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More than 90% of animal embryos generated by reproductive cloning fail to survive to birth, primarily due to defects throughout
the cloning process. The objective of this research is to define the key abnormalities in the mechanisms underlying DNA
replication and chromosome segregation in reproductive cloning via somatic cell nuclear transfer, and to identify the reasons for
their presence. Moreover, this research paper explores how these abnormalities impair genomic stability, resulting in develop-
mental outcomes of the embryos. This literature review was conducted in order to address the growing innovations in cloning
technologies and their efficiency, as well as expand the comprehensive understanding of the scientific mechanisms that determine
cloning outcomes. This narrative review research paper analyzes relevant scientific sources found using database search engines
such as Google Scholar and Pubmed, and points out key concepts addressing key DNA replication and chromosome segregation
mechanisms along with their defects via SCNT. Moreover, it explains how genomic rearrangements negatively affect clones’
viability and efficiency and lead to the loss of genetic material or abnormal development in the clones. Universally, it mentions
DNA replication fork, DNA polymerase proofreading, mismatch repair and checkpoints, mitosis, mitochondria transfer via
SCNT, bivalent remodeling, incomplete epigenetic reprogramming, proteins active in DNA replication, and more. Finally, this
paper offers suggestions for newly established methods that can be implemented to improve reproductive cloning accuracy,
mitigate risks of mutations, and ultimately aid in establishing the process as a safer and more widely applied technique to
generate genetically equal, unvaried embryos.

Keywords: Somatic cell nuclear transfer, reproductive cloning, DNA replication, chromosome segregation, replication
fork, polymerase proofreading, defects in embryo development, micronuclei formation, aneuploidy, spindle assembly
checkpoint.

Introduction

Cloning is a process that allows the creation of exact genetic
copies of cells, tissues, or organisms through scientific labora-
tory technologies and methods. Somatic cell nuclear transfer
(SCNT), (see Figure 1)-based animal cloning truly first began
with amphibian nuclear transfer in 1952 by Briggs and King1,
followed by later advances culminating in Dolly the sheep in
19962.

Recent advancements in cloning technologies, such as us-
ing transcription factors and epigenetic modifications, have
enhanced the efficiency of embryo duplication, increasing
protection against genetic disorders. Furthermore, grasping
the potential of molecular mechanisms present in reprogram-
ming somatic (somatic cells also refer to body) cell nuclei has
led to advancedtechniques of turning differentiated cells into
pluripotent state stem cell technologies3. In the twenty-first
century, investigators have explored variety of nuclear trans-
fer processes. Pronuclear transfer involves swapping the two
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nuclei of fertilized embryos. Spindle transfer is when de-
oxyribonucleic acid (DNA) is transferred into an enucleated
egg cell with preserved mitochondria4. Cloning of animals
can potentially aid in species conservation and solve the on-
going issue of animal extinction5. Although the evaluations
from these explorations have brought a significant facilities
improvement, further research is mandatory to fully mitigate
present welfare and security concerns

Application of somatic cell nuclear transfer

In reproductive cloning, SCNT is a procedure where a single
gene can be placed inside a tissue cell where it would replicate
simultaneously with the developmental transition from an em-
bryo into adult cells. Most of the cell division interventions
occur during this process6.

The injection of the somatic nucleus into the oocyte cy-
toplasm initiates programming and development of an em-
bryo by histone replacement, DNA demethylation, prema-
ture chromosome condensation (PCC), chromatin remodeling,
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Fig. 1 Somatic cell nuclear transfer involves removing the nucleus from an egg cell, and inserting somatic cell nucleus instead. The egg
initiates embryo development using the somatic nucleus.

and transcriptional activation before zygotic genome activa-
tion (ZGA). These processes work together to mimic fertiliza-
tion without meiosis7.

Performing SCNT with genes that can aid in the treatment
of a disease results in transgenic species and recombinant pro-
teins that can be used for clinical procedures in biomedical
science. By the fusion of the somatic nucleus and an enu-
cleated oocyte, embryos are generated along with embryonic
stem cells (NT-ESCs). Stem cells are now under research to
be targeted to be immunocompatible to the patient to perform
regenerative medicine, although this approach is currently ex-
perimental. These cells can be derived from the embryo by
isolating and culturing inner cell mass at the blastocyst stage
of the embryo. Stem cell clinical therapies are widely used,
especially for COVID-19 or pulmonary diseases. In order to
prevent immune rejection of the cells, a patient’s own somatic
nuclei are being used to create an embryo from which the stem
cells can be derived to help in successful cell transplantation8.

Pharmaceutical proteins can be generated by SCNT. Those
are useful substances like hormones such as insulin and human
growth hormone which are now even optimized in microbial
hosts, like bacteria. Antithrombin III (ATIII) was introduced
first. ATIII is generated from transgenic goat milk, targeting
antithrombin deficiency and heparin resistance in human pa-
tients. Another example is Interferon derived from transgenic
chicken eggs aiding sclerosis clinical therapy. Genes that code
for the required proteins are being duplicated using vectors tar-
geting a specific area of production, whilst being inserted into
the transgenic species9.

This paper will cover reproductive cloning via SCNT,
molecular mechanisms relevant to replication and segregation,
and potential defects known to affect embryonic development.
It will discuss the risks of those errors, the reasons for their oc-
currence, and potential strategies for their prevention. Over-
all, this article aims to investigate anomalies in the replication
mechanisms and their impact on the efficiency of reproductive
cloning.

Mechanisms in DNA replication and chromosome segre-
gation in reproductive cloning

A nucleotide is a nucleoside molecule bound to one or more
phosphate groups through ester linkages to the sugar moiety.
Both DNA and ribonucleic acid (RNA) consist of polymers
composed of nucleotides. Base-pairing is a template-based
mechanism for DNA replication in which genetic material is
copied into a complementary DNA sequence. Each nucleotide
in the strand is recognized and assembled with a complemen-
tary nucleotide. This process causes the two strands of the
helix to separate. This forms the hydrogen bonds, setting it
for enzyme-catalyzed polymerization of a fresh chain. Each
daughter strand inherits one parental strand and one freshly-
produced strand in the double helix. This progressing struc-
ture then forms a “Y” shape which is called the “replica-
tion fork” which moves along the parental strand. In that
region, the daughter strand genetic material is synthesized
and copied by a mix of enzymes that contain DNA poly-
merase. The daughter cell strand that is being synthesized
continuously is called the “leading” strand, and the one that
is processed discontinuously is called the “lagging” strand.
The direction in development of the “lagging” strand is op-
posite to general chain growth It is delayed due to discon-
tinuous synthesis of the lagging strand before the maturation
and ligation of Okazaki fragments (newly synthesized strands’
fragments), between the lagging and template strand (Figure
2). This “backstitching” mechanism requires “5’-to-3’ type”
DNA polymerase10.

The development of the embryo in SCNT involves the du-
plication of the genome during the synthesis (S), during in-
terphase before mitosis (figure 3), which uses the replication
forks until the blastocyst stage. The sequence of the replica-
tion fork can determine the overall pace of genome duplica-
tion: if the replication works at a slower pace, the accuracy
and efficiency of the reprogramming is improved. Slower
replication allows more time for error correction, preventing
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Fig. 2 Structure of replication fork where pink areas are newly synthesized base pairs - okazaki fragments. Blue corresponds to the parental
strands before and after DNA replication. “A” stands for adenine and “G” stands for guanine, which are purines. “T” stands for thymine, and
“C” stands for cytosine, which are pyrimidines. Helicase is an enzyme that splits hydrogen bonds between base pairs. One of the new strands
runs in a 5’ to 3’ directionality, while the other runs in a 3’ to 5’ directionality. The leading strand is at the top and the lagging strand is at the
bottom. The strand located on the opposite side in the middle is the template strand, also known as the parental strand.

replication-induced errors that compromise embryo develop-
ment11.

Reprogramming takes place in the cytoplasm of the egg,
erasing previous somatic cell epigenetic memory in order to
then facilitate totipotent development12.

The initial proofreading mechanism is the DNA Polymerase
Proofreading that occurs prior to the addition of a new nu-
cleotide to the elongating chain. Furthermore, following nu-
cleotide binding, but preceding the covalent addition of the nu-
cleotide to the elongating chain, the enzyme must experience
a conformational alteration. Only the suitable nucleotides can
base-pair with the template strand. This enables a “double-
check” reaction before the bond occurs. In scarce cases where
this check fails to match the correct nucleotide, exonucleolytic
proofreading is impelled to occur. That means that if the last
nucleotide at the 3’ hydroxyl group (3’-OH) end is unsuitable,
the chain cannot be extended. Therefore, the exonuclease ac-
tivity takes place in a different subunit.

This site removes the mismatched nucleotides from the 3’
end of the primer strand in a 3’ to 5’ direction until it is
fully restored. As a result, DNA polymerase acts as a “self-
correcting” enzyme. This process greatly prevents uncontrol-
lable reproduction of cells (uncontrolled cell proliferation),
which could lead to cancer. On the other hand, RNA poly-
merase (RNAP) is capable of initiating transcription without a
primer and it doesn’t need proofreading since mistakes don’t
get passed on during the mechanism because they are tempo-
rary. DNA polymerase adds nucleotides only in the 5’ to 3’
direction because if it were done in the opposite direction, the

elimination of a mismatch would leave a bare 5’ end, which
would permanently stop the development of the chain. The
incoming nucleotide contains triphosphate, essential to com-
plete bonding. Overall, this makes 5’ to 3’ synthesis favorable
in terms of efficiency10.

In SCNT, weakened proofreading can lead to replication
fork stalling and generate lagging strands that create micronu-
clei as the fork collapses13. This explains the implantation
failure of cloned embryos. A practical piece of evidence can
be observed where more than 90% of mouse embryos cloned
through SCNT showed abnormal segregation, causing implan-
tation failure rates due to the replication stress through damage
to the fork. This study features the demand for strategies that
tackle replication stress14.

Since the strands in the double helix are so tightly attached
together, there is a need for the implementation of DNA heli-
case enzymes and single-strand DNA-binding proteins in or-
der to copy polymerases and primers. Those work together
in front of the replication fork. Helicase enzymes operate
by breaking hydrogen bonds, utilizing adenosine triphosphate
(ATP) energy in order to move along the chain. Two heli-
cases work on both strands; the CMG helicase encircles and
translocates along the leading-strand template at each fork,
coordinating with leading-strand polymerase epsilon (Pol ε).
A single CMG complex per fork advances, coordinating with
leading-strand Pol ε; the CMG helicase encircles and translo-
cates along the leading-strand template at each fork. A single
CMG complex per fork advances15. Whereas single-stranded
DNA-binding helix-destabilizing protein (SSB), ensures that
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Fig. 3 In metaphase, spindle collects chromosomes and lines them along the middle of the cell. In anaphase, chromosomes divide into
daughter cells as the spindle fibers pull the centromeres apart.

the strands keep separated throughout the operation. They
don’t cover bases of the helix so that the genetic information
remains detectable10.

Linking back to SCNT, epigenetic marks cause breakage
of the double-strand, followed by fragmentation of chromo-
somes16. This causes high preimplantation loss rates as mam-
malian embryo development is highly dependent on stable
chromosomes17.

DNA polymerase remains strongly bound to the sliding
clamp of the leading strand, producing fusion. Conversely,
once polymerase reaches the edge of the Okazaki fragment
in the lagging strand – it loops back and moves on to a frag-
ment of the next RNA primer which is made by primase. This
creates a recycling procedure, while sustaining the attachment
to the sliding clamp which keeps polymerase attached during
synthesis, forming a ring10.

In general, all of the proteins active in DNA replication
form a multienzyme complex, which acts altogether simulta-
neously,powered by nucleoside triphosphate hydrolysis. They
work at a unified unit with a molecular weight exceeding 1
million daltons. Together, helicase and primase form a primo-
some to prime the fragments. During lagging-strand synthe-
sis, left behind Okazaki fragments still contain RNA primers
at 5’ ends, which are later removed by assigned enzymes be-
hind the replication fork. Moreover, strand-directed mismatch
repair amends errors missed by exonuclease. Ultimately, mu-
tator genes increase mutation rates if defective. The role of
topoisomerases in genetic data replication is to prevent tan-
gling of DNA. Completing a rotation of the full chromosome
every 10 base pairs requires a notable amount of energy. How-
ever, topoisomerases are capable of easing the torsional stress.
In single-strand breaks, a transient nick is introduced, rotating
the helix. As a consequence, the permission of localized un-

winding before the fork relieves tension. A covalent bond is
formed, preserving the enzyme with the DNA for future reac-
tion, without the need for additional ATP. Contrarily, a double-
strand break constructs a “gate” allowing another fragment to
pass through. It uses ATP hydrolysis in order to cut one dou-
ble helix. This process aids in separating daughter strands af-
ter replication, ultimately separating chromosomes. Mutants
that lack functional topoisomerase in the double-strand break
acquire intertwined DNA because they fail to isolate chromo-
somes10.

Topoisomerase II deficiency causes flawed segregation of
catenated chromosomes18. The rate of catenanes (entangled
chromosomes) that form anaphase bridges—threads of DNA
stretching between segregating chromosomes during anaphase
of mitosis—has a causal relationship with the failure of proper
development to the morula (8-cell) stage in mouse SCNT
embryos. This results in inhibited postimplantation progres-
sion14.

Replication proteins from the multienzyme complex un-
dergo posttranslational modifications that alter their activity
and nteractions—these play critical roles in responding to
replication stress. This can occur in case of early development
of diseases19.

The spindle assembly checkpoint (SAC) is crucial to ver-
ify correct chromosome attachment to microtubules during
mitosis, thereby preventing errors in the cloning process20.
Cohesin complexes hold sister chromatids together, enabling
controlled cleavage of cohesin by separase. This is done by
even distribution of chromatids to daughter cells21.

Polymerase proofreading and mismatch repair and check-
points are crucial mechanisms for healthy and stable embryo
implantation22. Proofreading of DNA is an activity taking
place during DNA replication where an enzyme checks each
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nucleotide during DNA replication and deals with the mis-
matched ones. Mismatch repair and checkpoints of DNA, oc-
curring afterwards, are protective responses detecting any re-
maining DNA damage, which maintains correctly replicated
DNA strands in the cell cycle. This prevents errors from being
passed on to daughter cells23.

Mitochondria, passed on through vertical inheritance, are
multirole organelles found in eukaryotic cells. They are re-
sponsible for inner-cell functions such as energy metabolism,
cell signaling, immunity, apoptosis and proliferation moder-
ation24. In the SCNT process, mitochondria DNA (mtDNA)
from the somatic donor cell and from the recipient oocyte is
mixed. The somatic cell mitochondria remain mixed with the
second mitochondria after nuclear transfer. This results in
SCNT embryos being heteroplasmic. Introduced variability
can disrupt normal cellular metabolism in the embryos. The
somatic cell mitochondria can remain along with the second
mitochondria after nuclear transfer25.

Genetic defects known to affect embryonic development
and genomic stability

To maintain genomic stability, there are several mechanisms
responsible for the replication of genetic information and the
division of chromosomes into a pair of daughter cells.

Sometimes, anomalies occur in polymerase proofreading
and mismatch repair and checkpoints which often lead to
potentially harmful genetic mutations. Disruptions lead to
replication stress, which is the slowing of the replication
fork progression stressed by both exogenous and endogenous
origins. Defects in lagging-strand maturation can lead to
nicks, double-strand breaks, and genomic instability in SCNT-
derived embryos. Those origins could vary from oncogene
activation, depletion of nucleotide pools and transcription-
replication conflicts to inherently difficult-to-replicate regions.
Other examples are aneuploidy, as well as epigenetic abnor-
malities, resulting in disease development26.

These factors cause genomic instability which results in
long term developmental effects and diseases in cloned prod-
ucts. Analysis of the reasons for anomalies can aid the global
technical improvement in cloning from cells to various organ-
isms27.

Aneuploidy is incorrect duplication of chromosomes, lead-
ing to extra or missing chromosomes due to their abnormal-
ities as well as micromanipulation stress which is accidental
physical damage of cellular components of the oocyte12,28,29.

Incomplete epigenetic reprogramming is a paramount cause
of low cloning efficiency. Epigenetics involve insufficient
elimination of epigenetic marks such as DNA methylation and
histone modifications which can be heritable in SCNT. Epige-
netics forms disruptions in gene expression mechanisms that
affect the way genes are received and expressed30.

Recent studies reveal that spontaneous harmful gene muta-
tions, trinucleotide repeats, chromosomal rearrangements, and
aneuploidy occur more frequently in somatic cells than previ-
ously believed. Those mutations are closely linked to chromo-
somal rearrangements and affect clones’ efficiency31.

SCNT disrupts spindle assessment checkpoint, which is the
reason for kinetochore-microtubule misalignment in mitosis
after activation. The kinetochores that fail to link to all neces-
sary SAC proteins trigger premature anaphase. This results in
chromosome missegregation where fragments or entire chro-
mosomes are excluded from the daughter cell nuclei. Those
are the conditions for formation of micronuclei. Therefore,
SAC failure contributes to aneuploidy and reduces blastocyst
viability32.

Abnormal chromosome segregation is a primary factor con-
tributing to developmental failures in cloned embryos. Re-
search on SCNT embryos indicates that chromosome mis-
alignment and lagging chromosomes cause the formation of
micronuclei, which greatly diminish embryo viability, abnor-
mal growth. The health of embryos is inhibited by immune ac-
tivation that destroys cells or raise risk of cancer with nuclear
envelope rapture apoptosis and repair failure, causing more
mutations33,34. Treatment with Latrunculin A has been shown
to decrease these errors35.

Another consequence of imperfect chromatin reprogram-
ming is cohesion dysfunction: the somatic nucleus remains
in adult cell organisation and doesn’t completely reorganize
into the embryo. This is caused by premature chromosome
condensation: the somatic nucleus condenses similarly to mi-
tosis, so embryonic cohesin is not able to replace somatic co-
hesin, which is a protein that holds identical copies of each
chromosome together.

This activates the wrong genes as well as subsequently
causes chromosomes to be organised too closely together in
an insufficient structure36–39.

Consequences of errors in bivalent remodeling might gener-
ate chromosome missegregation, propagating embryonic mor-
tality or birth defects. This is how severe consequences be-
gin40. Bivalent chromatin remodeling is a process in embry-
onic stem cells where certain ATP-dependent complexes, like
INO80, esBAF (a type of SWI/SNF), and NuRD, control bi-
valent domains. These domains are promoters marked by both
active Histone H3 Lysine 4 trimethylation (H3K4me3) and re-
pressive Histone H3 Lysine 27 Trimethylation (H3K27me3)
histone modifications. This combination keeps developmen-
tal genes in a ’poised’ state, meaning they are either barely
expressed or silent in undifferentiated stem cells to maintain
pluripotency, but are ready to be activated or silenced dur-
ing differentiation41,42. This process includes moving nucle-
osomes, swapping histone variants such as H2A.Z or H3.3,
and selective targeting. Together, these steps create“bivalent
specificity,” which provides the precise epigenetic control
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needed for early embryogenesis, as shown in mouse peri-
implantation stages43.

Another example is shown bystatistical evidence of cloned
pregnancies in cattle encountering up to 50% of embryonic
loss due to placental abnormalities or improper fetomaternal
interactions44.

Some studies suggest that sometimes transcriptional pro-
cesses avert the detrimental effects of nascent transcripts,
which have potential in rehybridizing with the template DNA
thatmay result in DNA strand rearrangements. In order to
maintain general genetic stability, organisms seek to avoid the
harmful interaction of nascent RNA with DNA during tran-
scription. Transcription-induced instability might lead to dis-
ease. RNAP II transcripts collaborate with RNA in the nu-
cleus, including capping, splicing, and polyadenylation, prior
to maturing into messenger RNA (mRNA) ready for cytoplas-
mic translation. The coupling of transcription and RNA pro-
cessing ensures the efficiency and accuracy of gene expres-
sion45.

To conclude, experts believe that SCNT remains an inef-
ficient process. The average efficiency to produce a viable
offspring is between 5% and 10% due to the range of abnor-
malities that this article covered46.

Conclusion

This article explores cloning of the embryo via SCNT, along
with a range of molecular mechanisms involved in replica-
tion and segregation such as the replication fork, DNA poly-
merase proofreading, that involve helicase SSB, polymerase,
and topoisomerase enzymes. The narrative research explored
the SCNT process in detail. This focused analysis under-
scores various abnormalities in the replication mechanisms.
Those mechanisms include replication fork stalling, persis-
tent catenanes, and incomplete decatenation. In these in-
stances inaccuracies occur in following chromosome segre-
gation mechanisms like kinetochore-microtubule attachment
failure, segregation or replication defect, polymerase proof-
reading, anaphase bridges, micronuclei formation, lagging
chromosomes and unequal chromosome distribution, incom-
plete epigenetic reprogramming, and SAC failure. These
defects collectively generate gene mutations and aneuploidy
which contributes to an impaired offspring, resulting in cur-
rent low clone viability rates with SCNT.

It points out that identical genomes are produced by DNA
replication, followed by chromosome segregation, where they
are split into daughter cells. This information about various
findings on the topic will also be useful for other researchers
or students researching reproductive cloning and errors that
affect the development of embryos. It is necessary to acknowl-
edge that the current body of knowledge on cloning remains
limited. Technical risks and safety constraints have prevented

the full exploration of cloning’s potential. However, there is
ongoing further research on how reproductive cloning can be
applied safely and efficiently. Possible future directions in-
clude: high-fidelity reprogramming, which is accurate epige-
netic reprogramming of the somatic donor nucleus to a totipo-
tent embryonic state47; Live-Cell Imaging of spindle and kine-
tochore dynamics in SCNT to reveal real-time chromosome
segregation errors48;

Single-cell multi-omics analyses in SCNT profile the
genome, epigenome, transcriptome, and replication timing
from individual cloned embryo cells. This approach maps
catenation-induced transcriptional chaos in the arrested blas-
tomeres49.

There is a growing possibility of turning the skill of pro-
ducing direct copies of an embryo into a mastery that is glob-
ally practiced if more techniques to control abnormalities are
invented. This would to help individuals, ultimately striv-
ing for a biotechnology revolution. Solving these replication-
segregation bottlenecks could make SCNT clinically viable
and move it from an experimental stage to a practical biotech-
nology.
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