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Successful cloning of monkeys, the first non-human primate species, by somatic cell nuclear transfer (SCNT)
attracted worldwide attention earlier this year. Remarkably, it has taken more than 20 years since the cloning
of Dolly the sheep in 1997 to achieve this feat. This success was largely due to recent understanding of epige-
netic barriers that impede SCNT-mediated reprogramming and the establishment of key methods to over-
come these barriers, which also allowed efficient derivation of human pluripotent stem cells for cell therapy.
Here, we summarize recent advances in SCNT technology and its potential applications for both reproductive
and therapeutic cloning.
Introduction
Totipotency is defined as the ability of a cell to give rise to all cell

types of an entire organism (Lu and Zhang, 2015). In normal

mammalian development, totipotency is limited to zygotes or

blastomeres of early-stage preimplantation embryos. After fertil-

ization, oocytes are capable of reprograming terminally differen-

tiated sperm into a totipotent state. Totipotency is then gradually

lost during preimplantation development to give rise to inner cell

mass (ICM) and trophectoderm (TE) cells.

Besides fertilization, an artificial method called somatic cell

nuclear transfer (SCNT), or cloning, can also confer totipotency.

Dr. John Gurdon was the first to demonstrate that animals could

be cloned from differentiated frog somatic cells by SCNT (Gur-

don, 1962; Figure 1). After three decades of efforts, Dolly the

sheep, the first cloned mammal, was born (Wilmut et al., 1997).

Since then, successful cloning of more than 20 mammalian spe-

cies has been reported (Table 1).

Despite its success, several technical hurdles have limited the

practical use of SCNT technology. First, the cloning efficiency is

extremely low in essentially all species. Second, abnormalities

are frequently observed in the extraembryonic tissues, such as

placenta, of the cloned embryos (Ogura et al., 2013). Moreover,

some abnormalities are observed in cloned animals even after

their birth, including obesity, immunodeficiency, respiratory de-

fects, and early death (Loi et al., 2016; Ogura et al., 2013),

although these phenotypes are not transmitted to the offspring

(Fulka et al., 2004; Tamashiro et al., 2002; Wakayama et al.,

2013). These observations suggest the existence of barriers

that prevent normal development of cloned embryos and

animals.

In the past decade, great effort has been placed into improving

cloning efficiency (Meissner and Jaenisch, 2006). However, the

lack of understanding of reprogramming barriers has impeded

improvements on cloning efficiency. Recent technical advances,

particularly low-input sequencing techniques, have enabled

analysis of transcriptome and epigenetic changes during SCNT
reprogramming. These analyses have revealed molecular de-

fects as well as provided clues about how to overcome the de-

fects (Liu et al., 2016a; Matoba et al., 2014, 2018). Indeed, the

recent success in monkey cloning (Liu et al., 2018b) has been

largely attributed to this understanding and the establishment

of approaches to overcome critical barriers of epigenetic reprog-

ramming (Cibelli and Gurdon, 2018).

In addition to animal cloning, SCNT technology holds great

potential for stem cell biology and human therapeutics. Similar

to the derivation of embryonic stem cells (ESCs) from blasto-

cysts of fertilized eggs, SCNT-generated blastocysts could be

used to derive pluripotent stem cells (PSCs), also termed nuclear

transfer ESCs (ntESCs). Because patient-derived ntESCs are

isogenic to donor patients, they could be used for therapeutic

purposes, including cell transplantation and disease modeling.

Thus, the ntESC-derivation process is also called therapeutic

cloning (Figure 1). Although derivation of human ntESCs was

once very difficult because of the extremely low efficiency of

cloned human embryos to reach the blastocyst stage, derivation

of human ntESCs was finally achieved after decades of struggle

in optimizing SCNT conditions (Tachibana et al., 2013) and

further improved (Chung et al., 2014, 2015; Yamada et al.,

2014), thus making therapeutic cloning a reality.

In this review, we summarize our current understanding of the

cellular and molecular events associated with SCNT reprogram-

ming. We discuss the epigenetic barriers and potential ways to

overcome them for efficient cloning, with a focus on the mouse

model. We also discuss the advantages and disadvantages of

ntESCs compared with induced pluripotent stem cells (iPSCs)

in human regenerative medicine. Finally, we discuss how this re-

vamped technology could contribute to modern medicine when

combined with CRISPR/Cas9-mediated genome editing.

Cellular Events following SCNT
The ooplasm has a remarkable ability to reprogram a differ-

entiated cell nucleus. However, the cellular and molecular
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Figure 1. Diagram Showing the Major Steps of Reproductive and Therapeutic Cloning Compared to Natural Fertilization
Top: natural fertilization. Metaphase II (MII stage) oocytes are activated by fertilized sperm, form paternal and maternal pronuclei (PN), and continue preim-
plantation cleavages until they reach the blastocyst stage.
Middle: reproductive cloning. Donor somatic cell nuclei introduced into the enucleated oocytes quickly undergoes nuclear membrane breakdown (NMBD) to form
metaphase chromosome in a process called premature chromosome condensation (PCC). The reconstructed SCNT oocytes are artificially activated to initiate
developmental program to form blastocysts.
Bottom: therapeutic cloning. Patient-derived somatic cells are introduced to enucleated oocytes similar to reproductive cloning. Pluripotent ESCs can be derived
from the blastocysts of nuclear transferred embryos (ntESCs), and the causative mutation can be corrected in vitro if desired.
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events underlying the reprogramming process are poorly

understood. Regardless of the species, the SCNT procedure

involves three major steps: enucleation, injection/fusion,

and activation. After removing the oocyte nucleus, the

donor cell nucleus is injected or fused with the enucle-

ated oocytes before the reconstructed embryos are acti-

vated. Below, we briefly summarize the cellular events

following SCNT.

Nuclear Membrane Breakdown and PCC Formation

Following introduction into an enucleated oocyte cytoplasm,

the donor nucleus quickly undergoes nuclear membrane

breakdown to form condensed metaphase-like chromosomes.

This process is called premature chromosome condensation

(PCC) and is triggered by the M-phase-promoting factors

(MPFs) present in the ooplasm (Campbell et al., 1996a).

Although G0/G1-arrested quiescent cells are ideal donor cells,

G2 or M phase cells can also be reprogrammed as long as the

cell-cycle stage of donor cells and recipient oocytes are care-

fully coordinated (Ono et al., 2001). PCC appears to be

required for reprogramming, as subsequent development of

SCNT embryos is severely compromised without PCC (Kim

et al., 2002). During PCC, most chromatin-bound proteins,

including transcription factors (TFs), dissociate from the

genome. PCC can be stably maintained for hours until recon-

structed oocytes are activated.
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Activation

Upon fertilization, sperm-borne phospholipase C zeta 1

(PLCZ1) induces oocyte activation through calcium oscillation

and MPF breakdown, which triggers oocytes to exit M phase

and initiate the developmental program (Saunders et al.,

2002). However, since PLCZ1 is absent in somatic cells,

SCNT reconstructed oocytes needs to be artificially activated

to initiate the developmental program. The most popular

method for activation of mouse SCNT reconstructed oocytes

is strontium chloride (SrCl2) treatment, as addition of SrCl2 to

the culture medium recapitulates the signals induced by fertil-

ization. In some species, including human and monkey, that

are less sensitive to SrCl2 and easily restore MPF activity after

activation (Liu et al., 2014), electropulse or calcium-ionophore

treatment is widely used, while cycloheximide or 6-dimethyla-

minopurine (6-DMAP) is added to the medium during/after

activation to inhibit the recovery of MPF activity for efficient

metaphase exit.

Nuclear Expansion

After activation, the donor cell genome enters G1 phase and

forms the nuclearmembrane. In a fertilized zygote, the two nuclei

derived from sperm and oocyte are called paternal and maternal

pronucleus (PN), respectively. The PN in SCNT embryos is called

pseudo-pronucleus (PPN). The number of PPN varies between

embryos depending on the random distribution of PCC



Table 1. List of Cloned Mammalian Species

Year of

Publication

Donor Cell Recipient Oocyte

ReferencesSpecies Cell Type Species

Interspecies

1996 sheep differentiated embryonic

cell line

sheep (Campbell et al., 1996b)

1997 sheep adult mammary epithelium sheep (Wilmut et al., 1997)

1998 cow fetal fibroblasts (transgenic) cow (Cibelli et al., 1998)

1998 cow adult cumulus and

oviductal cells

cow (Kato et al., 1998)

1998 mouse adult cumulus cells mouse (Wakayama et al., 1998)

1999 goat fetal fibroblasts (transgenic) goat (Baguisi et al., 1999)

2000 pig fetal fibroblasts pig (Onishi et al., 2000)

2000 pig cultured adult

granulosa cells

pig (Polejaeva et al., 2000)

2002 rabbit adult transgenic

cumulus cells

rabbit (Chesné et al., 2002)

2002 cat adult cumulus cells cat (Shin et al., 2002)

2003 mule fetal fibroblasts horse (Woods et al., 2003)

2003 horse adult skin fibroblasts horse (Galli et al., 2003)

2003 rat fetal fibroblasts rat (Zhou et al., 2003)

2005 dog (Afghan hound) adult skin fibroblasts dog (golden retriever) (Lee et al., 2005)

2006 ferret adult cumulus cells ferret (Li et al., 2006)

2007 red deer adult antlerogenic cells deer (Berg et al., 2007)

2007 buffalo fetal fibroblasts and

adult granulosa cells

buffalo (Shi et al., 2007)

2010 camel adult cumulus cells camel (Wani et al., 2010)

2018 cynomolgus monkey fetal fibroblast cynomolgus monkey (Liu et al., 2018b)

Interspecies

2000 gaur (Bos gaur) cryopreserved adult

skin cells

cow (Bos taurus) (Lanza et al., 2000)

2001 mouflon (Ovis

orientalis musimon)

adult granulosa cells sheep (Ovis aries) (Loi et al., 2001)

2001 zebu (Bos indicus) morula stage blastomere cow (Bos taurus) (Meirelles et al., 2001)

2004 African wildcat

(Felis lybica)

adult skin fibroblasts cat (Felis catus) (Gómez et al., 2004)

2004 banteng

(Bos javanicus)

cryopreserved adult

fibroblasts

cow (Bos taurus) (Janssen et al., 2004)

2007 gray wolf (Canis lupus) adult ear fibroblasts dog (Canis familiaris) (Kim et al., 2007)

2009 Pyrenean ibex (Capra

pyrenaica pyrenaica)

cryopreserved skin

fibroblasts

goat (Capra

aegagrus hircus)

(Folch et al., 2009)

2013 coyote (Canis latrans) neonatal/adult

fibroblasts

dog (Canis familiaris) (Hwang et al., 2013)

2017 Bactrian camel

(Camelus bactrianus)

adult skin fibroblasts dromedary camel

(Camelus dromedaries)

(Wani et al., 2017)
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chromosomes, but normally one or two PPNs are formed. One

unique feature of PN in fertilized embryos is its large size. Like

PN, SCNT PPN is also much larger than the original donor so-

matic cells (Prather et al., 1990). This is achieved through nuclear

expansion, during which PPN incorporates a large amount of

maternal proteins (Prather et al., 2000). Consequently, drastic

changes in chromatin structure and protein association take

place during this process.
DNA Replication

Mouse zygotes initiate DNA replication 5–6 hr after fertilization,

and the replication continues for 6–7 hr (Yamauchi et al., 2009).

Although SCNT embryos have similar dynamics, the timing of

replication initiation appears to be variable among SCNT em-

bryos. In naturally fertilized embryos, since proteins involved in

DNA methylation maintenance, such as DNMT1 and UHRF1,

are exported out of the nucleus at this stage (Hirasawa et al.,
Cell Stem Cell 23, October 4, 2018 473
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Figure 2. Molecular Mechanisms of SCNT
Reprogramming and Its Associated Barriers
in Reproductive Cloning
(A) Diagram showing the cellular and molecular
events taking place in the SCNT reprogramming
process. CGI, CpG island; DHSs, DNase I hyper-
sensitive sites; PPN, pseudo pronuclei; TF, tran-
scription factor; ZGA, zygotic genome activation.
(B) Diagram illustration of the various epigenetic
barriers in reproductive cloning. LOI, loss of imprint;
XCI, X chromosome inactivation.
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2008; Maenohara et al., 2017), newly synthesized DNA, with the

exception of imprinting genes, is mostly unmethylated, resulting

in a passive dilution of DNA methylation and its oxidized deriva-

tives in a replication-dependent manner (Inoue and Zhang, 2011;

Inoue et al., 2011).

Zygotic Genome Activation

Mammalian oocytes and sperm are transcriptionally silent.

Following fertilization, the zygote gradually restores transcription

from its newly organized genome, which is called zygotic

genome activation (ZGA). The timing of ZGA differs between

species (at the 2-cell stage formice and 8-cell stage for humans).

As ZGA initiates, maternally stored RNAs are quickly degraded

and replaced by newly synthesized zygotic RNAs. A similar

mechanism is likely used in ZGA of SCNT embryos.

Chromatin, Epigenetics, and Transcriptional
Reprogramming upon SCNT
Given that most cell types of an organism have the same genetic

materials, SCNT reprogramming is likely achieved mainly

through epigenetic reprogramming. Currently, there is no stan-

dard definition for SCNT reprogramming. Thus, we propose

SCNT reprogramming as the cellular and molecular events tak-

ing place in the transferred somatic nucleus before the onset

of the major developmental event, ZGA. Below, we summarize

our current knowledge on the chromatin, epigenetics, and tran-
474 Cell Stem Cell 23, October 4, 2018
scriptome changes (Figure 2A) during this

short time window, with a focus on the

best-characterized mouse model. Overall,

SCNT can reprogram the epigenetic iden-

tity of donor somatic cells within a very

short period of time, although some re-

gions are resistant to this reprogramming

in a genomic-context-dependent manner.

Chromatin Structure

Reprogramming

In a eukaryotic cell, genomic DNA is pack-

aged by histones to form chromatin in

the nucleus. The nucleosome, the basic

repeating unit of chromatin, is composed

of �147 bp DNA wrapped around a core

histone octamer (2 copies of H2A, H2B,

H3, and H4). The position of nucleosomes

in the genome is dynamically regulated by

chromatin remodeling factors and plays an

important role in restricting the DNA ac-

cess of TFs. Thus, nucleosome positioning

and associated chromatin accessibility are
expected to be globally reprogrammed to accommodate the

transition from somatic cell to totipotent cell upon SCNT. Recent

technological improvements have enabled the profiling of acces-

sible chromatin sites of mouse and human preimplantation em-

bryos using low-input DNase I hypersensitive sites sequencing

(liDNase-seq) (Gao et al., 2018; Inoue et al., 2017a; Lu et al.,

2016) or assay for transposase-accessible chromatin using

sequencing (ATAC-seq) (Wu et al., 2016).

Using liDNase-seq, chromatin accessibility profile of 1-cell

SCNT embryos was recently analyzed, which revealed that

global chromatin accessibility of donor somatic cells is quickly

reprogramed to the pattern of a totipotent zygote within 12 hr

post-activation (hpa) (Djekidel et al., 2018). The SCNT chromatin

showed drastic loss of DNase I hypersensitive sites (DHSs) of the

somatic donor cells concurrent with the appearance of some

zygote-specific DHSs. Interestingly, the change in chromatin

accessibility is independent of DNA replication. Based on the

high correlation between each cell type’s specific TFs and

DHSs, SCNT reprogramming may involve global loss of somatic

chromatin organization and gain of zygotic chromatin landscape

through global TF network switching (Figure 2A).

Despite global chromatin landscape reprogramming, some re-

gions are resistant to this reprogramming when compared to

in-vitro-fertilized (IVF) counterparts. Interestingly, these regions

are enriched for the heterochromatin marker H3K9me3 in both
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donor somatic cells and 2-cell SCNT embryos (Djekidel et al.,

2018). This observation is consistent with the fact that

H3K9me3 in donor cells functions as an epigenetic barrier for

SCNT reprogramming (Chung et al., 2015; Liu et al., 2016a; Ma-

toba et al., 2014) (discussed below).

Incorporation of Histone Variants

In addition to canonical histones (H2A, H2B, H3, and H4), several

histone variants can also be incorporated into nucleosomes.

Upon fertilization, the sperm genome, originally packaged with

protamine, undergoes global remodeling so that maternally

stored histones, such as H3.3 (coded by H3f3a and H3f3b)

(Akiyama et al., 2011; Inoue and Zhang, 2014) and H2AFX (Na-

shun et al., 2010), can repackage the sperm DNA. Although the

chromatin of somatic cells is packaged with histones, similar

drastic histone variant exchanges also occur in SCNT embryos

(Nashun et al., 2011; Wen et al., 2014a, 2014b) (Figure 2A). Using

ESCs that stably express FLAG-tagged histone variants as

donor cells, Nashun et al. observed that most histone variants

are eliminated within 5 hr after activation (Nashun et al., 2011).

Similarly, macroH2A (coded by H2afy and H2afy2), which is en-

riched in repressive chromatin, is also quickly eliminated from

the donor somatic nucleus after SCNT (Chang et al., 2010).

Concomitant with global histone removal, all three H3 variants

(H3.1, H3.2, and H3.3), as well as H2AFX, are efficiently incorpo-

rated into the donor nucleus upon SCNT (Nashun et al., 2011).

These results indicate that donor cell histones are rapidly re-

placed by maternally stored histones upon SCNT (Figure 2A).

This histone replacement appears to be critical for successful re-

programming, as knockdown (KD) of H3.3 (both of H3f3a and

H3f3b) prior to SCNT compromised pluripotent gene activation

and SCNT embryo development (Wen et al., 2014a, 2014b).

The role of other histone variants in SCNT reprogramming re-

mains to be shown.

In addition to the histone variants mentioned above, oocytes

have unique core histone variants, TH2A and TH2B (coded by

Hist1h2aa and Hist1h2ba, respectively). These oocyte-specific

histone variants are quickly incorporated into the PNs in IVF em-

bryos and play critical roles in paternal genome activation and

embryonic development (Shinagawa et al., 2014). Since overex-

pression of TH2A and TH2B in somatic cells induces chromatin

opening and facilitates iPSC reprogramming, they may also

contribute to SCNT reprogramming. Similarly, the canonical

linker histone H1 in somatic cells is also globally replaced by

the oocyte-specific H1FOO after SCNT (Gao et al., 2004; Tera-

nishi et al., 2004). Addressing the functional importance of these

variant histones in SCNT reprogramming and determining their

genomic distribution before and after SCNT will contribute to

our understanding of SCNT reprogramming.

Histone Modification Reprogramming

In addition to histone variants, covalent histone modifications,

such as acetylation, methylation, ubiquitination, and phosphory-

lation, can also regulate gene transcription (Klose et al., 2006;

Martin and Zhang, 2005). Thus, successful SCNT reprogram-

ming should include reprogramming of histone modification pat-

terns from the donor cell to those of the zygotes (Figure 2A).

Earlier immunostaining studies revealed global differences in

the acetylation and methylation patterns of SCNT embryos

when compared to those of their IVF counterparts (Wang et al.,

2007; Zhang et al., 2009). However, higher resolution of histone
modification dynamics requires chromatin immunoprecipitation

coupled with high-throughput sequencing (ChIP-seq).

Since it is difficult to obtain a sufficient number of SCNT em-

bryos, particularly at the 1-cell and 2-cell stages, ChIP-seq anal-

ysis of SCNT embryos has been technically challenging. A recent

study attempted to compare H3K9me3 distribution in donor

cumulus cells and the resulting 2-cell SCNT embryos in mice

(Liu et al., 2016a). The study revealed that the majority of

H3K9me3-enriched promoters in donor cells become demethy-

lated in 2-cell SCNT embryos, indicating a global H3K9me3 re-

programming. This demethylation might be mediated by an

endogenous H3K9me3 demethylase Kdm4b, as its expression

level correlates with the developmental potential of SCNT em-

bryos (Liu et al., 2016a). Similarly, other H3K9me3 demethylases

(KDM4D and KDM4E) are required for successful bovine SCNT

reprogramming (Liu et al., 2018a). These observations suggest

that H3K9me3 demethylation is generally required for successful

SCNT reprogramming. Interestingly, some regions were not effi-

ciently demethylated in the mouse SCNT 2-cell embryos (Liu

et al., 2016a), suggesting that H3K9me3 demethylation might

be a limiting factor for efficient SCNT reprogramming.

Very recently, our group successfully mapped H3K27me3

distribution in mouse SCNT morula embryos (Matoba et al.,

2018). In contrast to the predominant enrichment of

H3K27me3 in CpG island (CGI)-associated promoters in somatic

cells, H3K27me3 is broadly distributed in the maternal genome

but absent at promoter regions in IVF preimplantation embryos

(Zheng et al., 2016). Interestingly, H3K27me3 is also absent at

promoters in SCNT morulae, suggesting successful global

H3K27me3 reprogramming upon SCNT. However, the maternal

broad H3K27m3 domains that regulate a group of newly discov-

ered imprinting genes (Inoue et al., 2017a, 2017b) are not estab-

lished in SCNT embryos (Matoba et al., 2018), suggesting incom-

plete reprogramming of H3K27me3 in SCNT embryos.

DNA Methylation Reprogramming

In addition to histone modifications, DNAmethylation at 5-meth-

ylcytosine (5mC) is another major epigenetic modification that

plays a pivotal role in mammalian development. DNA methyl-

ation is established and maintained by DNA methyltransferases

(DNMTs) and can be demethylated through Ten-eleven translo-

cation (TET) protein-mediated oxidation followed by thymine

DNA glycosylase (TDG)-mediated base excision repair (Wu and

Zhang, 2017). During mouse preimplantation development,

DNA undergoes extensive demethylation through a combination

of active and passive processes to reach the lowest level at the

blastocyst stage (Guo et al., 2014; Shen et al., 2014). Given that

the somatic cell genome is heavily methylated at most CpGs,

global demethylationmight be a necessary step of SCNT reprog-

ramming. Although several earlier studies using 5mC-antibody-

based immunostaining suggested that the DNAmethylation level

is relatively high in bovine SCNT embryos throughout the preim-

plantation stages (Dean et al., 2001; Santos et al., 2003), whether

global DNA demethylation takes place during SCNT reprogram-

ming has been unknown for many years.

After identifying TET3 as a factor mediating active DNA deme-

thylation in paternal PN of IVF embryos, several groups showed

that oocyte-stored TET3 could localize to PPN in mouse SCNT

embryos to induce 5mC to 5-hydroxymethylcytosine (5hmC)

conversion (Gu et al., 2011; Iqbal et al., 2011; Wossidlo et al.,
Cell Stem Cell 23, October 4, 2018 475
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2010, 2011), indicating active DNA demethylation indeed occurs

in SCNT embryos. Gu et al. (2011) further showed that TET3

depletion in the recipient oocyte abolished 5hmC generation in

mouse SCNT PPN, compromised DNA demethylation of the

endogenous Pou5f1 promoter, and delayed the activation of a

silenced Pou5f1-EGFP allele in donor cells. However, the DNA

methylation analysis was only limited to the Pou5f1 locus, and

more importantly, the effect of TET3 depletion on the develop-

mental potential of SCNT embryos was not analyzed. Unexpect-

edly, we found that maternal TET3 is dispensable for embryonic

development in mice (Inoue et al., 2015a). Thus, more analysis

on the effect of TET3 depletion on SCNT reprogramming is

warranted.

AlexMeissner and colleagues analyzed the DNAmethylome of

late-stage 1-cell mouse SCNT embryos using reduced-repre-

sentation bisulfite sequencing (RRBS) (Chan et al., 2012). At

this stage (12–14 hpa), global DNA methylation patterns of

SCNT embryos were still more similar to the donor somatic cells

than to IVF embryos, suggesting that reprogramming of DNA

methylation had not yet completed at this time point. Interest-

ingly, they found that genes related to germline development

were subjected to significant demethylation and that certain

types of repetitive elements, including long interspersed nuclear

elements (LINEs) and long terminal repeats (LTRs), maintained a

high methylation level even after 1-round of replication. Another

study led by Shaorong Gao found that high DNA methylation

levels similar to those of donor cumulus cells were maintained

until the 4-cell stage in SCNT embryos (Liu et al., 2016a). These

observations suggest that similar to IVF embryos, global

demethylation in SCNT embryos may require several rounds of

replication.

Our recent study confirmed this notion. By performing whole-

genome bisulfite sequencing (WGBS), we provided the first

comprehensive DNA methylome of mouse SCNT blastocysts,

which revealed very low DNA methylation levels (�20% on

average) similar to those of IVF blastocysts (Matoba et al.,

2018). Given that replication-dependent dilution is a driving force

for DNA demethylation during preimplantation development

(Shen et al., 2014), this result indicates that the samemechanism

also works in mouse SCNT embryos. Although previous RRBS

analysis in 1-cell SCNT embryos identified demethylation-resis-

tant CpGs at LINEs and LTRs (Chan et al., 2012), WGBS analysis

revealed that the methylation levels of these regions have

become similar to that of the IVF at the blastocyst stage (Matoba

et al., 2018), indicating replication-dependent dilution may be

able to compensate for the initial DNA methylation differences

in the 1-cell embryo, at least in mice. Thus, DNA methylation re-

programming in SCNT occurs mainly through replication-depen-

dent dilution during preimplantation development of mouse

SCNT embryos (Figure 2A). Given that DNA demethylation

through replication-dependent dilution at the preimplantation

stages is likely conserved among mammals, this mechanism

may be generally applicable to SCNT reprogramming in different

mammalian species.

Transcriptome Reprogramming

Since transcription is tightly regulated by chromatin structure

and epigenetic state, the chromatin and epigenetic reprogram-

ming described above is expected to have a transcriptional

consequence (Figure 2A). Using RNA sequencing (RNA-seq),
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several groups analyzed the transcriptional activities of SCNT

embryos in mouse (Liu et al., 2016a; Matoba et al., 2014), human

(Chung et al., 2015), and bovine (Liu et al., 2018a). In mouse, the

transcriptome differences between SCNT and IVF embryos

become obvious at the 2-cell stage, as over 1,000 genes failed

to activate properly in SCNT embryos (Matoba et al., 2014).

Based on whether their transcriptional activities are successfully

reprogrammed in 2-cell embryos, genes can be categorized into

different groups. Among the genes highly expressed in donor

cumulus cells, �80% were quickly downregulated in both

SCNT and IVF 2-cell embryos, indicating that the transcriptional

state of this group of genes were properly reprogrammed. How-

ever, the remaining 20% of genes maintained their high expres-

sion level in 2-cell SCNT embryos, but they were silenced in the

IVF counterpart. This group of genes maintained their donor so-

matic transcriptional ‘‘memory,’’ which was not reprogramed

immediately after SCNT. Another gene group is embryonic spe-

cific; they are silenced in somatic donor cells, but they are acti-

vated in 2-cell IVF embryos. Approximately 85% of this gene

group is activated in 2-cell SCNT embryos, suggesting global

transcriptional reprogramming. However, the remaining 15%

were resistant to reprogramming in SCNT embryos. Further

studies revealed that the reprogramming-resistant regions or

genes (resistant to silencing or activation) possess specific

epigenetic features that will be discussed below (Chung et al.,

2015; Hörmanseder et al., 2017; Matoba et al., 2014).

Epigenetic Barriers that Impede SCNT Reprogramming
Despite success in cloning more than 20 mammalian species,

the rate of cloned animals reaching term is extremely low. For

example, in mice, �70% of SCNT embryos arrest development

before reaching the blastocyst stage, and only 1%–2% of em-

bryos transferred to surrogate mothers can reach term (Ogura

et al., 2013). The problem appears to bemore severe in primates.

Although Mitalipov’s group successfully generated SCNT blas-

tocysts and derived ntESCs in rhesus monkeys more than

10 years ago (Byrne et al., 2007), the blastocyst rate remained

�16%, and attempts to clone a monkey were unsuccessful until

recently. Moreover, abnormalities were frequently observed in

extraembryonic tissues such as placenta in almost all cloned

mammalian species (Ogura et al., 2013), indicating the existence

of barriers preventing normal development of cloned animals

(Figure 2B).

In the 20 years following the birth of Dolly the sheep, great ef-

forts have beenmade into identifying conditions and parameters

that affect cloning efficiency, including donor cell types and em-

bryo culture conditions, but progress has been limited. One

important finding was the use of a histone deacetylase inhibitor

(HDACi), trichostatin A (TSA), which led to the increase of overall

cloning efficiency from 1% to 6% (Kishigami et al., 2006; Ry-

bouchkin et al., 2006). Although the same approach appears to

have also improved the cloning efficiency of pig (Zhao et al.,

2010) and cow (Akagi et al., 2011), the effect was limited, and

more importantly, how the HDACi treatment improved SCNT re-

programming remained unclear. Nevertheless, these studies

suggest that epigenetic changes might be an important aspect

of SCNT reprogramming. This notion is further supported by

recent transcriptome and epigenomic studies revealing that

a significant proportion of genomic regions are resistant to
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reprogramming. By characterizing the epigenetic features of

these reprogramming-resistant regions, epigenetic barriers to

SCNT reprogramming have been identified. Below, we summa-

rize the recent progress in identifying and overcoming these

epigenetic barriers, with the goal of increasing SCNT cloning ef-

ficiency (Figure 2B).

Aberrant Xist Activation Impedes Postimplantation

Development

One of the most critical developmental steps where SCNT em-

bryos exhibit developmental defects is implantation. To identify

the molecular cause of implantation defects, Inoue et al.

compared the transcriptome of single SCNT blastocysts to those

of sex-matched IVF counterparts and discovered that many

X-linked genes were specifically and consistently repressed

in SCNT embryos regardless of sex (Inoue et al., 2010). This

observation established a link between SCNT and X chromo-

some inactivation (XCI), a female-specific dosage-compensa-

tion mechanism. XCI occurs in an imprinted manner at the

paternal X chromosome in preimplantation embryos and extra-

embryonic tissues, but it occurs randomly in embryonic epiblast

cells (Lee and Bartolomei, 2013). Imprinted XCI is initiated by

expression of the X-linked non-coding RNA Xist from the

paternal allele. Xist RNA then coats the entire X chromosome

in cis and recruits Polycomb repressive complex 2 (PRC2) to de-

posit the repressive histone mark H3K27me3 (Cao et al., 2002),

leading to heterochromatinization of the entire X chromosome

(Plath et al., 2003). In contrast, the maternally derived X chromo-

some remains active in both males and females. As such, female

(XX) and male (XY) cells achieve similar gene dosage for

X-linked genes.

Inoue et al. (2010) postulated that X-chromosome-wide gene

repression observed in SCNT blastocysts might be caused by

ectopic XCI. Indeed, they found that Xist RNA is transcribed

from both maternal and paternal alleles and thereby induced

abnormal silencing of both X chromosomes in SCNT preimplan-

tation embryos. Importantly, they could overcome this abnormal

XCI by using Xist heterozygous knockout donor cells, which re-

sulted in an 8- to 9-fold increase in SCNT cloning pup rate. A

similar effect was observed when small interfering RNA (siRNA)

against Xist was injected into the male 1-cell SCNT embryos

(Matoba et al., 2011), suggesting that abnormal Xist activation

at the preimplantation stage has a long-term effect on the devel-

opmental capacity of SCNT embryos. Although aberrant Xist

activation following SCNT has been observed in bovine (Inoue

et al., 2010) and pig (Ruan et al., 2018), it is not clear whether

this mechanism is conserved in human and monkey due to the

diverse XCI initiation mechanism in these species (Okamoto

et al., 2011). The molecular mechanism underlying ectopic Xist

activation in mouse SCNT embryos is likely due to the lack of

the recently discovered H3K27me3 imprinting in donor somatic

cells (Inoue et al., 2017a) (see below).

H3K9me3 Impedes ZGA and Preimplantation

Development

The earliest time when SCNT embryos exhibit developmental ar-

rest phenotype is highly correlated with ZGA in different species.

Given that successful ZGA is required for embryonic develop-

ment, the correlation between ZGA and SCNT embryo arrest

suggests that ZGA failure might be a problem in SCNT embryos.

In mice, as discussed above, �1,000 genomic regions or genes
failed to activate at ZGA in SCNT embryos (Matoba et al., 2014).

Interestingly, these reprogramming-resistant regions (RRRs)

are enriched for the transcription repressive marker H3K9me3,

which raises the possibility that H3K9me3 in somatic donor cells

may serve as a barrier preventing ZGA of SCNT embryos. This

notion turned out to be true, as injecting mRNAs encoding the

H3K9me3-specific demethylase Kdm4d rescued not only the

ZGA defect but also the preimplantation developmental arrest

phenotype (Matoba et al., 2014), resulting in a pup rate increase

from less than 1% to more than 8%. Importantly, the H3K9me3

reprogramming barrier appears to be conserved in humans, as

injection of mRNAs encoding a human H3K9me3 demethylase,

KDM4A, not only facilitated ZGA of human SCNT embryos but

also improved the development of human SCNT embryos to

reach the expanded blastocyst stage fromwhich human ntESCs

were successfully derived (Chung et al., 2015). It is worth noting

that the positive effect of TSA treatment might be functionally

linked to H3K9me3 removal, as TSA treatment did not further

improve the development of Kdm4d-mRNA-injected SCNT em-

bryos (Matoba et al., 2014). In addition, genes activated by

Kdm4d mRNA injection and TSA treatment overlap significantly

(Inoue et al., 2015b). Besides mouse and human, recent studies

indicated that KDM4mRNA injection can also increase the clon-

ing efficiency in pig (Ruan et al., 2018), bovine (Liu et al., 2018a),

and monkey (Liu et al., 2018b). Thus, H3K9me3 in somatic cells

appears to be a general barrier in mammalian SCNT reprog-

ramming.

H3K27me3 ImprintingDefects ImpedePostimplantation

Development

Another SCNT reprogramming barrier comes from RNA-seq

analysis of cloned placentae (Okae et al., 2014). A comprehen-

sive allelic transcriptome analysis of mouse embryonic day

13.5 (E13.5) placentae identified three genes, Sfmbt2, Gab1,

and Slc38a4, that exhibit paternal allele-specific expression in

normal placenta but biallelic expression in SCNT placentae

(Okae et al., 2014). Given that these three genes play important

roles in placental development (Itoh et al., 2000; Miri et al.,

2013; S.M., unpublished data), loss of imprint (LOI) of these

genes may contribute to the enlarged placental phenotype

commonly observed in SCNT embryos in a wide range of spe-

cies. Interestingly, the imprinting state of these three genes is in-

dependent of maternal DNA methylation (Okae et al., 2014).

In an effort to characterize allelic differences in chromatin

accessibility and expression during early embryonic develop-

ment, we recently uncovered a novel genomic imprinting mech-

anism by which the maternally deposited H3K27me3 represses

maternal allele expression of at least 76 genes during preimplan-

tation development (Inoue et al., 2017a). Surprisingly, all three

imprinted genes dysregulated in SCNT placenta belong to the

newly identified H3K27me3-dependent imprinted genes. More-

over, allelic expression analysis of mouse SCNT blastocysts re-

vealed that essentially all the H3K27me3-dependent imprinted

genes detectable at that blastocyst stage lost their imprinting

state to become biallelically expressed (Matoba et al., 2018).

This LOI is likely due to the absence of H3K27me3 imprinting

mark in the donor somatic cells, because it is intrinsically lost

in the embryonic lineage from which the donor cells are derived.

Indeed, ChIP-seq analysis revealed lack of maternal-specific

domain-like H3K27me3 in SCNT morula embryos (Matoba
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et al., 2018). Since at least some of the H3K27me3-imprinted

genes are functionally important for postimplantation develop-

ment, complete LOI in these genes likely contributes to the post-

implantation developmental arrest phenotypes observed in

mouse SCNT embryos. Because Xist is also regulated by

maternal H3K27me3 (Inoue et al., 2017b), ectopic activation of

Xist in SCNT embryos (described above) is also likely due to

the lack of the H3K27m3 mark at the Xist locus in donor somatic

cells. Future studies should address whether the H3K27me3-

imprinting system as well as its LOI in SCNT embryos is

conserved in other mammalian species.

Other Epigenetic Barriers, DNA Methylation, and

H3K4me3

In addition to H3K9me3, Xist activation, and LOI on H3K27me3,

other epigenetic barriers may exist. For example, in the case of

X-linked genes, although the use of Xist heterozygous knockout

(KO) cells as donors resulted in the derepression of most

X-linked genes in mouse SCNT blastocysts, genes at theMagea

and Xlr clusters of the X chromosomes still failed to be activated

(Inoue et al., 2010), suggesting that an additional silencingmech-

anism independent of Xist is in play, at least in mice. Our recent

study analyzing the DNAmethylome of mouse SCNT blastocysts

revealed high levels of promoter DNA methylation at most of

these genes (Matoba et al., 2018), suggesting DNA methylation

as a possible barrier. Moreover, this DNA methylome study

also indicated that oocyte-derived DNA methylation marks that

are inherited by the blastocysts via fertilization are absent in

SCNT embryos. Since some of the maternally biased DNA

methylation passed down to embryos plays an important role

in trophoblast development (Branco et al., 2016), the absence

of oocyte-like DNA methylation might also serve as a barrier.

In addition to H3K9me3, H3K4me3might also affect transcrip-

tional reprogramming and thus impair the developmental poten-

tial of SCNT embryos. By performing single-cell RNA-seq of

mouse preimplantation SCNT embryos, Liu et al. revealed a cor-

relation between the level of Kdm5b, an H3K4me3 demethylase,

and the 4-cell to 8-cell SCNT embryo rate (Liu et al., 2016a).

Importantly, KD of Kdm5b caused a 4-cell arrest while overex-

pression of Kdm5b rescued 4-cell arrest of SCNT embryos, indi-

cating that Kdm5b level is critical for SCNT embryos to pass the

4-cell stage. Since Kdm5b is an H3K4me3-specific demethylase

involved in gene repression, it is possible that H3K4me3 in donor

cells serves as a barrier preventing silencing of somatic cell

signature genes, which leads to developmental arrest of SCNT

embryos at the 4-cell stage. This is consistent with a previous

report demonstrating donor cell transcriptional memory in

SCNT embryos (Gao et al., 2003). A similar observation was

also reported using a Xenopus oocyte transcriptional reprogram-

ming system (Hörmanseder et al., 2017). Thus, efficient removal

of a donor cell-specific H3K4me3 mark might contribute to

SCNT reprogramming, although the mechanism is currently

unclear.

Therapeutic Cloning
Successful cloning of the Dolly the sheep in 1997 not only made

reproductive cloning possible but also raised the possibility of

therapeutic cloning, or the generation of pluripotent human

ESCs from cloned blastocysts. This possibility became a real-

istic hope when the first human ESC line was derived in 1998
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(Thomson et al., 1998). The notion of deriving human ESCs by

nuclear transfer (ntESCs) is exciting, as the pluripotent ntESC

has the same nuclear geneticmaterial as the donor and therefore

could be used for regenerative medicine. The first proof-of-

concept experiment was performed in a mouse model, where

ntESCs were derived from cloned blastocysts (Munsie et al.,

2000) and had a differentiation capacity similar to those derived

from a blastocyst by normal fertilization (Wakayama et al., 2001).

Genetic fixation of a mutant allele in ntESCs was achieved by

homologous recombination, and the resultant ntESCs were

used as a cell source for treating immunodeficient mice (Rideout

et al., 2002). Despite success in mice, derivation of ntESCs

in other animals, including primates, remained difficult for

many years.

Derivation of Human ntESCs

A key breakthrough was made in 2007 by Mitalipov’s group,

when they successfully derived rhesus monkey ntESCs by inhib-

iting premature activation of recipient oocytes (Byrne et al.,

2007). Nevertheless, the efficiency of ntESC derivation was

only 0.7% per oocyte used for SCNT. Using a similar approach,

coupled with TSA treatment, the same group also established

the first human ntESC lines using fetal or infant fibroblast as

donor cells (Tachibana et al., 2013). The next year, using the

same or slightly modified conditions, two groups succeeded in

generating ntESCs using adult donor cells, including patients

with type 1 diabetes (T1D) (Chung et al., 2014; Yamada et al.,

2014). Importantly, one group showed that the ntESC lines

derived from T1D patients could differentiate into insulin-

secreting beta cells (Yamada et al., 2014), demonstrating a po-

tential use of ntESCs in cell replacement therapy. Despite the

success in ntESC generation, all three groups observed great

variation among the egg donors in the capacity of the SCNT em-

bryos to reach the blastocyst stage. Thus, it is necessary to

establish a method to mitigate the variation for consistent ntESC

generation.

Since injection of Kdm4d mRNA can improve preimplantation

development of mouse SCNT embryos, allowing them to reach

the blastocyst stage with a rate comparable to that of IVF (Ma-

toba et al., 2014), we asked whether a similar approach could

improve the ability of human SCNT embryos to reach the blasto-

cyst stage so that ntESCs can be derived. Injection of human

KDM4A mRNA, which encodes a H3K9me3 demethylase,

greatly improved the developmental potential of human SCNT

embryos and allowed production of at least one expanded blas-

tocyst from each oocyte donor and subsequent establishment of

multiple ntESC lines (Chung et al., 2015). In contrast, none of the

SCNT embryos reached the blastocyst stage in the non-injected

control groups. Thus, KDM4A mRNA injection can greatly facili-

tate patient-specific ntESC derivation.

SCNT and iPSC Reprogramming Use Different

Mechanisms

In addition to SCNT, PSCs can also be generated by cell fusion

or transcription-factor-induced reprogramming (iPSCs) (Yama-

naka and Blau, 2010). However, SCNT and iPSC reprogramming

may use different mechanisms. In a landmark study, Takahashi

and Yamanaka (2006) demonstrated that pluripotency can be

induced by simply overexpressing a set of TFs (Pou5f1, Sox2,

Klf4, and Myc) in mouse somatic cells. One year later, two

groups demonstrated that the same approach could also be



Table 2. Comparison of SCNT and iPSC Reprogramming

Reprogramming

Method Endpoint Speed

Reprogramming

Factors

SCNT totipotency fast

(hours)

Tet3, Kdm4b, Kdm4d/

KDM4D, KDM4E, and

Kdm5b (Pou5f1 is

dispensable)

iPSCs pluripotency slow

(days/

weeks)

Tet1, Tet2, Kdm2a,

Kdm2b, Kdm6a, Pou5f1,

Sox2, Klf4, Myc,

Lin28a, Chd1 and Ino80 etc.
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used to generate human iPSCs from adult human somatic cells

(Takahashi et al., 2007; Yu et al., 2007). Although both the

SCNT and the iPSC technologies can reprogram differentiated

somatic cells into cells of embryonic state, there are fundamental

differences between these two reprogramming technologies

(Table 2). First, iPSC technology reprograms cells into a pluripo-

tent state similar to ESCs, while SCNT technology reprograms

cells into a totipotent state similar to zygotes. Thus, although

the final destination of a pluripotent state is the same in SCNT

and iPSCs, the paths to achieve pluripotency are likely different.

Second, the speed of reprogramming is very different. SCNT re-

programming is very fast, as evidenced by chromatin accessi-

bility (Djekidel et al., 2018) and transcriptome (Egli et al., 2011) re-

programming within hours, probably due to the rapid histone

exchanges driven by ooplasmic histone chaperones. In contrast,

establishment of stable iPSCs takes several days to weeks

(Takahashi and Yamanaka, 2006). Furthermore, SCNT reprog-

ramming, at least for chromatin accessibility and transcriptome

reprogramming, is muchmore efficient than that of iPSCs. These

differences likely reflect their diverging reprogramming mecha-

nisms. For example, Pou5f1 is a core pluripotent TF for iPSC

generation but is dispensable for SCNT reprogramming (Wu

et al., 2013). Additionally, although H3K9me3 is a key reprogram-

ming barrier in both systems (Chen et al., 2013; Matoba et al.,

2014; Soufi et al., 2012), the critical genes impeded by this bar-

rier are different; while it prevents activation of Sox2 or Nanog in

iPSC generation, it inhibits ZGA in SCNT. Collectively, these re-

sults strongly suggest that iPSC and SCNT reprogramming are

mechanistically different.

Advantages and Disadvantages of ntESCs Compared

with iPSCs

So far, three types of PSCs (ESCs, iPSCs, and ntESCs) have

been generated. With regenerative medicine in mind, traditional

human ESCs generation that involves normal fertilization is un-

likely suitable not only because of ethical concerns but also

because they generally have genomes different from those of

the patient (allogenic) and therefore could cause severe immune

rejection after transplantation. The two reprogrammed stem cell

types, ntESCs and iPSCs, possess an advantage for regenera-

tive medicine, because isogenic cells can be generated directly

from the patient somatic cells. Which cell type is better? Clearly,

iPSCs have technical and ethical advantages, especially during

the derivation steps, as ntESC derivation involves technically

difficult SCNT procedures and requires oocytes, while iPSCs

can easily be derived even with commercial kits and without

ethical concerns. However, recent studies on the molecular
characteristics of iPSC and ntESCs revealed critical differences

between these two cell types that could impact their use for

therapeutic purposes. Below, we compare the molecular fea-

tures of these two cell types for their respective advantages

and disadvantages.

Mitochondrial Replacement. One of the most critical differ-

ences between ntESCs and iPSCs is the composition of

mtDNA. Although the nuclear DNA of ntESCs is from donor so-

matic cells (the patient), mtDNA is from the recipient oocytes. In

contrast, both the nuclear DNA and mtDNA of iPSCs are from

the starting somatic cells (the patient). Mitochondria play a ma-

jor role in energy production by oxidative phosphorylation, and

mutation of mtDNA can cause metabolic disorders (Gorman

et al., 2016). Therefore, derivation of ntESCs followed by differ-

entiation to the desired cell or tissue types and transplantation

back to patients can cure mitochondrial diseases. Mitalipov’s

group indeed demonstrated that the mitochondrial composition

of ntESCs derived from a patient with Leigh syndrome (a

mitochondrial disease) was almost completely replaced with

oocyte-derived mitochondria (over 99%) (Ma et al., 2015).

Moreover, the disorder-related defects observed in the donor

fibroblasts and fibroblast-derived iPSCs were functionally

rescued in ntESCs (Ma et al., 2015). Although there were con-

cerns regarding the potential incompatibility between nuclear

DNA and different haplotypes of mitochondria from oocytes,

the ntESCs derived from relatively different haplotypes (47

SNPs in mtDNA) did not show any functional abnormalities,

suggesting normal nuclear-mitochondrial interactions. How-

ever, another study reported that transplantation of ntESCs

derived from two different mouse strains with polymorphisms

in mtDNA-coded proteins to the nuclear allogenic host induced

weak immune responses, although the weak immune response

could be tolerated (Deuse et al., 2015). This indicates that care-

ful studies are needed before clinical trials can be initiated.

Nonetheless, the unique potential of ntESC in mitochondria

replacement holds great potential for the treatment of mito-

chondrial diseases.

Genetic and Epigenetic Mutations. For therapeutic purposes,

genetic and epigenetic stability is an important consideration

for the different PSCs. Detailed genetic and epigenetic analyses

have been performed comparing iPSCs to ESCs (Bock et al.,

2011; Lister et al., 2011). Bock et al. (2011) analyzed DNA meth-

ylomes and transcriptomes of 12 human iPSC lines and 20 ESC

lines and found that both iPSCs and ESCs contained inherent

variations. Although they failed to identify common epigenetic

defects in iPSC lines, they observed greater variation in iPSC

lines than ESC lines, suggesting that the iPSC generation pro-

cess could introduce more variables than that of ESCs. One fac-

tor contributing to the variation is the so-called epigenetic mem-

ory of the donor cells, which has been shown to require a long

culture time to remove (Nishino et al., 2011). Similarly, Lister

et al. (2011) performed DNA methylome and transcriptome ana-

lyses of 5 iPSC lines derived using different methods or different

starting cell types and compared the results with ESC lines.

Although the global DNA methylome of iPSCs resembled that

of ESCs, hundreds of differentially methylated regions (DMRs)

were identified. Some of the DMRs were common to all 5 iPSC

lines, suggesting the existence of common failed epigenetic re-

programming in iPSC lines.
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Following the success in deriving human ntESCs (Tachibana

et al., 2013), comparison of the genetic and epigenetic mutations

of isogenic iPSC and ntESCs became possible. Ma et al. (2014)

compared 4 ntESC lines and 7 iPSC lines derived from the same

human fetal fibroblasts, with 2 IVF lines from the same egg donor

as that of ntESCs. While they did not detect any statistically sig-

nificant difference in the frequency of copy-number variation

(CNV) among the samples, they observed that the DNA methyl-

ome of ntESCs was more similar to IVF than iPSCs. Although

both ntESC and iPSC lines possess residual DNA methylation

memory of donor somatic cells, iPSCs had 8 times more such

memory than ntESCs. Moreover, iPSCs had 60 timesmore aber-

rantly methylated loci than ntESCs, and the great majority of

these (90%) were likely induced during reprogramming pro-

cesses. Consistently, transcriptome analysis revealed that

more differentially expressed genes are present in iPSCs than

in ntESCs (Ma et al., 2014). While these results show that ntESC

is advantageous to iPSCs in terms of the epigenetic errors intro-

duced during reprogramming, another study reported no signif-

icant differences on the levels of genetic and epigenetic muta-

tions when ntESCs and iPSCs were compared (Johannesson

et al., 2014). Although the reasons for the discrepancy of the

two studies are unknown, the passage numbers of the cells

used for the analysis and the technical differences in iPSCs gen-

eration between the two studiesmay account for the differences.

While the first study used viral expression in fetal fibroblasts

for iPSC generation, the latter used modified mRNA expression

in neonatal or adult fibroblasts. Regardless of the source of

discrepancy, functional characterization of isogenic iPSCs and

ntESCs showed no significant difference, indicating both

methods could generate pluripotent cells capable of differenti-

ating to functional cells (Zhao et al., 2017).

A recent study revealed that long-term culture of PSCs is

a source of oncogenic mutation in the TP53 gene (Merkle

et al., 2017). Kevin Eggan and colleagues performed extensive

genomic and transcriptomic sequencing analyses on 140 human

ESC lines, including 26 lines prepared for potential clinical use,

and found that TP53, encoding a well-known tumor suppressor

P53, is frequently mutated during in vitro culture and cells

harboring a mutant allele have growth advantages during ESC

passage (Merkle et al., 2017). Given that the establishment of

epigenetically stable iPSC lines requires long-term culture to

get rid of somatic cell epigenetic memory, the genetic mutations

introduced during such long-term culture has raised a potential

safety concern. Indeed, a comprehensive analysis of 711 human

iPSC lines derived from 301 healthy individuals revealed that

many iPSC lines possess recurrent copy-number alterations

(CNAs) at certain genomic regions on chromosomes X, 17, and

20 (Kilpinen et al., 2017). These observations suggest that iPSCs

may have genetic mutations at specific genomic regions due to

the long-term derivation and maintenance processes. The fact

that the ntESC derivation process is relatively shorter may give

ntESC an advantage, at least in terms of culturing-induced mu-

tations. To demonstrate this is indeed the case, careful compar-

ison of the frequency of genetic mutations in ESC, iPSC, and

ntESC should be performed using a large number of lines under

comparable experimental settings, including donor somatic cell

source, recipient eggs, culturing conditions, and passage

numbers. However, the number of currently existing ntESC lines
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is limited due to the extremely low efficiency in ntESC derivation.

In this regard, more efficient human ntESC derivation involving

KDM4AmRNA injection (Chung et al., 2015) using healthy donor

somatic cells will facilitate such comparative study.

Future Directions in SCNT Research
With technological advancement, particularly the development

of more sensitive sequencing-related methods, great progress

has made in understanding SCNT reprogramming barriers that

lead to improved cloning efficiency. In addition, work focusing

on the molecular events immediately after SCNT is beginning

to reveal reprogramming mechanisms. Below, we discuss the

main remaining questions and where we will likely see great

progress in the years to come.

Further Understanding of Reprogramming Mechanisms

Five decades have lapsed since the first successful frog cloning,

yet our understanding of SCNT reprogramming at the molecular

level is still limited. Toward this goal, a systematic and detailed

analysis of the chromatin and epigenomic changes during the re-

programming process is needed. Although it is still technically

challenging to obtain sufficient SCNT samples for such analyses,

recent studies have demonstrated the feasibility of performing

such studies using preimplantation embryos (Ke et al., 2017;

Lu et al., 2016; Zheng et al., 2016). Thus, further improvement

of the current techniques may make the analysis of SCNT sam-

ples possible. Such analysis may reveal new epigenetic abnor-

malities in SCNT embryos, which can serve as the basis for

improving SCNT cloning efficiency. In addition, comparative

analysis of SCNT reprogrammingwith other reprogramming sys-

tems, such as iPSCs and cell fusion, may reveal novel insights as

different reprogramming systemsmay share some common fea-

tures. Indeed, H3K9me3 has also been shown to be a barrier to

iPSC reprogramming (Soufi et al., 2012; Sridharan et al., 2013).

Similarly, chromatin assembly factor 1 (CAF1) complex and

CBX5 (also known as HP1) can serve as barriers to iPSC reprog-

ramming (Cheloufi et al., 2015; Sridharan et al., 2013). Testing

whether these barriers also function in SCNT reprogramming

would be of potential interest.

Improving Efficiency and Quality of Cloning by Targeted

Epigenetic Modification

As a natural extension to the previous findings that ectopic acti-

vation of Xist and H3K9me3 in somatic donor cells serve as bar-

riers impeding SCNT reprogramming, we applied a combined

approach using Xist KO donor cells coupled with Kdm4d

mRNA injection and achieved 24% pup rate, the highest cloning

rate reported in mouse when Sertoli cells are used as donors

(Matoba et al., 2018). However, this rate is still lower than that

of IVF (more than 50%), and the resultant SCNT embryos still

had abnormally enlarged placentae. Detailed allelic transcrip-

tome, ChIP-seq, and DNA methylome analyses revealed that

embryos generated in this manner exhibit LOI on H3K27me3-im-

printed genes as well as aberrant DNA methylation at many loci

(Matoba et al., 2018). These results suggest both aberrant DNA

methylation and H3K27me3-mediated genomic imprinting de-

fects are likely responsible for the observed phenotypes (Matoba

et al., 2018). Since these epigenetic modifications are reversible,

targeted epigenetic changes might be a good strategy to over-

come the defects. In this regard, the dCas9-guided epigenetic

modulation system is particularly powerful, as it has been
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recently used to achieve targeted DNA methylation and histone

modification changes (Hilton et al., 2015; Kungulovski and

Jeltsch, 2016; Liu et al., 2016b). However, a special consider-

ation for epigenetic editing of imprinted genes is its allele-

specific targeting. For example, in the case of H3K27me3-

dependent imprinted genes, LOI in SCNT embryos is likely due

to the absence of the H3K27me3 mark at the maternal allele of

the donor somatic cells (Matoba et al., 2018). Therefore, to fix

the LOI problem, targeted deposition of H3K27me3 in the

maternal allele in the donor cells would be necessary.

Generation of Novel Human Disease Models for Drug

Development

The recent progress in improving cloning efficiency has made

the various applications of SCNT technology possible. In addi-

tion to mitochondrial replacement therapy for therapeutic

cloning, reproductive cloning has tremendous potential for ex-

panding agriculturally and economically important animal traits

and rescuing near-extinct animals (Beyhan et al., 2007; Loi

et al., 2001) without sacrificing donor animals (Kamimura et al.,

2013; Wakayama et al., 2008). To realize this potential, the first

thing that needs to be done is to test whether the reprogramming

barriers identified in mice are conserved in other relevant animal

species. Thus, we are likely to see more studies on improving

cloning efficiency in agriculturally and economically important

animal species, including pig, bovine, and sheep. Similarly,

improved cloning techniques will likely be used for pets, like

dogs and cats, to make this service more affordable.

Anotherpotential applicationofSCNTtechnology thatwewould

like to emphasize is the generation of novel animal models for hu-

man diseases (Figure 3). Large-scale sequencing efforts have es-

tablished a correlation between genetic variations andpathogenic

phenotypes in human (Landrum et al., 2016). However, the causal

relationships between genetic variations and pathogenic pheno-

types need to be addressed using in vitro and in vivo models.

Indeed, many such in vivo models have been produced in mice

(Birling et al., 2017), but due to the physiological differences be-

tween rodent and human, many human diseases, including psy-

chiatric and immune diseases, cannot be modeled in rodents.

Rather, primate species that are physiologically more relevant to

human might be needed (Izpisua Belmonte et al., 2015).

One unique feature of SCNT is that it enables direct generation

of organisms from single donor cells. This feature allows quick

and efficient generation of human disease models in large ani-

mals, including primates, particularly when combined with

genome-editing techniques such as CRISPR/Cas9 (Doudna

and Charpentier, 2014; Hsu et al., 2014). Although direct injec-
tion of CRSPR/Cas9 genome-editing

components into zygotes allows genera-

tion of such human disease models in
various species, several important problems exist in such an

approach, including frequent mosaicism (Yen et al., 2014),

random mutations, and relatively low editing efficiency for ho-

mology-dependent repair (HDR)-mediated knockin (KI) or KO.

This is especially problematic when trying to establish disease

models involving multiple edited genes, as the chance to obtain

desiredmultiple genemutations is extremely low. In small animal

models with relatively short generation time and large litter sizes,

these issues are not detrimental as the desired whole-body

mutant line can be established by crossing offspring of the

founder line. However, such an approach is not feasible for large

animals with longer gestation periods, sexual maturation time,

and uniparous features. For example, in the case of the cynomol-

gus monkey, gestation takes 164 days to produce a single

offspring per pregnancy, and sexual maturation takes 3–4 years.

Thus, it would take more than 10 years to establish a disease

model in such primate species using this approach. On the other

hand, if CRISPR/Cas9 genome editing in somatic cells and

screening for the desired mutations are done in vitro prior

to SCNT, the desired disease model can be generated within

1–2 years.

Indeed, a similar approach has been employed in goat (Ni

et al., 2014) and pig (Yan et al., 2018; Zhou et al., 2015), and it

has been summarized in a review (Tan et al., 2016). Neverthe-

less, the limiting factor of such an approach is the extremely

low efficiency of animal cloning. For example, based on the sum-

mary, the cloning efficiency of genome-edited somatic cells is

only 0.5%–1.0% in livestock animals (Tan et al., 2016). If the

cloning efficiency is improved, such an approach will be the

most efficient way for generating large animal models of human

diseases, including non-human primate models.

Concluding Remarks
Here, we summarize our current understanding of the cellular

and molecular mechanisms of reprogramming by SCNT. Recent

technology advancements have revealed reprogramming bar-

riers and prompted the development of methods to overcome

such barriers leading to increased cloning efficiency. Increased

cloning efficiency has made both therapeutic cloning and repro-

ductive cloning, including cloning of primates, possible. The

generation of patient-specific ntESCs has provided a comple-

mentary strategy to iPSCs in pluripotent cell generation.

Improved cloning technology, when combined with state-of-art

genome editing technology, will expand the potential applica-

tions, including generation of novel human disease models

for drug screening and evaluation. We believe that further
Cell Stem Cell 23, October 4, 2018 481
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refinement of SCNT technology will turn many of these applica-

tions from dreams of the past into reality.
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