supplies. All items should be of tissue grade.
The quality of several reagents varies widely (e.g., BSA, FBS). It
is paramount to test the quality of each new lot or reagent
before routine use.

provides a 45° angle between the stem and the pipette tip. This
fact makes enucleation pipettes more convenient for handling
during oocyte enucleation.

to prevent cell damage. The stereomicroscope assists visualiz-
ing the pipette tip. Laboratories that apply pipette handles may
rely on commercially available tips or pipettes from hematocrit
tubes. Make sure to use safety glasses while preparing pipettes.

national guidelines.

first passage. Fibroblasts will slough off faster than epithelial
cells and should be removed carefully with a Pasteur pipette.
We typically use primary fibroblast cell lines at passages 2 and 3.

Tygon tubing containing a 65 mm 0.2 μm PTFE membrane
filter in the vacuum line to protect the pump from accidental
fluid aspiration. Different experimental conditions or unin-
tended results (e.g., excessive oocyte denuding) may require
adjustments of these conditions.

oocytes from pronase solution when observing ZP thinning
and release them by gentle pipetting in neutralizing droplets.
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8. ZP-free oocytes may stick to the inner surface of enucleation
pipettes. The use of media with protein supplementation (e.g.,
FBS, BSA, PVA) prevents this from happening.

9. FBS inhibits or weakens PHA-mediated cell attachment.
Therefore, avoid carryover of FBS-containing media into
PHA droplets while transferring cytoplasts and donor cells.

10. Cytoplasts and donor cells become very sticky in PHA solution.
Avoid cytoplast and cell aggregation by distributing them
evenly in each droplet and while inside the mouth pipette.

11. There are fusion machines from various companies (e.g., BTX,
Cryologic). Adjust fusion parameters accordingly, preferably
using a graphic pulse analyzer. These parameters are based on
using a BTX-2001 (BTX ECM2001, Harvard Apparatus,
USA) fusion machine and BTX fusion chamber with a
3.2 mm gap between electrodes.

12. The components of H-TCM199 may increase conductivity
and cause cell lysis after fusion. Minimize the carryover of
H-TCM199-containing media to the fusion chamber.

13. Place the CO2 incubator destined for embryo culture in a
vibration-free area and avoid opening the incubator. Handling
the culture dish may remove SCNT embryos from their wells.
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Chapter 17

Derivation of Bovine Primed Embryonic Stem Cells from
Somatic Cell Nuclear Transfer Embryos

Delia A. Soto, Micaela Navarro, and Pablo J. Ross

Abstract

Derivation of bovine embryonic stem cells from somatic cell nuclear transfer embryos enables the derivation
of genetically matched pluripotent stem cell lines to valuable and well-characterized animals. In this chapter,
we describe a step-by-step procedure for deriving bovine embryonic stem cells from whole blastocysts
produced by somatic cell nuclear transfer. This simple method requires minimal manipulation of blastocyst-
stage embryos, relies on commercially available reagents, supports trypsin passaging, and allows the
generation of stable primed pluripotent stem cell lines in 3–4 weeks.

Key words Blastocyst, Derivation, Embryonic stem cells, Inner cell mass, Pluripotency, Somatic cell
nuclear transfer

1 Introduction

Embryonic stem cells (ESCs) harbor indefinitely the developmental
potential of the pluripotent epiblast. Under appropriate culture
conditions, ESCs exhibit capacities of unlimited self-renewal and
differentiation toward tissues representative of the three germ
lineages and the germline [1]. Derivation of ESC was successfully
achieved from in vivo and in vitro produced embryos in rodents,
primates, and humans [1], while in livestock progress has been
challenging. ESCs from ungulates species represent an important
tool for animal agriculture with potential utility for genetic selec-
tion, introduction of multiple and complex genetic modifications,
and understanding cell fate decisions and pluripotency [2]. Addi-
tionally, by combining somatic cell nuclear transfer (SCNT) with
ESC derivation, genetically matched pluripotent cell lines to valu-
able animals can be derived and maintained indefinitely.
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Over the last 30 years, many attempts have been made to
capture in vitro the pluripotent potential of the bovine inner cell
mass (ICM) [3]. However, most presumed bovine ESC (bESCs)
lines presented poor derivation efficiency, survived a limited num-
ber of passages in culture, lost expression of pluripotency marker
genes over time, and lacked capacity for multilineage commitment
in teratomas. Recently, a culture system that relies on custom
mTeSR1 medium supplemented with fibroblast growth factor
2 (FGF2) and the Tankyrase/Wnt inhibitor IWR-1 succeeded in
deriving bona fide primed bESCs [4]. bESC lines from bovine
embryos of different sources and genetic backgrounds were estab-
lished by plating isolated ICMs or zona-free whole blastocysts on
gamma-irradiated mouse embryonic fibroblasts (MEF). Since
FGF2 is involved in maintaining self-renewal of ESCs [5] and
IWR-1 has been related to trophectoderm development suppres-
sion [6, 7], the simultaneous supplementation of this growth factor
and small molecule favored the growth of ICM cells over the
extraembryonic lineages, allowing efficient propagation of the plu-
ripotent ICM-derived bESCs from whole bovine blastocysts. How-
ever, bESC derivation and culture was based on a custom-made
base medium (mTeSR1 devoid of growth factors), which is cum-
bersome to prepare, costly, and largely inaccessible to most research
laboratories. Hence, we describe here a modification of the original
protocol for bESC derivation and culture, in which custom-made
mTeSR1 medium was replaced by N2B27 base medium supple-
mented with 1% low fatty acid bovine serum albumin (BSA) and
20 ng/mL activin A. Since all components are commercially avail-
able, this technology can be easily adopted by different laboratories.
Using this novel media and following the step-by-step protocol
described below, bESCs can be efficiently derived from embryos
from in vitro fertilization (IVF), SCNT, and parthenogenesis in
only 3 weeks, are simple to propagate, and show long-term plur-
ipotency and genomic stability.

2 Materials

High-quality stem cell-certified reagents must be used for bESC
derivation and maintenance.

2.1 Cell Culture 1. Biosafety cabinet class I or II for cell culture.

2. CO2 incubator.

3. Centrifuge.

4. Water bath.

5. Inverted microscope.

6. Liquid nitrogen tank.
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7. Autoclave.

8. Sterile storage bottle.

9. Filter system 0.22 μm PES.

10. 27-gauge hypodermic needle.

11. Irradiated CF-1 Mouse Embryonic Fibroblasts (Gibco).

12. Gelatin stock: 10 mg/mL porcine skin gelatin in double-
distilled water, autoclave, aliquot, and store at 4 °C for up to
3 weeks.

13. MEF medium: DMEM supplemented with 1% GlutaMAX
Supplement, 1% penicillin-streptomycin, 1% MEM nonessen-
tial amino acid solution, and 10% fetal bovine serum. Filter
sterilize and store at 4 °C for up to 1 month.

14. NBFR medium: 1:1 neurobasal and DMEM/F12 medium,
0.5% N-2 supplement, 1% B-27 supplement, 1% MEM nones-
sential amino acid solution, 1% GlutaMAX Supplement, 1%
penicillin-streptomycin, 20 ng/mL activin A, 10 mg/mL
bovine serum albumin (BSA) 20 ng/mL FGF, 2.5 μM
IWR-1 stock, and 0.1 mM 2-mercaptoethanol. Store at 4 °C
for up to 3 weeks (see Note 1).

15. ROCK Inhibitor Y-27632 stock: 10 mM ROCK inhibitor
Y27632 in sterile double-distilled water, aliquot, and store at
-80 °C.

16. 100× antimycotic/antibiotic (JR Scientific).

17. 1× TrypLE select enzyme (Gibco).

18. Dimethyl sulfoxide (DMSO) (Sigma).

19. Mr. Frosty freezing container (Nalgene) or equivalent.

2.2 Handling of

Blastocysts for ESC

Derivation

1. Thermoplates.

2. Heating block.

3. Stereomicroscope.

4. Microdispenser or mouth pipette.

5. Filter system 0.22 μm with PES membrane.

6. SOF-HEPES medium: 107.7 mM NaCl, 7.16 mM KCl,
1.19 mM KH2PO4, 0.49 mM MgCl2-6H2O, 5.3 mM Na
lactate, 1.71 mM CaCl2-2H2O, 0.5 mM fructose, 21 mM
HEPES, 1% MEM nonessential amino acid solution, 0.5%
BME amino acids solution, 4 mM NaHCO3, 0.33 mM Na
pyruvate, 1% GlutaMAX Supplement, 1 mg/mL BSA, 5 μg/
mL gentamicin, and ultrapure water. Adjust pH to 7.3–7.4 and
osmolarity to 280 ± 10 mOsm. Filter sterilize (0.22 μM) and
store at 4 °C for up to 1 month.

7. Pronase solution: 2 mg/mL pronase in SOF-HEPES, aliquot,
and store at -20 °C. Spin down before use.
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All solutions should be prepared fresh for every use and store short
term at 4 °C.

2.3 Immuno-

fluorescence Staining

1. Inverted fluorescent microscope.

2. Nutator.

3. Paraformaldehyde 4% in PBS (Santa Cruz Biotechnology).

4. Dulbecco’s phosphate-buffered saline (DPBS) with calcium
and magnesium.

5. Hoechst 33342 solution: 1 mg/mL Hoechst 33342 in DPBS
calcium and magnesium free, aliquot, and store protected from
lights at -20 °C. Spin down before use.

6. Washing solution: 3% Triton X-100 in DPBS calcium and
magnesium free.

7. Blocking solution: 3% normal donkey serum in washing
solution.

8. Antibody solution: 1% normal donkey serum in washing
solution.

9. Primary antibody solution: 0.6 μg/mL goat anti-OCT4 anti-
body (Santa Cruz Biotechnology), 1:300 rabbit anti-SOX2
antibody (Biogenex) in antibody solution.

10. Secondary antibody solution: 20 μg/mL donkey anti-goat IgG
Alexa Fluor 568 antibody, 20 μg/mL donkey anti-rabbit IgG
Alexa Fluor 488 antibody, and 10 μg/mL Hoechst 33342
solution in antibody solution. Keep protected from the light.

11. Parafilm or equivalent.

3 Methods

In this chapter, we describe a detailed procedure for deriving bESC
from SCNT embryos; however, this protocol can be indistinctly
used for deriving bESCs from IVF or parthenogenetic embryos.
Detailed materials and methods for producing bovine SCNT
embryos are described elsewhere [8]. To avoid contamination, all
procedures should be performed inside a class I or class II biosafety
cabinet. bESC derivation is facilitated by having a stereomicroscope
inside a biosafety cabinet.

3.1 Plating of MEF

Feeders

1. One day before starting ESC derivation, coat a 48-well dish
with 150 μL 0.1% gelatin solution and incubate at room tem-
perature (RT) for 30 min (see Note 2).

2. After incubation, remove the surplus of gelatin and rinse coated
wells with 300 μL DPBS calcium and magnesium free just
before plating MEF feeders.
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3. Thaw MEF feeders in a 37 °C water bath until a small piece of
ice is still visible.

4. Transfer MEF feeders from the cryovial to a 15 mL centrifuge
tube and dilute cryopreservation medium slowly by adding
9 mL of MEF medium.

5. Centrifuge for 5 min at 200 × g and discard the supernatant.

6. Resuspend cell pellet in 12 mL of MEF medium and add
250 μL of the cell suspension to each well of the gelatin-coated
48-well plate, plating ~2.0 × 106 cells per plate (see Note 3).

7. Culture MEF feeders at 37 °C and 5% CO2 for 24 h.

3.2 Bovine ESC

Derivation from SCNT

Embryos

1. Prepare NBFR media and depending on how many embryos
will be plated, keep a working aliquot at RT. Store the rest at 4 °
C (see Note 4).

2. Prepare wells containing MEF feeders for blastocyst plating by
removing MEF media, rinsing two times with 300 μL DPBS
calcium and magnesium free, and adding 250 μL of RT NBFR
media, 10 μM ROCK Inhibitor Y-27632 and 1% antibiotic/
antimycotic solution. Leave the prepared plate at 37 °C and 5%
CO2 until use.

3. Place SOF-HEPES medium and the pronase solution in a
heating block at 38.5 °C.

4. Remove day 7 blastocysts from the incubator (see Note 5) and
using a microdispenser wash them in three drops of
SOF-HEPES to eliminate embryo culture medium and mineral
oil (see Note 6). Incubate embryos in pronase solution until
zona pellucida starts to look thinner and separates from the
embryo (~3 min) (see Note 7).

5. After pronase incubation, wash blastocysts in SOF-HEPES
drops moving them vigorously to remove pronase. Zona pel-
lucida will slough from the embryo during washes (seeNote 8).

6. Once zona pellucida has been removed, transfer zona-free
blastocysts through 2–3 washes of NBFR medium.

7. Plate a single zona-free blastocyst per well containingMEF and
NBFR medium plus supplements.

8. Culture plated embryos at 37 °C and 5% CO2 for 24 h (see
Note 9). At this time, the culture is considered passage
zero (P0).

9. Blastocysts that have failed to adhere to the feeder during the
24 h of initial culture should be physically pressed against the
bottom of the culture plate. Carefully press the blastocyst on an
area away from the ICM with a 27-gauge needle against the
culture plate. Slowly move away the needle from the blastocyst
avoiding dragging the embryo along with the needle.



310 Delia A. Soto et al.

10. Check blastocysts after 24 h of forced plating and discard
embryos that failed to adhere to MEF feeders.

11. After 48 h of blastocyst plating, carefully refresh half of NBFR
media under a stereomicroscope. Thereafter, NBFR media
should be changed daily (see Note 10).

3.3 Passaging of

Bovine bESCs

After 7 days in culture, dissociate and passage (sub-culture) out-
growths onto fresh MEF feeders.

1. Thaw MEF feeders and plate as indicated in Subheading 3.1.

2. Passage outgrowths by removing NBFR media and washing
with 300 μL DPBS.

3. Incubate cells with 150 μL TrypLE Express for 3 min at 37 °C
(see Note 11).

4. Stop trypsin enzymatic reaction by adding 300 μL NBFR
media, pipet up and down a few times, and transfer to a
1.5 mL microcentrifuge tube.

5. Centrifuge for 5 min at 200 × g and discard the supernatant.

6. Resuspend cell pellet in 250 μL NBFR media supplemented
with 10 μM ROCK Inhibitor Y-27632.

7. Seed the cell suspension into the previously prepared wells and
culture cells at 37 °C and 5% CO2 (see Note 12).

8. Repeat passaging until bESC lines are established after 3–5
passages (see Note 13). Once multiple bESC colonies appear
in culture (Fig. 1), start splitting at a ratio of 1:5–1:10 every
3–4 days (see Note 14). At this point, cryopreservation or
evaluation of pluripotency can be performed (see Note 15).

3.4 Cryopreservation

of Bovine ESCs

1. Add 500 μL of NBFR medium containing 20% DMSO to each
appropriately labeled cryovial (see Note 16).

2. Dissociate cells as described in Subheading 3.3.

3. After centrifugation, discard supernatant and resuspend cell
pellet in 500 μL NBFR medium.

4. Transfer cell suspension to the prepared cryovial and place in a
cell-freezing device.

5. Place cell-freezing device at -80 °C overnight and then trans-
fer cryovials into a liquid nitrogen tank for long-term storage.

6. Thaw bESC by removing cryovial from liquid nitrogen tank
and incubating in a water bath at 37 °C until a small piece of ice
is left.

7. Transfer cryovial to the biosafety cabinet, place thaw cells in a
15 mL centrifugation tube, and slowly add 9 mL NFBR
medium to dilute cryoprotectant.
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Fig. 1 Derivation of bovine primed embryonic stem cells (bESCs) from somatic cell nuclear transfer (SCNT)
embryos. (a) SCNT bovine embryos with different grading [9]. Only grade 1 quality blastocysts should be
selected for bESC derivation. Arrows indicate good-quality embryos, whereas the arrowhead points to a poor-
quality embryo (b) Hatching SCNT blastocyst plated in ESC derivation conditions. (c) Blastocyst outgrowth after
7 days of embryo attachment to the mouse embryonic fibroblast feeder layer. (d) Compact colonies of bESCs
established at passage 4, showing high nucleus-to-cytoplasm ratio. (e) Confluent bESC culture at passage
8. (f) bESC cell line maintains morphology and proliferation rate at passage 15. (g–i) Blastocyst outgrowths
that failed to establish a cell line. No visible bESC colonies and trophectoderm-like cells were maintained for
several passages. Scale bars 100 μm

8. Centrifuge for 5 min at 200 × g and discard the supernatant.

9. Resuspend cell pellet in NBFR medium supplemented with
10 μM ROCK Inhibitor Y-27632 and seed onto MEF feeders.
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Fig. 2 Characterization of bovine primed embryonic stem cells (bESCs) derived from somatic cell nuclear
transfer (SCNT) embryos. (a) Immunofluorescence analysis showing detection of OCT4 and SOX2 proteins in
bESCs. (b) bESC colonies are alkaline phosphatase-positive compared with mouse embryonic fibroblast feeder
cells. (c) bESCs have normal chromosome number (2n = 60). Scale bars 100 μm

An option for routine pluripotency analysis is immunostaining for
core pluripotency transcription factors OCT4 (also known as
POU5F1) and SOX2 (Fig. 2).

3.5 Immuno-

fluorescence Staining

1. Grow bESCs until they reach 60–70% confluency (see Note
17).

2. Fix cells by discarding culture media, rinsing two times with
DPBS containing calcium and magnesium and incubating cells
in 4% paraformaldehyde solution for 10 min.

3. Remove fixative, dispose appropriately, and rinse cells three
times with DPBS containing calcium and magnesium (see
Note 18).

4. Remove DPBS, add blocking solution, and incubate for
30 min.

5. After blocking, discard blocking solution and incubate in pri-
mary antibody solution for 1 h.

6. Wash three times for 10 min in washing solution.

7. Remove washing solution and incubate for 1 h in secondary
antibody solution, protected from the light.

8. Wash three times for 10 min in washing solution.

9. After the final wash, add DPBS containing calcium and magne-
sium and seal plate with parafilm (see Note 19).

10. Image cells using an inverted fluorescence microscope (see
Note 20).
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4 Notes

1. BSA low free fatty acids should be used. A 100 mg/mL BSA
stock solution can be prepared by stirring BSA at low speed in
DMEM/F12 medium. Avoid making bubbles, filter sterilize,
and store at 4 °C for up to 1 month.

2. Coat cell culture dishes by diluting gelatin stock at 1 mg/mL in
DPBS. Gelatin-coated dishes can be prepared in advance and
store at 4 °C for up to 1 week.

3. Spread MEF feeders evenly by moving the culture plate
once back and forth and once left and right.

4. Do not warm up NBFR medium to 37 °C. It should be used at
room temperature since FGF2 degrades rapidly at 37 °C.

5. It is critical to work with high-quality embryos. We observed
that embryo quality is a critical factor defining success or failure
of the procedure. Blastocysts used in ESC derivation should be
selected carefully; embryos with a large and well-defined ICM
are ideal.

6. It is convenient to use stereomicroscopes coupled to thermo-
plates set at 38.5 °C during handling of embryos.

7. Avoid prolonged pronase incubation as the enzyme can dam-
age the embryo.

8. Hatched blastocysts should not be subjected to pronase treat-
ment. Because SCNT embryos usually hatch from the scar
produced during micromanipulation, it is preferable to let
them finish hatching during embryo culture or in NBFR deri-
vation conditions. We have seen that blastocysts continue
development when cultured on MEF in NBFR medium.

9. To facilitate blastocyst adherence to the monolayer of MEF
feeders, avoid moving the culture plate during the first hours of
derivation.

10. To contain potential mycoplasma contamination propagated
from embryos, NBFR media can be supplemented with
2.5 μg/mL of plasmocin (In Vivo Gen) during ESC line deri-
vation (P0-P3).

11. Even though NBFR-bESCs can tolerate enzymatic disaggre-
gation, care should be taken during initial passages. ICM cells
are fragile, thus we do not recommend mechanical disruption
(excessive pipetting) until later passages, when pluripotent cells
have been sufficiently expanded. After passage 3 or 4, mechani-
cal disruption of bigger clumps is recommended for a more
homogeneous culture density.
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12. Until colonies are observed, the whole content of a well should
be reseeded into a new well with fresh MEF feeders. Do not
split the cell suspension.

13. bESC colonies should appear between the third and fifth pas-
sages. If no colonies are seen after passage 5, cells should be
discarded.

14. bESCs should be subcultured reaching a maximum confluency
of 80%. Over-confluency can induce differentiation of bESCs.

15. Time of establishment and proliferation rate of bESC lines can
vary. This may be related to the blastocyst stage or ICM devel-
opmental capacity upon ESC line derivation.

16. To improve cell survival during cryopreservation, ROCK
Inhibitor Y-27632 (10 μM) can be added to the cryopreserva-
tion medium, especially throughout the first few passages.

17. Preferably perform immunostaining in four-well plates, thus all
washes and incubations are done using only 400–500 μL o
solutions. Immunostaining incubations should be performed
at RT on a nutator at minimum speed. Extreme care should be
taken when adding and removing solutions from wells, and
bESC colonies easily detach from the plate.

18. Fixed cells can be stored in DPBS with calcium and magnesium
at 4 °C for up to 1 week.

19. Avoid drying out cells during solution changes and washes as
this can result in nonspecific antibody binding.

20. Cells can be imaged immediately or within a week if plate is
stored at 4 °C sealed and protected from lights.
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