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Abstract

Porcine somatic cell nuclear transfer (SCNT) demonstrates significant potential for appli-
cation in biomedical research, agricultural breeding, and xenotransplantation. However,
compared to in vivo fertilized embryos, SCNT embryos exhibit suboptimal developmen-
tal capacity, higher rates of abortion, and neonatal abnormalities, which collectively hin-
der the large-scale application of this technology. Such developmental anomalies arise
from a complex interplay of interconnected factors, primarily incomplete epigenetic re-
programming (the core driver), telomere shortening, mitochondrial dysfunction, and
technical manipulation-related damage—all of which disrupt the spatiotemporal regula-
tion of gene expression and embryonic lineage commitment. This article provides a critical
and integrated review of porcine SCNT research, establishing a coherent conceptual
framework that links biological mechanisms, developmental defects, diagnostic tools, and
improvement strategies. We emphasize mechanistic insights into key barriers, evaluate
the efficacy and limitations of existing diagnostic and therapeutic approaches, and high-
light pig-specific biological features that distinguish porcine SCNT from other mamma-
lian models. This review aims to offer a novel perspective on unresolved questions in the
field and provide a rigorous reference for in-depth studies on porcine SCNT embryo de-
velopment.

Keywords: porcine embryo; SCNT; embryonic development; developmental abnormality;
epigenetic reprogramming; mechanistic analysis

1. Introduction

Porcine somatic cell nuclear transfer (SCNT) technology, recognized as a significant
milestone in modern biotechnology and reproductive medicine, has garnered considera-
ble attention from researchers since its emergence. This technology not only offers novel
models and tools for biomedical research but also exhibits vast potential in agricultural
breeding. Particularly within the domain of xenotransplantation, where pigs are regarded
as potential organ donors, the success or failure of porcine SCNT technology directly in-
fluences the feasibility and safety of future organ transplants [1,2]. Nevertheless, despite
the remarkable progress achieved in porcine SCNT technology, numerous anomalies still
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manifest during embryonic development, such as inferior developmental capacity, ele-
vated abortion rates, and neonatal abnormalities, which severely constrain the wider ap-
plication of this technology [3]. Consequently, an in-depth exploration of the underlying
causes of abnormal development in porcine SCNT embryos is of significant value for en-
hancing the success rate and application efficacy of this technology. This review compre-
hensively surveys porcine SCNT research, from basic principles to embryonic abnormal-
ity causes, detection methods, enhancement strategies, and future perspectives, in order
to provide a comprehensive reference for advancing research on porcine SCNT embryo
development.

2. The Biological Basis of Porcine Embryonic Development:
Pig-Specific Features and Regulatory Networks

The appropriate progression of early embryonic development depends on the precise
and coordinated regulation of gene expression. Studies employing transcriptome analysis
of porcine pre-implantation embryos have disclosed the transcriptomic divergence be-
tween SCNT-derived and in vivo-derived porcine embryos. For example, a study com-
paring the transcriptomes of cloned and in vivo embryos from Laiwu and Duroc pigs dis-
covered that, although these embryos presented similar external morphologies during the
early developmental stages, they demonstrated significant differences in gene expression
profiles. This might account for the lower developmental efficiency of cloned embryos [4].
In-depth single-cell RNA sequencing studies have uncovered transcriptional defects dur-
ing the reprogramming process of SCNT embryos. Notably, the observed transcriptomic
differences between early-cleavage and late-cleavage SCNT embryos imply that early-
cleaving embryos may possess greater developmental potential [5,6]. These findings em-
phasize the influence of incomplete reprogramming in SCNT technology on gene expres-
sion.

Blastocyst formation represents the primary lineage commitment event during early
embryogenesis in the embryo. The blastocyst consists of the inner cell mass and the
trophectoderm: the former develops into the main body of the fetus, while the latter
mainly forms the placenta. Key signaling pathways regulating porcine embryonic differ-
entiation, such as the Hippo, WNT, and FGF pathways, have been comprehensively in-
vestigated. Recent research utilizing single-cell RNA sequencing technology has analyzed
the heterogeneity of porcine blastocyst cells at the single-cell level and identified several
species-specific marker genes. For instance, NANOG and SOX2 are utilized to distinguish
the inner cell mass, while CDX2 and GATA3 mark the trophectoderm. These findings not
only refine the theory of lineage differentiation in pig embryos but also offer potential
targets for optimizing in vitro embryo culture systems and enhancing blastocyst quality
[7].

In addition to classical transcriptional regulatory mechanisms, epigenetic reprogram-
ming represents another crucial factor throughout early porcine embryonic development.
This is specifically reflected in the genome-wide erasure and re-establishment of DNA
methylation, as well as dynamic alterations in chromatin accessibility. Relevant studies
have indicated that abnormal epigenetic states in porcine SCNT embryos are a major fac-
tor contributing to their low cloning efficiency. Histone lysine demethylases KDM5B and
KDMB5C exhibit high, yet transient, expression levels around the stage of zygotic genome
activation (ZGA) in pig embryos, playing a vital role in embryonic development. Inhibi-
tion of the mRNA of these demethylases hinders embryo progression to the blastocyst
stage and affects the levels of histone modifications such as H3K4me2/3 and H3K9mel,
thereby influencing genome activation and stability [8]. These findings emphasize the im-
portance of epigenetic reprogramming in the normal development of porcine SCNT em-
bryos. Aberrant epigenetic regulation can disrupt the normal sequence of gene expression
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and cell differentiation processes, ultimately leading to the various developmental anom-
alies observed in cloned embryos.

3. The Fundamental Theory of Porcine SCNT: Historical Context and
Unresolved Challenges

The development of porcine SCNT has followed a trajectory of technological break-
throughs, but key challenges (e.g., incomplete reprogramming) have persisted, highlight-
ing the need for critical reflection on historical progress. Below, we contextualize major
milestones in porcine SCNT, emphasizing how each advance addressed a specific bar-
rier —while identifying gaps that remain unaddressed.

In 1989, Prather et al. initially reported the successful nuclear transfer in porcine em-
bryos. By utilizing unfertilized oocytes as recipients and blastomeres from 4-cell stage em-
bryos as donors, they acquired cloned embryos that developed to the morula/blastocyst
stage. After the transfer of these embryos into surrogate sows, viable piglets were success-
fully produced [9]. As a pioneering endeavor in the realm of porcine nuclear transfer, this
study demonstrated the developmental totipotency of porcine blastomere nuclei. Never-
theless, the utilization of embryonic cells as donors possesses limited application value
owing to their incapability of replicating specific genotypes.

In 1997, lan Wilmut's team declared the birth of “Dolly the sheep,” the world’s first
mammal cloned from an adult somatic cell [10]. By employing mammary epithelial cells
from an adult sheep as nuclear donors, they demonstrated that even highly differentiated
somatic cell nuclei could be reprogrammed to regain totipotency. This achievement was
revolutionary, overturning the theory of irreversible cell differentiation and laying the
foundation for somatic cell cloning in all large animals, including pigs. Subsequent to the
success of Dolly, laboratories across the globe commenced applying this technology to
pigs.

By 2000, two research teams nearly simultaneously reported preliminary success in
porcine SCNT, utilizing fetal fibroblast cells as donor cells. Polejaeva et al. were the first
to report the successful generation of cloned pigs using granulosa cells as donor cells [11].
They adopted a unique “double nuclear transfer” technique, in which the donor nucleus
was first transferred into an enucleated oocyte, and following pronucleus formation, it
was transferred again into another fertilized and enucleated zygote. Onishi et al. pub-
lished a more classical approach in the journal Science, where they used fetal fibroblasts as
donors and successfully produced the world’s first cloned pigs via conventional SCNT
technology through electrofusion and chemical activation [12]. Onishi’s approach, which
is still widely used today, marked the maturation of porcine SCNT —but its success rate
remained below 5%, highlighting the persistence of developmental barriers.

Subsequent advances integrated gene editing with SCNT: Park et al. (2001) success-
fully cloned pigs expressing green fluorescent protein using transgenic fetal fibroblast
cells [13], and Lai et al. (2002) employed fetal fibroblast cells, in conjunction with gene
targeting and SCNT technology, to produce the world’s first a-1,3-galactosyltransferase
knockout pigs, achieving a milestone breakthrough in the field of xenotransplantation [14].
In 2014, Hai et al. obtained the first CRISPR gene-edited pig via zygote microinjection and
embryo transfer techniques [15]. Although this accomplishment was not based on SCNT
technology, it facilitated the application of CRISPR technology in porcine gene editing.
Subsequently, research integrating CRISPR technology with SCNT—first performing
CRISPR editing in somatic cells followed by nuclear transfer —successfully generated ge-
netically modified pigs [16]. Since then, the integration of CRISPR gene editing technology
with SCNT has become the mainstream approach for creating genetically modified pig
models. Although the success rate of genetically modified pig models has significantly
improved, the issue of abnormal development in cloned pig embryos persists.
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4. Causes of Abnormal Development in Porcine SCNT Embryos

The crux of porcine SCNT technology lies in reprogramming highly differentiated
somatic cell nuclei back to a totipotent state, a process that emulates the developmental
trajectory of naturally fertilized embryos [17]. Nevertheless, in comparison with in vivo-
fertilized embryos, SCNT embryos display a notably higher incidence of developmental
anomalies. This is predominantly attributed to errors in epigenetic modification during
reprogramming, which subsequently result in poor developmental potential, high abor-
tion rates, and neonatal abnormalities [18]. These issues not only limit the efficiency of
porcine SCNT technology but also raise concerns about the long-term health and viability
of the cloned animals (Figure 1).

Abnormal Development in

Porcine SCNT Embryos

Figure 1. Aberrant development in porcine SCNT embryos: etiology and contributing fac-

tors.

4.1. Incomplete Epigenetic Reprogramming: The Primary Driver of SCNT Failure

Incomplete epigenetic reprogramming represents a core determinant contributing to
the developmental failure of SCNT embryos. Epigenetic modifications can modulate gene
expression without altering the DNA sequence. In the event of incomplete reprogram-
ming, it can directly result in the abnormal expression of key genes. Among these, DNA
methylation aberrations and histone modification anomalies are the most prevalent [19-
22]. DNA methylation aberrations refer to the inability to completely erase and recon-
struct the somatic cell-specific methylation patterns carried by the donor cell nucleus. This
leads to the dysregulated expression of imprinted genes, pluripotency-related genes, and
developmental genes, ultimately influencing embryonic lineage differentiation and pla-
cental development [23,24].

Histone modification anomalies are specifically characterized by reduced levels of
histone modifications associated with gene activation (e.g., H3K9ac and H3K4me3) and
abnormally elevated levels of modifications linked to gene repression (e.g., H3K9me2/3
and H3K27me3). In particular, H3K9me3 has been verified as one of the major obstacles
in porcine SCNT reprogramming, as it impedes transcription factor binding and gene ac-
tivation [25,26]. Moreover, the histone lysine demethylases KDM5B and KDM5C are ex-
pressed during the porcine zygotic genome activation stage. Impairment of their expres-
sion can lead to delayed embryonic development, an increase in double-strand breaks,
and a reduction in blastocyst formation rates [8].
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4.2. Mitochondrial Dysfunction and Heterogeneity: Secondary Amplifiers of Epigenetic Defects

Mitochondrial dysfunction is not a primary cause of SCNT failure but rather ampli-
fies the effects of incomplete epigenetic reprogramming by disrupting energy metabolism
and redox balance —critical for epigenetic enzyme activity (e.g., DNA methyltransferases,
histone demethylases). Porcine SCNT embryos contain mitochondria from both the donor
somatic cell and recipient oocyte, leading to mitochondrial DNA (mtDNA) heterogene-
ity —a phenomenon more pronounced in pigs than in other mammals due to the larger
size of porcine somatic cell mitochondria [27,28].

Mechanistically, mtDNA heterogeneity induces a “genetic bottleneck” effect, leading
to unequal segregation of donor and oocyte mtDNA during embryonic division. This re-
sults in functional incompatibility between nuclear and mitochondrial genomes, disrupt-
ing oxidative phosphorylation and reducing ATP production [27]. Reduced ATP levels
impair the activity of epigenetic enzymes (e.g.,, KDM5B/KDM5C), which require ATP for
histone demethylation—further exacerbating incomplete reprogramming [8,28]. In por-
cine SCNT embryos, low expression of mitofusin 1 (a mitochondrial fusion protein) leads
to mitochondrial fragmentation, increased reactive oxygen species (ROS) production, and
apoptosis—all of which amplify epigenetic defects and reduce developmental potential
[27]. Notably, porcine oocytes have lower mtDNA copy numbers than murine or human
oocytes, making SCNT embryos more susceptible to mitochondrial dysfunction [28].

4.3. Chromosomal Instability and Telomere Abnormalities

Chromosomal instability and telomere abnormalities are secondary consequences of
incomplete epigenetic reprogramming, as dysregulated epigenetic marks disrupt mitotic
spindle formation and DNA repair mechanisms. Porcine SCNT embryos exhibit higher
rates of chromosomal mosaicism (distinct cell populations with different chromosomal
compositions) than in vivo embryos—due to errors in mitotic segregation during pre-im-
plantation development [29-32]. Mechanistically, persistent H3K9me3 marks in SCNT
embryos disrupt the expression of genes involved in spindle assembly (e.g., TPX2,
AURKA), leading to aneuploidy and chromosomal rearrangements [25].

Telomere shortening is another critical issue in porcine SCNT embryos, as somatic
cell telomeres are shorter than embryonic cell telomeres, and the porcine oocyte cytoplasm
has limited ability to elongate telomeres [33]. Unlike in cattle, where telomere elongation
occurs during SCNT, porcine cloned offspring often have shorter telomeres than in vivo-
derived pigs—reducing cellular longevity and increasing the risk of neonatal mortality
[33]. This pig-specific telomere defect is exacerbated by incomplete epigenetic reprogram-
ming: dysregulated DNA methylation of telomere-associated genes (e.g., TERT) reduces
telomerase activity, further shortening telomeres [33].

Notably, chromosomal instability and telomere abnormalities also contribute to pla-
cental dysfunction in porcine SCNT embryos. Porcine cloned placentas often exhibit ab-
normal vascularization and trophoblast cell proliferation —defects linked to chromosomal
mosaicism in TE cells [34]. This creates a vicious cycle: placental dysfunction reduces nu-
trient and oxygen supply to the embryo, further exacerbating epigenetic and mitochon-
drial defects.
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4.4. Technique-Related Damage: Exacerbating Pre-Existing Reprogramming Defects

In SCNT technology, micromanipulation, encompassing oocyte enucleation and so-
matic nucleus injection or fusion, represents a pivotal step. Throughout this process, oo-
cytes may incur physical damage, consequently influencing their developmental compe-
tence [35]. For instance, research has demonstrated that micromanipulation per se can in-
duce endoplasmic reticulum stress. The incorporation of endoplasmic reticulum stress in-
hibitors (e.g., salubrinal and tauroursodeoxycholic acid, TUDCA) has been shown to en-
hance the in vitro development of SCNT embryos, indirectly suggesting that micromanip-
ulation may instigate cellular stress and damage [36].

Upon completion of SCNT, the reconstructed embryos necessitate activation treat-
ment to mimic the fertilization process and initiate embryonic development. This proce-
dure is commonly accomplished via electrofusion or chemical activation [37,38]. When
sperm penetrates the oocyte, it triggers a series of calcium ion oscillations, which serve as
a critical signal for oocyte activation and the initiation of embryonic development. If the
intensity or duration of electrofusion or chemical activation is inappropriate, it may fail to
effectively replicate this physiological calcium oscillation, resulting in insufficient or ex-
cessive activation. Consequently, this can impact pronucleus formation and subsequent
embryonic development [39].

5. Diagnosis for Abnormal Development in Porcine SCNT Embryos:
Critical Evaluation of Methods and Their Limitations

To tackle the issues of low efficiency and abnormal development in SCNT embryos,
researchers are actively investigating diverse diagnostic methods. These methods mainly
concentrate on detecting molecular and morphological irregularities during the early
stages of embryonic development (Figure 2).

Morphological Molecular-Level Functional Emerging
Assessment Diagnosis Assessment Methods
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Expression profile

Figure 2. Diagnosis for abnormal development in porcine SCNT embryos.

5.1. Morphological Assessment: Simple but Insufficient

Morphological assessment (microscopic evaluation of embryo stage, cell number,
and blastocyst quality) is the most widely used diagnostic method due to its simplicity
and non-invasiveness. However, it has significant limitations: porcine SCNT embryos of-
ten exhibit normal morphology at early stages (2-cell, 8-cell) but have underlying molec-
ular defects [30]. For example, early-cleaving SCNT embryos (cleaving before 24 h post-
activation) have similar morphology to in vivo embryos but exhibit dysregulated ZGA
gene expression—highlighting the lack of correlation between morphology and develop-
mental potential [5].
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A critical pig-specific limitation is the difficulty in assessing blastocyst quality: por-
cine blastocysts have a thicker zona pellucida than other mammals, making it hard to vis-
ualize ICM and TE morphology [7]. This reduces the accuracy of morphological assess-
ment for porcine SCNT embryos, as ICM/TE ratio—a key predictor of developmental po-
tential —is often misjudged. Thus, morphological assessment should be used as a prelim-
inary screen, not a definitive diagnostic tool.

5.2. Molecular-Level Diagnosis: Powerful but Technically Demanding

Molecular methods (transcriptomics, epigenomics, small RNA profiling) provide
mechanistic insights into developmental abnormalities, but their utility is limited by tech-
nical complexity and lack of pig-specific reference data. Transcriptomic analysis (e.g.,
scRNA-seq) can identify dysregulated genes associated with reprogramming failure (e.g.,
KDM5B, OCT4) [5,24], but requires specialized equipment and bioinformatics expertise.
Moreover, most transcriptomic studies use murine or human reference genomes, which
fail to capture porcine-specific gene expression patterns [4].

Small non-coding RNA (sncRNA) profiling is a promising pig-specific diagnostic tool:
sperm-borne sncRNAs (e.g., miR-34c, miR-125b) are highly expressed in porcine fertilized
eggs and enhance SCNT embryo development [40,41]. Reduced expression of these
sncRNAs in SCNT embryos correlates with poor developmental potential —providing a
specific marker for reprogramming efficiency. However, sncRNA profiling is not widely
used due to the lack of standardized protocols for porcine embryos.

5.3. Functional Assessment: Invasive but Predictive

Performing embryo biopsy during the early developmental phases (e.g., the 2-cell or
4-cell stage) and monitoring the subsequent developmental trajectory of the biopsied em-
bryos can precisely identify those with enhanced developmental potential, while moni-
toring the remaining embryo’s development [24]. Maternal cellular factors, including
CXCL12, VEGFA, and WNT5A, facilitate porcine oocyte maturation by activating the
MAPK pathway and suppressing the canonical WNT pathway, thus conferring develop-
mental competence upon oocytes [42]. Evaluating the expression and activity of these fac-
tors can indirectly mirror oocyte quality and its capacity to support the development of
SCNT embryos.

Existing research has employed preimplantation genetic testing for aneuploidy
(PGT-A) on in vivo-derived porcine embryos and observed high levels of chromosomal
abnormalities in the embryos [43]. This finding holds significant theoretical value for elu-
cidating the mechanisms influencing porcine embryo transfer efficiency, suggesting that,
in addition to the damage caused by the biopsy procedure itself, the inherently high rate
of chromosomal abnormalities in embryos may be a key factor limiting transplantation
success. In another study, researchers innovatively combined embryo biopsy techniques
with microproteomics to screen for and identify key factors regulating developmental ar-
rest in cloned porcine embryos and validated the biological functions of two candidate
regulatory factors, PDCD6 and PLK1, during the development of cloned porcine embryos
[44]. Additionally, another study developed a laser-assisted microdissection-based
trophectoderm cell biopsy technique for porcine blastocysts, integrating laser technology
with the biopsy workflow, thereby providing a new technical approach for sex identifica-
tion and transcriptome sequencing studies in porcine embryos [45].

5.4. Emerging Methods: Promising but Unproven

Emerging diagnostic methods (liquid biopsy, Al-assisted analysis) hold promise for
non-invasive, high-throughput diagnosis, but have not been validated for porcine SCNT
embryos. Liquid biopsy, which detects cell-free DNA (cfDNA) in embryo culture media,
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can identify chromosomal abnormalities in human embryos [31], but porcine SCNT em-
bryos release very low levels of cfDNA —making detection challenging. Al-assisted image
analysis can automate morphological assessment and integrate multi-omics data [46], but
requires large datasets of porcine SCNT embryos to train algorithms—currently lacking
in the field.

6. Strategies for Improving the Development of Porcine SCNT
Embryos: Critical Evaluation and Integrated Approaches

Improving porcine SCNT embryo development requires integrated strategies that
target the primary cause (incomplete epigenetic reprogramming) while addressing sec-
ondary factors (mitochondrial dysfunction, technical damage). Below, we critically eval-
uate key improvement strategies, comparing their efficacy, limitations, and pig-specific
applicability —replacing the previous descriptive list with a structured, analytical frame-
work (Table 1). We emphasize that the most effective strategies are those that target por-
cine-specific mechanisms and integrate multiple approaches.

Table 1. Strategies for Improving the Development of Porcine SCNT Embryos.

Strategies Methods References

Inhibition of H3K4 and H3K9 histone methyla-
tion, [8,25,26]
reducing H3K4me3 levels

KDMS5B and KDM5C [8]
Srebp-1 [47]
Improving cellular Growth factors: CXCL12, VEGFA, and (48]
reprogramming effi- WNT5A
cency Vitamin C, FK228 [49-51]

Germinal vesicle (GV) stage oocytes [52]
Dynamic culture [53]
Metabolic regulation: NRF2 [54]
Optimization of culture medium components [28]
pMSCs [55]

Transfection of classical reprogramming fac-
[55]

tors

Optimizing donor cell Porcine stem cell [56]

selection and treat- Appropriate synchronization of donor cells:
ment D [57]

roscovitine
Pretreatment of donor cells: oxidative phos- (58]
phorylation inhibitor CPI

Porcine urine-derived cells [59]
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In vivo-matured oocytes [60,61]
Oocytes from multiparous sows [57,58]
Improving the developmental quality of oo- 62]
cytes: growth factors
Adding follicular fluid from in vivo-matured
. [63]
follicles
Appropriate culture time of cloned embryos [64]
Improving the culture environment: low-oxy- (65]
gen culture
Optimizing the opera-
i Co-culture systems [66]
ional
procedures of nuclear Ameliorate enucleation of oocytes: 67]
transfer technology Mitomycin C
Optimizing electrical field parameters [17]
Developing combined activation methods [68]

6.1. Improving Cellular Reprogramming Efficiency: Targeting the Primary Barrier

Enhancing cellular reprogramming efficiency represents a crucial strategy for opti-
mizing the development of porcine SCNT embryos (Figure 3). Aberrant histone methyla-
tion has been recognized as a key factor contributing to SCNT failure. Inhibition of H3K4
histone methylation levels (e.g., via the use of MM-102) has been demonstrated to elevate
SCNT success rates by reducing H3K4me3 levels [8].

Inhibition of H3K4 ) Gz Over expression
histone methylation R of Srebp-1

Optimized culture
medium

:@ Regulation cell

metabolism

Dynamic culture

Figure 3. The way to improve cellular reprogramming efficiency.
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Moreover, investigations have revealed that specific transcription factors and small
molecules can augment somatic cell reprogramming efficiency. For example, over-expres-
sion of sterol regulatory element-binding protein 1 (Srebp-1) has been shown to promote
reprogramming, potentially through interaction with c-Myc to facilitate the expression of
pluripotency-related genes [47]. The supplementation of particular growth factors (such
as CXCL12, VEGFA, and WNT5A) has been proven to enhance oocyte maturation and
activate the MAPK signaling pathway, thereby enhancing reprogramming potential [48].

Prior to nuclear transfer, “pre-reprogramming” donor cells with small molecule
cocktails (e.g., vitamin C, FK228) can induce a more open chromatin state, thus improving
subsequent reprogramming efficiency within the oocyte cytoplasm [49-51]. Research also
indicates that utilizing germinal vesicle (GV) stage oocytes as recipients and performing
nuclear transfer followed by in vitro maturation may be more favorable for donor nucleus
reprogramming, as GV-stage oocytes are enriched with reprogramming-related factors
[52].

Furthermore, modification of culture conditions can also exert an influence on cellu-
lar reprogramming efficiency. Dynamic culture systems, such as orbital shaking culture,
have been shown to significantly enhance reprogramming efficiency. This improvement
may be ascribed to the prevention of cell over —confluence and the subsequent up-regu-
lation of p57, thereby facilitating cellular reprogramming [53]. Additionally, metabolic
regulation plays a crucial role in reprogramming efficiency. For instance, suppression of
NREF2 disrupts the metabolic transition required for successful cellular reprogramming
and reduces the formation efficiency of induced pluripotent stem cell (iPSC) colonies,
highlighting the critical role of NRF2 in mediating metabolic transitions during cellular
reprogramming [54]. Optimization of culture medium components by incorporating nat-
ural substances with antioxidant and epigenetic regulatory properties—such as resvera-
trol and melatonin—can alleviate oxidative stress in SCNT embryos, improve their meta-
bolic status, and indirectly promote reprogramming [28].

6.2. Optimizing Donor Cell Selection and Treatment: Reducing Reprogramming Burden

Donor cell selection and treatment are critical for reducing the reprogramming bur-
den, as different cell types have varying epigenetic plasticity. Porcine mesenchymal stem
cells (pMSCs) are superior to porcine embryonic fibroblasts (pEFs) as donor cells, as they
have lower levels of repressive histone marks (e.g., H3K9me3) and higher epigenetic plas-
ticity —improving blastocyst formation rates by ~28%. Electroporation of reprogramming
factors (OCT4, SOX2, KLF4, c-MYC) into pMSCs further enhances their plasticity, but car-
ries the risk of genomic integration —limiting clinical applications [55]. Moreover, pluripo-
tent stem cells are regarded as having higher SCNT efficiency since their epigenetic state
is more similar to that of blastomeres, necessitating less reprogramming [56].

Synchronization of donor cells to the G0/G1 phase using roscovitine is another effec-
tive strategy for porcine SCNT: roscovitine treatment reduces apoptosis, increases the pro-
portion of GO/G1 cells, and improves full-term development rates by ~23% [57]. Notably,
roscovitine is more effective in porcine somatic cells than in murine or bovine cells—high-
lighting pig-specific sensitivity [57]. Pretreatment of donor cells with the oxidative phos-
phorylation inhibitor CPI also improves developmental potential by modulating energy
metabolism, but high concentrations of CPI are toxic to donor cells [58].

Urine-derived cells are a promising alternative donor cell type for porcine SCNT, as
they are non-invasively obtained and have similar developmental potential to pEFs. How-
ever, urine-derived cells have higher levels of DNA methylation at pluripotency gene pro-
moters—requiring additional reprogramming strategies (e.g., vitamin C pretreatment) to
improve efficiency [59].
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6.3. Optimizing Recipient Oocytes: Enhancing Reprogramming Capacity

The quality of recipient oocytes is a critical determinant of porcine SCNT efficiency,
as oocytes provide the cytoplasmic factors required for reprogramming. In vivo-matured
oocytes from multiparous sows are superior to in vitro-matured oocytes or oocytes from
gilts, as they have higher levels of reprogramming factors (e.g., KDM5B, CXCL12) and
lower levels of repressive epigenetic marks [60,61]. Cloned embryos derived from in vivo-
matured oocytes have blastocyst rates ~35% higher than those from in vitro-matured oo-
cytes—making this a highly effective strategy, despite the higher cost of obtaining in vivo-
matured oocytes [60,61].

Improving oocyte quality via growth factor supplementation (e.g., FGF2, LIF, IGF1)
also enhances SCNT efficiency: supplementation of IVM media with these factors in-
creases blastocyst development rates and birth rates by ~27% [62]. Adding follicular fluid
from in vivo-matured follicles to IVM media further improves oocyte quality, as porcine
in vivo-matured follicular fluid contains a unique protein profile that supports oocyte
maturation [63]. However, follicular fluid composition varies by sow —requiring stand-
ardization for consistent results.

6.4. Optimizing Nuclear Transfer Procedures: Minimizing Technical Damage

Optimizing the operational procedures of nuclear transfer technology is pivotal for
enhancing the developmental efficiency of porcine SCNT embryos. In terms of embryo
handling and transfer, research has indicated that factors such as the culture duration of
cloned embryos, the ovulatory status of recipients, whether auxiliary embryos are co-
transferred, and the site of embryo transplantation all exert an influence on the success
rate of pig cloning. For example, transferring cloned embryos that have undergone ex-
tended-period culture into pre-ovulatory sows leads to a reduction in pregnancy and far-
rowing rates, whereas transferring cloned embryos into both fallopian tubes significantly
enhances pregnancy rates, farrowing rates, and embryo development rates [64].

Cultivation conditions are of critical importance for embryo survival and develop-
mental competence. Improving the culture environment is regarded as a key strategy for
enhancing SCNT efficiency. Implementing low-oxygen culture to regulate the metabolic
state of donor cells is an effective optimization approach that can enhance cellular repro-
gramming capacity and embryo developmental potential [65]. For instance, studies have
demonstrated that culturing donor cells under hypoxic conditions significantly improves
the early in vivo developmental ability of nuclear-transfer embryos, which is consistent
with research on the impact of donor-cell hypoxia on the formation and development of
reconstructed embryos in SCNT. Additionally, co-culture systems can optimize the em-
bryonic culture environment. For example, co-culturing bovine oviductal epithelial cells
(BOEC) with sperm and oocytes not only facilitates oocyte fertilization but also prevents
polyspermy and parthenogenetic activation, thus creating an environment that more
closely mimics the in vivo conditions for embryonic development [66].

The enucleation of oocytes can result in mechanical damage to cloned embryos.
Chemical agents such as Mitomycin C have been investigated as alternatives to conven-
tional micromanipulation-based enucleation techniques. In bovine SCNT, this approach
has shown potential advantages in reducing mechanical damage and improving opera-
tional efficiency [67]. The intensity and frequency of electrofusion play a crucial role in the
survival and developmental competence of nuclear transfer embryos. Optimizing electri-
cal field parameters can significantly enhance fusion efficiency [17]. Chemical activation
reagents (e.g., calcium ionophores) and electroactivation protocols are being comprehen-
sively studied. Combined activation methods have demonstrated a stronger ability to in-
itiate embryonic development, thereby improving embryo quality [68].
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7. Application of Emerging Technologies in Nuclear Transfer

The integration of emerging biotechnologies offers novel avenues for optimizing por-
cine nuclear transfer efficiency (Figure 4). With the continuous progress of CRISPR/Cas9
technology, it has been extensively utilized for precise genome editing in pigs. Through
the knockout or knockin of specific genes, it facilitates functional gene research and the
breeding of pig breeds with favorable traits, such as enhanced disease resistance and im-
proved meat quality. Meanwhile, the application of single-cell sequencing technologies
empowers researchers to comprehensively track gene expression dynamics during por-
cine embryonic development, uncovering cellular heterogeneity and complexity, thus of-
fering precise theoretical underpinnings for optimizing nuclear transfer techniques.

CRISPR/Cas9 Single-cell sequencing Hi-C technology

liDNase-seq

ATAC-seq

¥ »

Application of Emerging Technologies in Nuclear Transfer

1 ¢ .

=@

Enhancement Improvement Optimization
of disease resistance of meat qualityv of embryo development

Figure 4. Emerging technologies in nuclear transfer.

Currently, several techniques have been adopted to investigate chromatin accessibil-
ity in human and mouse pre-implantation embryos to unveil the regulatory principles of
open chromatin during embryonic development. These encompass low-input deoxyribo-
nuclease I hypersensitive site sequencing (liDNase-seq) and assay for transposase-acces-
sible chromatin with high-throughput sequencing (ATAC-seq) [69-72]. Additionally,
high-throughput/high-resolution chromosome conformation capture (Hi-C) technology
enables a genome-wide exploration of chromatin spatial architecture and reveals dynamic
alterations in genome organization [73].

8. Interdisciplinary Collaboration Drives Research Progress

Interdisciplinary collaboration plays a pivotal role in research on the development of
porcine SCNT embryos. Particularly in the medical field, integration with regenerative
medicine can drive the exploration of the application of porcine embryonic stem cells in
tissue repair and regeneration. For instance, directing the differentiation of porcine em-
bryonic stem cells into specific cell types and their application in cell replacement thera-
pies for treating human diseases requires the collaborative synergy of multiple disciplines,
such as biology, medicine, and materials science [74].
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Simultaneously, collaboration with engineering disciplines facilitates the develop-
ment of more advanced embryo culture systems and operational techniques. For example,
3D printing technology can be employed to construct embryo culture scaffolds that mimic
the in vivo environment, providing a more suitable physical microenvironment for em-
bryonic development. In combination with microfluidic technology, precise control over
the supply of nutrients and the removal of metabolic waste during embryo culture can be
realized, thereby improving embryo development efficiency. Additionally, digital model-
ing and computer simulation techniques can be used to predict various changes during
embryonic development, offering theoretical guidance for experimental design and opti-
mization, and accelerating the progress of porcine SCNT technology.

9. Response Concerning Ethical and Social Impacts

Research on porcine SCNT encompasses a series of ethical and social issues (Figure
5). From an ethical perspective, cloning technology may give rise to concerns regarding
animal welfare, including the impacts on donor and recipient animals throughout the
cloning process, as well as the health and quality of life of cloned animals. Concurrently,
when humans apply relevant research findings—for example, using porcine embryonic
stem cells for therapeutic applications—it may also spark ethical debates, such as the po-
tential risks of human reproductive cloning and the impacts on human genetic diversity
[75].

Animal welface concerns Pig farming innovation

Y 4
Y
“ )

Biosecurity risks

Human reproductive
cloning risks

Figure 5. Ethical and social impacts.

At the societal level, the application of porcine SCNT technology may have substan-
tial implications for the pig-farming industry. On one hand, this technology can be em-
ployed to breed superior breeds, enhance pork production and quality, and satisfy societal
demand for meat. On the other hand, if the technology is misused, it could lead to biose-
curity issues, such as the ecological impact of genetically modified pigs. Therefore, it is
imperative to establish a comprehensive ethical and regulatory framework to ensure the
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proper utilization of the technology. Simultaneously, public education should be rein-
forced to enhance awareness and comprehension of the technology, facilitating its healthy
and responsible development.

10. Conclusions

Porcine SCNT technology holds significant research value and application potential
in fields such as animal breeding and biomedicine. However, its development remains
constrained by the bottlenecks of low cloning embryo developmental efficiency and high
rates of embryonic abnormalities. This paper systematically reviews the causes of embry-
onic developmental abnormalities in porcine SCNT from three perspectives: donor cell
reprogramming, procedural damage during manipulation, and the embryonic microen-
vironment. It summarizes current diagnostic techniques at the morphological, molecular,
and functional levels, while also outlining improvement strategies proposed from aspects
such as donor cell treatment and procedural optimization. In recent years, emerging bio-
technologies and interdisciplinary research have injected new momentum into this field.
The application of technologies such as gene editing and single-cell multi-omics is gradu-
ally unraveling the molecular regulatory mechanisms of early porcine embryonic devel-
opment, offering new possibilities for overcoming the efficiency bottleneck of nuclear
transfer. While advancing technological research, we must also confront the ethical and
social issues it raises. By improving ethical frameworks, strengthening regulatory systems,
and enhancing public communication, we can ensure that porcine SCNT research pro-
gresses in a safe, reasonable, and socially beneficial direction. In the future, as our under-
standing of nuclear reprogramming mechanisms deepens, porcine SCNT technology is
bound to play a greater role in related fields.
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