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Daniel Lipiński et al.
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Preface to ”Molecular Mechanism and Application of
Somatic Cell Cloning in Mammals”

The paramount goal of the current book (in the form of a scientific monograph) is to

comprehensively provide the state of the art and research highlights of the molecular factors and their

biological networks determining the effectiveness of SCNT-mediated cloning from the perspective of

mechanistic insights into genomic, epigenomic, transcriptomic and proteomic landscapes specific for

nuclear donor cells, nuclear recipient oocytes and nuclear-transferred embryos. Widely unravelling

the multi-faceted mechanisms underlying inter-genomic, inter-epigenomic, inter-transcriptomic and

inter-proteomic crosstalk between the above-indicated factors might be a pivotal stimulus triggering

the augmentation of in vitro and in vivo molecular capabilities of donor cell nuclei to be epigenetically

reprogrammed in SCNT-derived oocytes, embryos, fetuses and offspring. In turn, this would enable

scientists to increase the applicability of SCNT-based assisted reproductive technologies (ARTs) to a

broad spectrum of research areas and interdisciplinary fields such as: (1) experimental and applied

embryology; (2) biotechnology; (3) transgenics; (4) biomedicine; (5) biopharmacy; and (6) practical

activities designed to develop and optimize the ex vivo and in vivo models focused on recognizing

the etiopathogenesis, phenotypic and genotypic backgrounds of human and other mammalian

hereditary or acquired diseases.

Marcin Samiec and Maria Skrzyszowska

Editors
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Thus far, nearly 25 mammalian species have been cloned by intra- or interspecies
somatic cell nuclear transfer (SCNT). Among them, non-transgenic and transgenic repre-
sentatives of such domesticated and wild-living animals that have been propagated and/or
multiplied by intraspecific or interspecific SCNT-based cloning are:

• Pigs (Sus scrofa domesticus) [1,2];
• Sheep (Ovis aries) [3,4];
• Goats (Capra aegagrus hircus) [5,6];
• Cattle (Bos taurus taurus) [7–9];
• Horses (Equus ferus caballus) [10];
• Mules (equine hybrids: Equus asinus × Equus ferus caballus) [11];
• Dromedary camels (Camelus dromedarius) [12];
• Bactrian camels (Camelus bactrianus ferus) [13];
• Water buffalos (Bubalus bubalis) [14];
• Rabbits (Oryctolagus cuniculus) [15];
• Domestic cats (Felis silvestris catus) [16];
• Domestic dogs (Canis lupus familiaris) [17];
• Mice (Mus musculus musculus) [18];
• Rats (Rattus norvegicus domestica) [19];
• Ferrets (Mustela putorius furo) [20];
• Mouflon (Ovis aries/ammon musimon) [21];
• Gaur (Bos gaurus) [22];
• Red deer (Cervus elaphus) [23];
• Pyrenean ibex (bucardo; Capra pyrenaica pyrenaica) [24];
• African wild cat (Felis silvestris lybica) [25];
• Sand cat (Felis margarita margarita) [26];
• Gray wolf (Canis lupus lupus) [27];
• Coyote (Canis latrans) [28];
• Cynomolgus monkey/macaque (Macaca fascicularis) [29].

Despite the above-indicated abundant variety of SCNT-derived mammalian species,
the effectiveness of SCNT-based cloning remains immensely or considerably low and
oscillates between 0.1% and 5%, while estimating the outcomes of offspring born in relation
to the total numbers of nuclear-transferred oocytes [30,31]. For this reason, at the present
stage of investigations, extensive efforts are being undertaken to achieve considerable
scientific breakthroughs, which would enable researchers to not only tremendously increase
the ex vivo and in vivo developmental competences, but also to remarkably ameliorate the
parameters related to the cytological, molecular and epigenetic qualities of SCNT-generated
mammalian embryos. Only such a crucial turning point or a substantial research game
changer would open up new possibilities for both improving the overall efficiency of SCNT-
based cloning and, as a consequence, play an increasingly important role as an assisted
reproductive technology (ART) which is characterized by a broad spectrum of applicability
in embryology, biotechnology, transgenics and biomedicine [32,33].
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It is beyond any doubt that the relatively or extremely low efficiency of mammalian
SCNT-mediated cloning, including both its intra- and interspecies model, can only be
improved by comprehensively recognizing molecular and epigenetic determinants and
mechanisms affecting the developmental competences of SCNT-derived embryos [34].
A wide range of biological and molecular factors predestine and predominantly bias the
biotechnological suitability of nuclear donor cells and nuclear recipient oocytes for SCNT-
mediated ARTs. The extent of this suitability is measured and directly depends on the devel-
opmental capacity and quality parameters pinpointed for nuclear-transferred oocytes and
corresponding somatic-cell-cloned embryos in different mammalian species [35]. The main
impact on the development of cloned embryos is exerted by the type and provenance of
nuclear donor cells [36–38]. In this context, an important role is played by the strategies
used to artificially synchronize the mitotic cycle of nuclear donor cells expanded ex vivo
at the G0/G1 stages [39,40]. Notably, the developmental outcomes of somatic-cell-cloned
embryos are largely determined by the molecular quality parameters reflected in the inci-
dence of apoptotic cell death and oxidative stress processes in the nuclear donor cells and
SCNT-derived embryos cultured in vitro [40–43]. Additionally, it is worth highlighting that
the developmental capability of cloned embryos is remarkably biased by the molecular
quality of metaphase-II stage nuclear recipient oocytes, which largely depends on coordi-
nation between the processes of meiotic, cytoplasmic and epigenomic maturation [44–46].
Not without significance is the tremendous influence of the approaches applied to artifi-
cially activate the embryo-specific developmental program of SCNT-derived oocytes on the
efficacy of propagating cloned embryos and their molecular quality [47–49]. Furthermore,
the effectiveness of generating somatic-cell-cloned embryos results from the capabilities
of donor cell nuclei to epigenetically reprogram their transcriptomic signatures in the
cytoplasm of SCNT-derived oocytes and the blastomeres of corresponding cloned em-
bryos [50,51]. In turn, the epigenomic reprogrammability of transcriptional activity within
donor cell nuclei has been proven to be strongly affected by the molecular network of inter-
relations between nuclear and mitochondrial genomes that has been established during
the early embryonic development of activated SCNT-derived oocytes [52–54]. Finally, as a
consequence of applying a wide variety of methods focused on modulating/transforming
the transcriptional activities of donor cell nuclear genomes by extrinsic epigenetic modifiers
such as non-selective inhibitors of histone deacetylases (HDACi) and/or non-selective
inhibitors of DNA methyltransferases (DNMTi), the enhanced capabilities of donor cell
nuclei to correctly and faithfully reprogram their transcriptomic profiles in SCNT-derived
embryos have been shown [31,55,56].

In summary, this Special Issue will publish research articles and comprehensive
review papers aimed at highlighting the state of the art and mechanistic insights into
precisely identifying and unravelling a wide array of genomic, epigenomic, transcriptomic
and proteomic factors which cumulatively determine the molecular parameters which
are of paramount importance for the quality of nuclear donor cells, nuclear recipient
oocytes and SCNT-derived embryos. Thoroughly deciphering the multifaceted nature
of all the aforementioned factors and insightful interpretation of the biological crosstalk
between them can finally bias the augmentation of the overall efficiency of SCNT-based
cloning. This is a preponderant condition indispensable for the practical implementation
of SCNT-mediated ARTs to various research fields and interdisciplinary studies at the
interface of experimental and applied embryology, biotechnology, transgenics, biomedicine,
biopharmacology, the creation of animal models for etiopathogenesis and physiopathology
of human diseases and the genetic rescue and/or resurrection of endangered/extinct
mammalian species.

Funding: The present study was financially supported by research grant No. 04-19-11-21 from the Na-
tional Research Institute of Animal Production in Balice near Kraków, Poland, to M.S. (Marcin Samiec).
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Abstract: The effectiveness of somatic cell nuclear transfer (SCNT) in mammals seems to be still char-
acterized by the disappointingly low rates of cloned embryos, fetuses, and progeny generated. These
rates are measured in relation to the numbers of nuclear-transferred oocytes and can vary depending
on the technique applied to the reconstruction of enucleated oocytes. The SCNT efficiency is also
largely affected by the capability of donor nuclei to be epigenetically reprogrammed in a cytoplasm of
reconstructed oocytes. The epigenetic reprogrammability of donor nuclei in SCNT-derived embryos
appears to be biased, to a great extent, by the extranuclear (cytoplasmic) inheritance of mitochondrial
DNA (mtDNA) fractions originating from donor cells. A high frequency of mtDNA heteroplasmy
occurrence can lead to disturbances in the intergenomic crosstalk between mitochondrial and nuclear
compartments during the early embryogenesis of SCNT-derived embryos. These disturbances can
give rise to incorrect and incomplete epigenetic reprogramming of donor nuclei in mammalian cloned
embryos. The dwindling reprogrammability of donor nuclei in the blastomeres of SCNT-derived
embryos can also be impacted by impaired epigenetic rearrangements within terminal ends of donor
cell-descended chromosomes (i.e., telomeres). Therefore, dysfunctions in epigenetic reprogramming
of donor nuclei can contribute to the enhanced attrition of telomeres. This accelerates the processes of
epigenomic aging and replicative senescence in the cells forming various tissues and organs of cloned
fetuses and progeny. For all the above-mentioned reasons, the current paper aims to overview the
state of the art in not only molecular mechanisms underlying intergenomic communication between
nuclear and mtDNA molecules in cloned embryos but also intrinsic determinants affecting unfaithful
epigenetic reprogrammability of telomeres. The latter is related to their abrasion within somatic
cell-inherited chromosomes.

Keywords: cloned mammalian embryo; SCNT-derived progeny; mtDNA; nuclear–mitochondrial
interaction; epigenetic reprogrammability; telomere shortening/attrition

1. Biotechnological Possibilities of Applying the Techniques of Somatic Cell Nuclear
Transfer (SCNT) to Produce Cloned Mammalian Species

The somatic cell cloning technique is a method of embryonic genome engineering.
Unlike animal transgenesis, it involves micromanipulation not of individual nuclear DNA
genes but of the whole nuclear and/or mitochondrial genome of both interphase nuclear
donor somatic cells and female germ cells (in vitro- or in vivo-matured oocytes arrested
at metaphase II), which are used as recipients of exogenous genetic material. Of all mam-
malian cloning techniques, somatic cell cloning can result in producing the largest numbers
of genetically identical individuals that are designated as clones. In the somatic cell cloning
of mammals, nuclear donor cells are available in practically unlimited quantities. Tissue
samples obtained by biopsy from adult animals or fetuses are composed of hundreds of
thousands cells, which can be further multiplied/expanded in vitro. Furthermore, when
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cloning certain adult animals, tissue may be biopsied repeatedly to produce identical clones
every time [1–7].

Animal cloning by somatic cell nuclear transfer (SCNT), which avoids the sexual
reproduction pathway, offers the opportunity to obtain monogenetic offspring derived
not only from adult animals of high genetic merit but also from genetically transformed
(transgenic) specimens. Over the last 24 years, intra- and interspecies cloning via SCNT
resulted in a fairly large number of transgenic and non-transgenic offspring, not only in
various species or infertile interspecific hybrids (bastards) of domesticated animals, such as

(1) cattle [8–14];
(2) goats [6,15–20];
(3) sheep [21–26];
(4) pigs [27–41];
(5) equids—domestic horses [42–46] and mules [47];
(6) water buffaloes—Chinese swamp buffaloes [48,49] and Indian river/riverine buf-

faloes [50–53];
(7) one-humped or dromedary camels [7,54–56];
(8) two-humped or Bactrian camels [57];
(9) domestic cats [58–63];
(10) domestic dogs [64–71];
(11) polecat-ferrets [72];
(12) rabbits [73–78];
(13) mice [79–84];
(14) rats [85]; but also in several species of endangered or non-endangered wild mammals,

such as
(15) gaur [86,87];
(16) mouflon [88];
(17) European red deer [89];
(18) African wild cat [90];
(19) Arabian sand cat [91];
(20) Eurasian gray wolf [92,93];
(21) coyote or prairie wolf [94];
(22) cynomolgus monkey, also known as Java macaque, crab-eating macaque, or long-

tailed macaque—a catarrhine monkey from the family Cercopithecidae [95]; and even
in the extinct subspecies of the Spanish/Iberian ibex:

(23) Pyrenean ibex, a wild goat known as bucardo [96].

Explanation of the mechanisms underlying intergenomic communication between nu-
clear and mitochondrial DNA molecules in cloned embryos and recognition/identification
of the determinants affecting aberrant epigenetic reprogrammability of chromosomal
telomeres will be suitable and reliable for resolving or reducing the imperfections in the
generation of cloned embryos, conceptuses, and offspring by using SCNT technology.
Moreover, the development of efficient strategies applied to the cryopreservation of nu-
clear donor somatic cells, nuclear-transferred oocytes reconstructed with somatic cells,
and somatic cell-cloned embryos seems to be an inevitable progressive step contributing
to the expedition of future large-scale attempts aimed to more successfully produce and
multiply mammalian cloned offspring. The latter seems to be a sine qua non condition
that allows one to more efficiently use SCNT-based assisted reproductive technology not
only for transgenic, biotechnological, biomedical, and biopharmaceutical research but
also for the ex situ conservation of biodiversity in both anthropogenic (agricultural) and
non-anthropogenic (wild) ecosystems.
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2. Dependence of Epigenetic Mechanisms Underlying Somatic Cell Nuclear
Reprogramming and Intergenomic Communication between Nuclear and
Mitochondrial DNA Fractions in Cloned Embryos on Various Approaches to
Reconstruction of Enucleated Oocytes

In the reconstruction of enucleated oocytes (cytoplasts/ooplasts) by SCNT, the original ge-
netic material is replaced with the somatic cell-inherited nuclear genome. Different approaches
to SCNT are used to generate nuclear-transferred oocytes, i.e., oocytes reconstructed with
somatic cell nuclei and the resultant cloned embryos (Table 1). The most common procedure is
a relatively low-invasive method of SCNT based on the fusion of cytoplast–nuclear donor cell
couplets that is induced by electric pulses [34,97–101] (Table 1). An alternative reconstruction
method is a much more invasive microsurgical procedure, in which whole nuclear donor
cells [102,103] or somatic-cell-derived karyoplasts [29,44,82,104,105] are microinjected directly
into the cytoplasm of enucleated oocytes (Table 1). The karyoplast is a live membrane-bound
structure formed as a result of mechanically induced lysis of the whole somatic cell. It contains
the interphase cell nucleus or metaphase chromosomes that are surrounded only by a thin layer
of the perinuclear cytoplasm (the so-called perikaryon) [27,105–108].

Whatever the method used, the reconstruction of ooplasts results in the combination
and mingling (hybridization) of cytoplasmic environments of the ooplast and intact somatic
cell or karyoplast isolated from the whole nuclear donor cell. As a result, a nuclear–
cytoplasmic/nuclear–ooplasmic hybrid (i.e., cloned cybrid) is formed. This hybrid cell,
formed by the hybridization of cytoplasmic microenvironments of the cells derived from
two different developmental lines: gametogenic (germinal) and somatogenic (somatic), is
referred to as a reconstructed or reconstituted oocyte or cybrid cloned zygote. As the mitotic
cycle of nuclear donor somatic cells (artificially arrested at the G0 phase) is characterized
by “latent” transcriptional activity, inhibited proliferative growth, and a slower metabolism
of all organelles, the meiotic cycle of nuclear recipient oocytes also undergoes transient and
reversible arresting at the metaphase II (MII) stage. At this stage of meiosis, the processes
of advanced transcriptional suppression of genomic DNA take place as a result of attaining
nuclear and ooplasmic maturity states. Proper coordination of the cytophysiological state
of somatic cells or the karyoplasts isolated from them, and of the cytophysiological state
of ooplasts during the reconstruction of cloned cybrids, results from the hybridization of
the cytoplasmic environments of nuclear donor cells at the G0 phase of mitosis and of
enucleated nuclear recipient oocytes at the MII stage of meiosis [27,98,101,109,110].

Techniques of enucleated oocyte reconstruction may largely affect molecular mecha-
nisms of nuclear chromatin rearrangement, which include both its structural remodeling
and epigenetic reprogramming of genomic DNA [99,102,104,107,111–113]. Hybridizing
the cytoplasmic environment of two cells at different stages of the division cycle interferes
with the cell cycle controlling mechanisms and carries the risk of abnormalities further
into the development of the cybrid cloned zygote. However, not only does the proper
selection of the cytophysiological states of somatic cells/karyoplasts and ooplasts during
the reconstruction of cloned cybrids reduce genomic instability, rendering the genome
less vulnerable to mutations, but it also reduces the degree of asynchrony in nuclear–
cytoplasmic interactions and decreases the frequency of abnormal epigenome-dependent
rearrangements of exogenous nuclear chromatin [114–120].
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In contrast to electrofusion, intraooplasmic microinjection of karyoplasts allows for the
selective removal of a large part of the cytoplasm of nuclear donor cells, thus enabling rela-
tive thinning of the remnants of the somatic cell cytoplasm in a cytosolic microenvironment
of the ooplast and early zygote. The direct consequence of this is that the adverse effect
of cytoplasmic components of the somatic cell on remodeling and reprogramming of the
transferred somatic cell nucleus, and thereby on the development of the reconstituted em-
bryo, is avoided. Where nuclei of relatively small-diameter somatic cells are transplanted
(e.g., cumulus oophorus cells, mural granulosa cells, and serum-starved fibroblast cells),
the method of choice is the intraooplasmic microinjection of karyoplasts or whole nuclear
donor cells [80,98,102–104,112,121,122]. Taking into account the above-mentioned finding,
the in vitro developmental potential of cloned pig embryos that had been reconstructed by
direct intraooplasmic microinjection of somatic cell-descended karyoplasts or whole tiny
somatic cells was shown to be relatively higher in relation to cloned embryos produced by
the electrofusion of somatic cell–ooplast couplets [29,102,107]. The small diameter of the
above types of somatic cells is the reason for a considerably reduced contact surface area
with the plasmalemma of enucleated oocytes (oolemma), which reduces the percentage
of fused ooplast–nuclear donor cell complexes. In turn, the direct microinjection of kary-
oplasts or whole small-diameter somatic cells into the cytoplasm of enucleated oocytes
avoids technical problems (resulting from inadequate adhesion of plasma membranes),
which have the greatest limiting effect on the efficiency of electrofusion of nuclear donor
cells with cytoplasts [102–104,122].

The direct microinjection of somatic cell nuclei into the cytoplasm of enucleated
oocytes has the added advantage of being the “cleanest” of all nuclear transplantation
methods. It requires no physicochemical transducers, which often have adverse effects
by reducing the in vitro developmental potential of mammalian cloned embryos. For
the cell electrofusion technique, all components of the donor cell (both nuclear and cy-
toplasmic components: organelles and cytoskeletal elements) become an integral part of
the oocyte. In contrast, for intraooplasmic microinjection of karyoplasts, plasmalemma
and the vast majority of the cytoplasmic material of the nuclear donor cell is rejected
following cell lysis. Therefore, only trace amounts of residual cytoplasm, in the form
of a narrow rim of membrane-bound protoplasm around the cell nucleus, are intro-
duced as a small karyoplast into the enucleated oocyte. This is of prime importance
in some studies that examine nuclear–cytoplasmic interactions in mammalian cloned
cybrids [29,44,81,82,104,107,111,122].

The basic paradigm underlying the somatic cell cloning of mammals is the scientific
thesis that the donor cell nucleus has to be completely reprogrammed epigenetically by
specific factors of the oocyte’s origin in order to support the development of the cybrid
cloned zygote to term. A considerable portion of the protein nucleoplasmic (karyolym-
phatic) factors and cytosolic factors of the somatic cell, which are engaged directly or
indirectly in the mechanisms underlying epigenetic reprogramming of donor cell genome,
is associated with nuclear chromatin. The qualitative and quantitative composition of
these factors within the somatic cell changes together with progressing cytodifferentiation.
When the whole donor cell is fused with the enucleated oocyte, those specific factors of
somatic cell are also transferred into the cytoplasm of the nuclear recipient oocyte. As
a result of this, they may block the endogenous oocyte factors from supporting proper
remodeling and reprogramming the epigenetic profile, which is characteristic of a foreign
nucleus of a terminally differentiated somatic cell, toward an epigenetic status typical of
the nucleus of totipotent stem cells such as the zygote [28,102,123–127]. Exogenous nucleo-
plasmic and cytoplasmic factors derived from the nuclear donor cell, which are responsible
for modulating the epigenetic status of genomic DNA, are incorporated together with
oocyte mRNA transcripts and proteins, into the remodeled nucleus of the somatic cell (the
so-called pseudo-pronucleus). The pseudo-pronucleus is formed following artificial acti-
vation of the embryonic developmental program of the reconstructed oocyte [1,128–137].
In turn, an overabundance of the somatic cell-derived agents modulating the epigenetic
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profile of the donor nucleus may remarkably reduce the concentration and activity of the
oocyte’s epigenetic factors. Thus, it may diminish the incidence of complete epigenetic
reprogramming of transcriptional activity of the somatic cell nucleus in the developing
cloned embryo [112,132–141].

3. Inheritance of the Mitochondrial Genome and Intergenomic Communication
between Mitochondrial and Nuclear DNA Fractions during the Development of
Cloned Embryos

The increased competence of the oocyte cytoplasm for epigenetic remodeling and
reprogramming the somatic cell-inherited nuclear and mitochondrial genomes in cybrid
cloned zygotes is a sine qua non condition for correctly inducing the developmental
program specific for mammalian SCNT embryos [142–154].

Mitochondria are semiautonomous organelles that contain their own genetic material
in the form of double-stranded (α-helix) circular DNA molecules (mtDNAs) of about
16,300–16,500 base pairs (bp). The mitochondrial DNA encodes 13 proteins, 22 tRNAs, and
2 rRNAs. Up to 95% of proteins, which are the products of the cytoplasmic translation
system encoded by nuclear DNA, are involved in biogenesis and cytophysiological func-
tions of mitochondria [155–157]. The copy number of mitochondrial genome in a typical
mammalian somatic cell is approximately 2–5 × 103, whereas the number of mtDNA
molecules in a meiotically matured (MII-stage) oocyte is about 1.6 × 105 in mice, 2.5 × 105

in cattle, 3–5 × 105 in pigs, and 3–8 × 105 in humans. The number of mitochondria in
the somatic cell averages 1 × 103, and one organelle harbors between 1 and 10 mtDNA
molecules. In turn, a single mitochondrion in the meiotically matured oocyte contains from
one to two copies of the mitochondrial genome, which confirms that the abundance of the
intraooplasmic population of these organelles is generally equivalent to the total pool of
mtDNA molecules of an unfertilized mammalian oocyte [106,139,158,159].

In the procedure of cloning by SCNT, mitochondria of nuclear donor cells are trans-
planted with the nuclear genetic apparatus into the cytoplasm of enucleated recipient
oocytes. Irrespective of the method used for the reconstruction of enucleated oocytes
(Table 1), this step of the SCNT procedure always results in the conjunction and mingling
(hybridization) of cytoplasmic environments of the ooplast and somatic cell or karyoplast.
After its intraooplasmic microinjection, the karyoplast may also be a source of mitochon-
dria (mitochondrial genome) of heteroplasmic origin. Therefore, a reconstructed cloned
embryo, which from a cytological viewpoint is a cytoplasmic hybrid (cybrid), harbors the
mitochondrial genome of both maternal (oocyte’s) and exogenous origin (i.e., introduced
together with the nuclear donor cell) [107,111,160–162]. In cloned embryos, fetuses, and
offspring, mitochondria are primarily inherited with ooplasmic material. In turn, probably
during the first few mitotic cleavage divisions, mitochondria derived from nuclear donor
cells are rapidly eliminated from the cytoplasm of embryonic cells at the anaphase stage.
The removal of somatic cell-inherited mitochondria largely depends on the polyubiqui-
tination of specific protein substrates. For that reason, the presence of the somatogenic
mitochondrial genome in the cells of cloned blastocysts is difficult to detect by genetic
engineering techniques [133,158,163,164]. As a consequence, the uniparental inheritance
of extranuclear genetic information in dividing cybrid cloned zygotes is regulated by the
biodegradation of ubiquitin-labeled mitochondrial proteins (including ribonucleoproteins)
and the nucleolysis of mtDNA molecules that are deprived of histones and non-histone
proteins. The proteolytic degradation of mitochondria of heteroplasmic (allogeneic) origin
is catalyzed by a complex proteasomal system in each blastomere of cloned embryos. This
system is characterized by a Svedberg sedimentation coefficient of 26 and designated as
a 26S proteasome. The mechanism of nucleolytic biodestruction of all the somatic-cell-
derived mtDNA copies is determined by normal function of the intracellular lysosomal
cycle, which is related to the exocytosis of endosomal vesicles. The ultimate outcome of this
reaction is the removal from embryonic cells of the exogenous mtDNA fractions, which had
previously been subjected to internucleosomal fragmentation into short oligonucleotide
segments. The preimplantation-stage selective segregation of the mitochondrial genome
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stemming from nuclear donor cells that is indirectly induced by the anaphase-promoting
complex/cyclosome (APC/C) gradually leads to the establishment of cellular mtDNA
homoplasmy in cloned embryos reconstituted with somatic cell nuclei. It is noteworthy
that APC/C undergoes the heterodimerization with cyclin-dependent kinase cdc20 and
is an integral part of the polysubunit enzymatic complex of ubiquitin ligase. Only occa-
sionally could the lasting hybridization of allogeneic mtDNA copies (the so-called mtDNA
heteroplasmy) be identified in the pre- and postnatal period of ontogenetic development of
mammalian cloned specimens. This phenomenon of intracellular mtDNA heteroplasmy
resulted from synergism/complementarity in the intergenomic communication between
mtDNA molecules inherited with both nuclear donor cell cytoplasm and nuclear recipient
cell ooplasm [155,165–168].

There are several species-specific epigenetic factors present in the oocyte cytoplasm
that may contribute to nuclear–cytoplasmic incompatibilities either immediately after so-
matic cell nuclear transfer or at later stages of cloned embryo development [105,136,169,170].
In turn, this potential lack of coordination in the interactions of nuclear and cytosolic factors
of cybrid cloned zygotes is probably one of the reasons for the limited practical application
of the somatic cell cloning technique. It has been demonstrated that maternally inherited
mtDNA molecules accumulated in the mitochondrial reservoirs of the oocyte cytosol play
an important role in nuclear–ooplasmic asynchrony. This asynchrony involves incom-
patibilities in both the epigenetic modifications of the somatic genome supporting the
developmental program of reconstituted cybrids and a lack of synergy in the molecular
mechanisms controlling the karyokinesis and cytokinesis restriction points. These restric-
tion points related to the anaphase segregation of somatic cell-derived chromosomes and
asymmetrical telophase division of the cloned cybrid (nuclear–ooplasmic hybrid) that en-
compasses the expulsion of the pseudo-polar body into perivitelline space are collectively
responsible for coordinated pseudomeiotic to mitotic cycle transition following activation
of the reconstituted oocyte [134,156].

Moreover, the presence of an oocyte-derived mitochondrial genetic apparatus has
been shown to influence the implantation of cloned embryos in the endometrium of a
recipient female’s uteri. For that reason, the deleterious effect, on the preimplantation
development of cloned embryos, of heterogeneous mtDNA sources as a result of possible
mitochondrial heteroplasmy in the reconstructed nuclear–cytoplasmic hybrids should
not be discounted [139,160,161,169]. That is why the production of nuclear-transferred
embryos, fetuses, and offspring with a precisely defined profile of nucleotide sequences
in regulatory or coding segments of the nuclear and/or mitochondrial genome seems to
be valuable tool. This tool can be suitable for experimentally dissecting the effects of not
only nuclear and cytoplasmic genetic/epigenetic components but also the intrauterine
environment of recipient females on embryonic, fetal, and postnatal development of cloned
specimens [2,155,158,171].

Therefore, in the hybrid cytoplasmic environment of cloned zygotes, genetically differ-
ent fractions of mitochondrial DNA of maternal (oocyte’s) origin were found to coexist with
those derived from the cytoplasm of allogeneic somatic cells. Although this extranuclear
(mitochondrial) genetic apparatus of cloned nuclear–ooplasmic hybrids contains small
(approximately 0.01%) amounts of a cell’s genetic information, this mtDNA-dependent
genetic information is completely different from information recorded in the nucleotide se-
quences of nuclear DNA. The latter provides approximately 99.99% of the cellular genome.
In this respect, nuclear transplantation of allogeneic somatic cells into enucleated recipient
oocytes (where nuclear donor cells and oocytes are derived from genetically different ani-
mals of the same species) gives rise to generating nuclear–cytoplasmic hybrids, which are
characterized by heterogeneous mtDNA copies. In view of the fact that such heteroplasmic
cloned cybrids develop into embryos with cellular mtDNA heteroplasmy, this may lead to
apparent genotypic and phenotypic identity/compatibility of the cloned offspring (only
in terms of traits determined by nuclear genome-dependent inheritance). Such cloned
offspring exhibits a degree of variation/incompatibility with regard to phenotypic traits
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determined by cytoplasmic (extranuclear) inheritance. The latter is dependent on the
mitochondrial genotype known as the mitotype [105,157,159,160,167].

Different possible patterns/scenarios of extranuclear (cytoplasmic) inheritance of mtDNA
fractions have been presented (see Figure 1 (for intraspecies cloning by SCNT) [2,158,165,172],
Figure 2 (for interspecies SCNT using nuclear donor cells and recipient oocytes derived from
closely related mammalian species) [163,170,171,173,174], and Figure 3 (for interspecies SCNT
using nuclear donor cells and recipient oocytes derived from phylogenetically distant mam-
malian species) [162,164,175,176]).

The “ideal” clone can be generated only in a situation where the nuclei of its own
(autogeneic) somatic cells are transferred into enucleated recipient oocytes. Put another
way, such a cloned specimen can be produced when nuclear donor cells and oocytes
originate from genetically identical individuals of a mammalian species, i.e., from mono-
sexual (female) individuals. It is necessary to stress that completely homoplasmic cybrid
cloned zygotes can only be created from the oocytes reconstructed in such a manner.
The latter are characterized by homogeneous fractions of mtDNA molecules. The artifi-
cial activation of such nuclear–cytoplasmic hybrids results in the development of cloned
embryos displaying cellular mtDNA homoplasmy. This naturally results in complete
genotypic and phenotypic identity/compatibility of somatic cell-cloned fetuses and the
resultant offspring. Taking into consideration the previously mentioned findings, only in
the case of mammalian cloned females does the mitotype exhibit a homogeneous pattern
of coding and regulatory sequences in all mtDNA copies of the somatic and germ cell
lines. This condition can only be met assuming that during ontogenesis, the mitochondrial
genome will not undergo spontaneous point mutations or those induced by reactive oxygen
species [2,42,106,133,166,168,172,177].

Among the reasons for genetic diversification between the cloned specimens gen-
erated (somatic clones) and individuals subjected to somatic cell cloning (i.e., donors of
somatic cells for SCNT procedure), mention should be made of the effect of mitochondrial
(extranuclear/extrachromosomal) inheritance and the impact of intrauterine environment
of recipient females receiving cloned embryos. Extranuclear inheritance of genetic material
results from the microsurgical, random introduction of foreign mtDNA copies with the
nuclear donor cell cytoplasm into the cytoplasmic environment of recipient oocyte. The
mismatch of the mitochondrial genome molecules of maternal (oocyte’s) origin and of
somatogenic (nuclear donor cell) origin, i.e., mtDNA heteroplasmy, leads to inter-specimen
diversification within the mitotype. This results in intra-population and inter-population ge-
netic and phenotypic variability dependent on the mitochondrial genome [134,155–157,161].
The phenotypic differences between somatic clones and specimens undergoing SCNT are
also contributed by different morphological, anatomotopographical, histological, physio-
logical, endocrinological, embryotrophic, and immunological considerations associated
with the reproductive system of recipient surrogates. Moreover, transplacental leakage of
leukocyte and erythroblast mitochondria from the blood stream of recipient surrogates to
the blood stream of cloned fetuses is often observed. This type of leukocyte–erythroblast
chimerism results both from mtDNA heteroplasmy in peripheral blood cells and from ge-
netic mosaicism within subpopulations of nucleated hematopoietic cells (i.e., hematopoietic
karyocytes). Such chimerism may also have a certain effect on differences in the mitotype
of cloned progeny [139,160,165,169].
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4. Epigenetic Reprogramming of Telomeres in Chromosomes Inherited from Somatic
Cell Nuclei throughout Development of Cloned Embryos, Fetuses, and Progeny

One of the essential prerequisites for epigenetic reprogramming of the cellular mem-
ory dependent on somatic cell-derived nuclear genome (nuclear DNA; nDNA) in the
ontogenesis of mammals produced by SCNT is the structural–functional rearrangement
of nuclear chromatin. The latter is associated with conformational changes in the length
of terminal ends of chromosomes known as telomeres [178–182]. In turn, epigenomic
biochemical alterations within telomeric chromatin are related to the biocatalytic activ-
ity of the telomerase enzyme [3,183–185]. One unresolved problem is the “epigenetic
age” of cloned animals, which seems to be correlated to the length of terminal DNA
fragments, i.e., the telomeres [186–189]. The telomeres are deoxyribonucleoprotein struc-
tures involved in the stabilization of the structure and conformation of nuclear chromatin
during the division period of the mitotic cell cycle. This is necessary for the replication of
mutation-free genomic DNA and karyokinetic segregation of chromosomes [190–192]. The
replication of linear DNA in eukaryotic nuclear chromatin encounters the problem that
the 5′-end of the lagging strand cannot replicate, as there is no space for the replication
initiating RNA primer. An RNA primer is synthesized on the lagging strand template by
primase or RNA polymerase, whose role is played by DNA polymerase α. This creates
the risk that somatic cell chromosomes will shorten with every replication round, thus
losing genetic information. In mammalian somatic cells, the classical α isoform of DNA
polymerase is not capable of semiconservative replication of the 5′-end synthesized in
fragments of the DNA chain, whose replication is delayed in relation to the 3′-end of
the continuously copied leading strand [182,193]. As a result, in each cell division cy-
cle, unreplicated telomere DNA sequences are gradually lost. For this reason, telomere
length is a specific “physiological mitotic clock” of the cell. The shortening of chromosome
telomeric regions is positively correlated with the number of cell divisions. Therefore,
when the telomere length reaches a critical restriction/control point in a karyokinetically
active somatic cell, this is signalized by the loss of nuclear chromatin stability, which is
epigenetically programmed in the spatial structure/configuration and telomere functions.
This is also signalized by triggering replicative senescence in the cell [187,194–196]. The
characteristics of cells that undergo progressive replicative senescence include a consid-
erable increase in diameter and a flattened shape caused by a drastic increase in cytosol
volume. All of the above-mentioned epigenetic, genetic, physiological, morphological, and
ultrastructural transformations, which occur in aging cells, lead in the first place to a rapid
slowdown of both intracellular anabolic processes and the kinetics of mitotic divisions. At
a later stage, these transformations bring about the irreversible inhibition of metabolic and
proliferative activity. As a consequence of single doubling in the population of mammalian
adult dermal fibroblasts cultured in vitro, telomere length decreases by about 48 DNA
nucleotide pairs [180,183,188,197,198].

Telomerase is a ribonucleoprotein enzyme complex that displays the total activities of
RNA reverse transcriptase and DNA integrase only in germ and embryonic cells, while its
partial activity is observed in fetal somatic cells undergoing tissue-specific cytodifferenti-
ation. However, the biocatalytic activity of this enzyme completely ceases in terminally
differentiated somatic cells of adult specimens [184,185,193,199]. The function of telom-
erase is to restore the primary length of DNA telomeres by reverse transcription of its
own RNA template. This gives rise to the de novo synthesis (reduplication) of tandem
repeats within noncoding telomere DNA sequences (5′-TTAGGG-3′) that were lost as a
result of terminating either consecutive mitotic and meiotic divisions of gametogenic (ger-
minal) cells or mitotic cycles of blastomeres, leading to consecutive cleavage divisions of
embryos. In the last phase of semiconservative DNA replication, the 3′-end of the leading
strand extends beyond the 5′-end of the lagging strand. Telomerase contains an RNA
molecule that is partially complementary to the tandem repeat of the short 5′-TTAGGG-3′

sequence at the 3′-end of the leading DNA strand, thus elongating the leading strand
of telomeric DNA region using RNA as the template. Next, the enzyme detaches and
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binds to a new telomeric end to extend the leading DNA strand. The extension process
may occur hundreds of times before telomerase finally dissociates. Then, the extended,
replicated leading strand serves as a template for replication of the 5′-end of the lagging
strand that is catalyzed by DNA polymerase α. These two processes, where the 5′-ends of
DNA are shortened during basic semiconservative replication and subsequently elongated
due to telomerase activity, are mutually balanced, whereby the total chromosomal length
remains more or less the same [180,192,199,200]. In contrast, a lack of telomerase activity
and, as a consequence, a lack of elongating the temporally and spatially restricted length
of nuclear DNA telomeric sequences are epigenomically determined factors specific for
adult somatic cells that provide a source of nuclear donors for the SCNT procedure. These
factors limit the survival rate, proliferative activity, and the number of division cycles of a
cell before the cell reaches the critical point of the maximum telomere shortening. The latter
is simultaneously the mitotic control point that signals the initiation and irreversibility of
the replicative senescence of terminally differentiated somatic cells [188,190,195,201].

The problem of telomere shortening/attrition and replicative senescence of somatic cells
was observed in chromosomes of Dolly the sheep, the first cloned mammal [114,178,189,196].
The telomeres in the chromosomes of Dolly the cloned ewe (at the age of 3 years) were much
shorter than the telomeres in the chromosomes of control animals, which were of the same
age and were born through natural reproduction. Moreover, the telomere length in Dolly’s
chromosomes was similar to that in the chromosomes of a 6-year-old sheep, which was used as
a donor of somatic cells for the cloning procedure. At the time of molecular analysis of telomeres,
Dolly was 3 years old, and her epigenetic age corresponded to the actual age of a 9-year-old
sheep. Put differently, Dolly’s somatic cells were epigenetically older by 6 years than herself.
Born on 5 July 1996, Dolly the sheep lived above 6.5 years and was euthanized on 14 February
2003 after being diagnosed with a malignant lung cancer known as Jaagsiekte (ovine pulmonary
adenocarcinoma). The etiologic agent of this chronic, contagious, and fatal lung cancer in sheep
is Jaagsiekte sheep retrovirus (JSRV), which is responsible for the oncogenic transformation of
bronchial exocrine epithelial cells, i.e., type II pneumocytes and bronchiolar club (Clara) cells. By
2000, Dolly produced a total of 6 lambs (including twins and triplets). Therefore, the cloned ewe
was reproductively sound and displayed high fertility and prolificacy, which means that her
reproductive capacity upon reaching sexual and breeding maturity was not impaired. However,
in 2001, the hind legs of 5-year-old Dolly exhibited the first symptoms of an autoimmune chronic
degenerative joint disease (osteoarthritis), namely rheumatoid arthritis. It should be noted that
this disease is relatively frequent in different breeds of sheep, but generally, it does not affect
animals younger than 10 years of age. Two questions arise: Could Dolly live 6–9 years less
than the expected lifespan of 12–15 years (which is the average lifespan of Finn Dorset sheep,
represented by the somatic cell donor ewe in the SCNT procedure)? As a result of somatic
cell cloning, did she exhibit rapidly progressing symptoms of premature (anatomical and
physiological) aging of the entire body or of some of its parts, tissues, and organs? The results of
experiments performed to determine the telomeric age of Dolly the sheep suggest that animals
cloned by transferring adult somatic cell nucleus into the enucleated oocyte are epigenetically
compromised. For this reason, they have a genetic age of a specimen playing the role of somatic
cell donor for SCNT. This means that at birth, they are epigenetically and genetically much
older than their real-time birth date [178,184,189,196]. However, the evidence for cloned sheep
was not reflected in the studies focused on the analyses of chromosomes isolated from somatic
cells derived from cloned cattle. A study by Lanza et al. [194] on the chromosomes of cloned
calves produced by using long-term cultured fibroblast cells for SCNT showed that the telomere
length of these young animals is even slightly greater than that of control animals, despite the
fact that the chromosomes of nuclear donor cells were almost completely depleted of telomeres.
These analyses confirmed that the terminal ends of chromosomes are efficiently resynthesized
in blastomeres of bovine cloned embryos, with a contribution from highly active telomerases.
Analogously, Tian et al. [179] demonstrated that telomere length in chromosomes of four live
(about 15.4 kbp) and six dead cloned calves (about 15.9 kbp) that had been generated using
dermal fibroblast cells or cumulus cells derived from a 13-year-old cow not only did not differ
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considerably from the telomere length characteristic of control chromosomes (about 14.7 kbp)
but also significantly exceeded (by about 3–3.5 kbp) the telomere length in chromosomes of the
aging cow (about 12.4 kbp), which served as the donor of somatic cells for SCNT-based cloning.
Finally, Kato et al. [202] provided evidence that in cloned cattle, the telomere length is shortened
only in the tissues matching those from the biopsy specimens of which the primary cell cultures
were established. In turn, the latter provided the somatic cell lines that were nuclear donors
used for SCNT procedures.

Telomere length in chromosomes of the dermal fibroblast cells originating from six
transgenic cloned pigs matched the telomere length of the chromosomes of dermal fi-
broblast cells originating from control animals of the same age and produced by natural
reproduction. In turn, two cloned piglets that died 3 to 7 days after birth displayed the
same length of terminal ends of chromosomes as the telomeres of chromosomes in fetuses
at the third trimester of pregnancy [185]. The terminal restriction fragment (TRF) assay of
genomic DNA isolated from the cells stemming from the biopsy specimens retrieved from
different organs/tissues of cloned fetuses (gonads, heart, liver, lungs, kidneys, and skin)
has confirmed that telomere length in chromosomes remains constant in all the cell lines
arising from cytodifferentiation that takes place throughout fetogenesis. The reason for
this is the high efficiency of restoring the primary length of terminal chromosome ends
via the active telomerase isoform throughout the interphase replication cycle of nuclear
DNA in differentiating somatic cells that occupy new tissue niches and are engaged in
multi-stage histo- and organogenesis processes. During the postnatal period, telomeres
are gradually shortened with each mitotic division of somatic cells, and the reduction
of telomere length is tissue-specific. This reflects inhibition of the biocatalytic activity of
telomerase in differentiated lines of somatic cells derived from skin tissue explants and
various internal organs harvested from gilts and boars both before and after attainment of
sexual maturity [180,181,185,192,198].

5. Comprehensive Summary and Future Goals

Cloning by SCNT is currently used in assisted reproductive technologies (ARTs) of
many mammalian species, including various species of farm animals. The application of
this technology in experimental embryology and in molecular population genetics is of
great importance for livestock breeding.

Somatic cell cloning as a method of asexual reproduction offers the opportunity for pro-
duction and/or multiplication of monogenetic and monosexual progeny of high breeding
worth, whose genotypic and phenotypic identity with progenitor donor of transcriptional
mitochondrial and nuclear apparatus of the somatic cell only concerns genomic DNA.
Animals produced by SCNT differ in phenotypic traits determined by the random segre-
gation of oocyte-derived/maternal and somatic cell-derived/somatogenic mitochondrial
genome (mtDNA) as a result of cytoplasmic (extranuclear) inheritance of genetic mate-
rial [106,133,159,161]. Nevertheless, the particularly high application value of somatic cell
cloning technology is related to the possibility of generating genotypically and phenotypi-
cally identical transgenic animals, i.e., animals with transformed nuclear genomes that are
valuable due to the expression product of modified genes [4,28,38,203]. The yield of recom-
binant transgenic protein synthesis by genetically transformed cloned specimens is, to a
certain extent, dependent on the effect of heteroplasmic sources of mitochondrial genotype
(mitotype) on the transcriptional activity profile of modified nuclear DNA genes. This cor-
relation may be negative with a high coefficient of heritability and regressive repeatability
of a given quantitative and qualitative trait resulting from the transgenization of a breeding
herd [2,133,158]. Therefore, an important problem in the production and multiplication of
transgenic cloned specimens (the so-called clonal founder animals) is to generate offspring
with an identical mitochondrial genome. These offspring carry only homoplasmic copies
of mtDNA derived either from recipient oocytes or from somatic donor cells of genetically
modified nuclei. Not without significance is the effect of inheritance of extranuclear genetic
information that is accumulated in mitochondrial reservoirs of both somatic (somatogenic)
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and germinal (gametogenic) cell lines on the transcriptional activity of quantitative trait
loci (QTLs). The latter encompass loci for such traits of transgenic cloned specimens as
reproductive traits (e.g., fertility and prolificacy), productive traits, including meatiness
(e.g., loin eye area, contents of striated muscle tissue, intramuscular and intermuscular
connective tissue, adipose tissue in different carcass, and half-carcass cuts) and milk yield
traits (e.g., volume of milk synthesis, and milk secretion and ejection per day and per
lactation period) [2,4,106,108,136,157,159,203]. In turn, genetic determinants of prolificacy
or fertility traits from the heteroplasmic or homoplasmic pattern of mitochondrial genome
segregation may influence the processes of intergenerational transmission of the transgene
in germ cell lines of the descendant generations of cloned animals with the transformed
nuclear genotype. On the one hand, a negative or positive genetic correlation between milk
yield or dressing percentage traits (inherited with genomic DNA) and the transcriptional
activity profile of mitochondrial DNA genes may be responsible for different extents or
patterns of tissue-specific or organ-specific expression of xenogeneic (e.g., human) gene
constructs in transgenic cloned animals. The expression extents or patterns of these gene
constructs may be characterized by the inhibition or onset of their transcriptional suppres-
sion. On the other hand, the above-mentioned negative or positive correlation may also
affect the expression profile of xenogeneic gene constructs (transgenes) in different cells,
tissues, and organs of genetically modified cloned specimens. This profile of transcriptional
activity of the transgenes integrated with the nuclear genome may be homogenous or
heterogeneous, resulting in the induction or absence of transgenic mosaicism/chimerism
in cloned animals [4,5,136,158,168,169]. The xenogeneic expressive gene constructs that
have been incorporated into genomic DNA of cells localized in different tissues and organs
of transgenic cloned animals can encode, for example, recombinant human therapeutic
proteins. The synthesis and exo- or endocrine secretion of these proteins can be targeted at
secretory cells of the mammary gland or smooth and striated muscle tissue found in all the
corporeal organs, organ systems, and parts of farm animals [35,139,204–207].

Intergenomic communication between mitochondrial DNA and the transgene stably
integrated with nuclear DNA may also create differences in the efficiency of transgenesis,
which induces targeted mutagenesis, i.e., monoallelic deletion or the insertional inactivation
of the gene coding for myostatin. Myostatin is a muscle-tissue-specific hormonal protein
that paracrinally inhibits the gain (hypetrophy and hyperplasia) of skeletal and smooth
muscles [18,208]. The presence of one or two knockout alleles of the myostatin gene or
the presence of one or two posttranscriptionally silenced mRNA copies encoded by the
myostatin gene in heterozygous or homozygous transgenic cloned beef cattle increases
meatiness in cows and bulls. This results from the hypertrophy and hyperplasia of not
only striated but also smooth muscle tissue [18,204].

The attractiveness of SCNT-based cloning of transgenic mammals, including various
species of domesticated animals, is decided by the applicability of the hormonal or enzy-
matic product of the modified gene expression. This applicability first of all determines
the scale and scope of the research. Although the first cloned mammal was a sheep, re-
search targeted at the somatic cell cloning of other livestock species had a much wider
span. The mammary glands (udders) of transgenic cloned cows [11,12,14,206,209,210],
transgenic cloned sheep [23,24], and transgenic cloned goats [17,19] may become live
bioreactors for producing humanized milk, easy-to-digest milk, or milk containing recom-
binant human therapeutic proteins (biopharmaceuticals or nutraceuticals). The latter may
find clinical application in the treatment of patients afflicted with genetically determined
diseases [12,211–213].

Compared to other ARTs in mammals (including livestock species), the efficiency of
somatic cell cloning in domesticated animals, which is measured by the percentage of off-
spring born in relation to the number of reconstructed oocytes, remains low and oscillates
between 0.3% and 2% on average. Nonetheless, the biotechnological possibilities of the
somatic cell cloning in different mammalian species is far ahead of our understanding
of the biological determinants, in particular the molecular and epigenetic aspects, of this
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method [108,132,192,203]. Yet, the biological foundations that have been laid for embryonic
genome engineering of domesticated animals, especially over the last 24 years, made
feasible the development of an innovative technology of in vitro embryo production using
the somatic cell cloning procedure, which may meet the requirements for application in lab-
oratories or, in some cases, only for limited practical purposes [127,214,215]. The assisted
reproductive technology that encompasses SCNT could be used on a larger practical scale
only after the efficiency of somatic cell cloning in various mammalian species, including
livestock, is increased to match the efficiency of in vitro fertilization (IVF) or artificial
insemination (AI) as part of multiple ovulation and embryo transfer (MOET) programs in
cattle. However, due to the relatively high incidence of lethal or sublethal developmental
anomalies or anatomo-histological defects in cloned fetuses and progeny, it is not possi-
ble to use the somatic cell cloning of farm animals on a commercial scale, at least at the
present level of sophistication of the relevant research performed in Europe and the world.
Furthermore, it is also worth noting that the elaboration and optimization of efficient ap-
proaches applied to cryopreserving nuclear donor somatic cells, nuclear-transferred oocytes
reconstructed with somatic cells, and somatic cell-cloned embryos appear to be important
milestones that can help cryogenically protect these valuable types of biological materials.
This can bring the investigators closer to the perspective of progression in the outcome of
producing mammalian SCNT progeny. In turn, future large-scale attempts undertaken to
more successfully generate mammalian cloned offspring can expedite their practical use
for the purposes of not only agricultural, transgenic, biotechnological, biomedical, and
biopharmaceutical research fields but also ex situ conservation of biological diversity in
different anthropogenic and unspoiled natural ecosystems.

To sum up, it seems that after making the transition from basic to applied research,
the techniques for intra- and interspecies somatic cell cloning of mammals could contribute
to (1) the conservation of genetic resources and the establishment of the genetic reserves of
threatened mammalian species and breeds, (2) the restoration and multiplication of the
subpopulations of endangered or vulnerable wild and domesticated species of mammals
in order to maintain biodiversity and to increase the level of intra-population and inter-
specimen genetic variability, and (3) revival (“resurrection”) and reintroduction into the
wild of extinct, free-living species of mammals. Moreover, the practically applied research
into the cloning of domesticated animals could serve to achieve other tangible benefits,
including (4) the improvement of the breeding (genetic) and productive value of different
farm animal breeds, e.g., increasing their milk and meat yields and reproductive ability
(prolificacy and fertility), and (5) the implementation of basic research into interdisciplinary
sciences aimed at the generation of animal biotechnological (transgenic) products for the
biomedical, biopharmaceutical, nutraceutical, and food technology industries. One classic
example of this is the permanent and highly heritable targeted transgenization of the
mammary glands of domesticated species of small and large ruminants (i.e., sheep, goats,
and cattle, respectively) and their use as animal bioreactors for producing humanized milk
or milk containing recombinant human therapeutic proteins such as biopharmaceuticals
and nutraceuticals.
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Abbreviations

AI Artificial insemination
APC/C Anaphase-promoting complex/cyclosome
ARTs Assisted reproductive technologies
IVF In vitro fertilization
JSRV Jaagsiekte sheep retrovirus
MII Metaphase II
MOET Multiple ovulation and embryo transfer
mtDNA Mitochondrial DNA
nDNA Nuclear DNA
QTLs Quantitative trait loci
SCNT Somatic cell nuclear transfer
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Abstract: The domestic goat (Capra aegagrus hircus), a mammalian species with high genetic merit
for production of milk and meat, can be a tremendously valuable tool for transgenic research. This
research is focused on the production and multiplication of genetically engineered or genome-
edited cloned specimens by applying somatic cell nuclear transfer (SCNT), which is a dynamically
developing assisted reproductive technology (ART). The efficiency of generating the SCNT-derived
embryos, conceptuses, and progeny in goats was found to be determined by a variety of factors
controlling the biological, molecular, and epigenetic events. On the one hand, the pivotal objective
of our paper was to demonstrate the progress and the state-of-the-art achievements related to the
innovative and highly efficient solutions used for the creation of transgenic cloned does and bucks.
On the other hand, this review seeks to highlight not only current goals and obstacles but also
future challenges to be faced by the approaches applied to propagate genetically modified SCNT-
derived goats for the purposes of pharmacology, biomedicine, nutritional biotechnology, the agri-food
industry, and modern livestock breeding.

Keywords: domestic goat; somatic cell cloning; SCNT-derived embryo; genetically engineered
specimen; gene targeting; genome editing; biopharmacy; biomedicine; nutri-biotechnology

1. Introduction

One of the most rapidly developing strategies for reproductive biotechnology in
mammals, including farm livestock species, is cloning by somatic cell nuclear transfer
(SCNT) (Figure 1).

It is beyond any doubt that the attractiveness of cloning techniques results from their
potential to generate and multiply transgenic animals, which are valuable due to the
expression of modified genes (Figure 1). Furthermore, this attractiveness also depends, to
a lesser degree, on the possibility to replicate individuals with excellent, highly heritable
breeding (genetic) and performance traits, which may shorten the generation interval and
increase the rate of breeding progress. However, the aforementioned areas of research
are being explored on a limited scale due to the high costs associated with the cloning
procedure resulting from the low efficiency of the method. It is beyond any doubt that the
widespread use of cloning methods will be possible once efficacy and repeatable results
are guaranteed [1–4].

The main reason for low pre- and postimplantation developmental potential and poor
quality of SCNT-derived embryos is the abnormal adaptation of the transferred somatic
cell nuclei to the biochemical conditions of the oocyte cytoplasmic microenvironment, i.e.,
their incomplete or improper remodeling and reprogramming in the cytoplasm of nuclear-
transferred oocytes. The latter also gives rise to the relatively high incidence of congenital
malformations (anatomo-, histo-, and physiopathological changes) in cloned fetuses and
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offspring. This calls for studies aimed at the precise determination of the conditions that
facilitate epigenetic reprogramming in the nuclear donor cell genome during the pre-
and postimplantation development of SCNT-generated embryos and fetuses of different
mammalian species, including the domestic goat [5–10]. Promising results were achieved
by investigations that focused on the use of extrinsic nonselective agents for stimulating
the epigenetically regulated transcriptional activity of genomic DNA in both nuclear donor
somatic cells and SCNT-cloned embryos [11–15].
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Figure 1. Generation of transgenic cloned goats by somatic cell nuclear transfer (SCNT). 
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Figure 1. Generation of transgenic cloned goats by somatic cell nuclear transfer (SCNT).

2. Key Issues Related to Biological, Molecular, and Epigenetic Determinants Affecting
the Efficacy of Somatic Cell Cloning in Goats

The provenance of somatic cells is a factor that can have a significant impact on cloning
efficiency in goats. Relatively few types of nuclear donor cells have been tested for their
suitability for the production of cloned embryos, fetuses, and/or offspring in this livestock
species. Those that have been tested include cells stemming from several types of tissues
collected from both caprine fetuses and adult animals of both sexes and of different ages.
Among the nuclear donor cells (NDCs) used for SCNT procedures, mention should be made
of: (1) in vitro cultured (transgenic or nontransgenic) fetal dermal fibroblasts [12,16–22];
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(2) juvenile and adult dermal fibroblasts [14,23–26]; (3) mural granulosa cells isolated from
antral ovarian follicles [18,27]; (4) cumulus oophorus cells [18,27,28].

Special consideration should be given to the use of pituicytes, i.e., endocrine cells
originating from the anterior pituitary (also known as adenohypophysis) of postpuber-
tal bucks, as a source of nuclear donors for SCNT in goats [29]. To date, this cerebral
tissue-specific type of endocrine cell, which synthesizes and secretes tropic hormones,
has not been used for SCNT in other species of farm and laboratory animals. It has been
postulated, however, that artificial (ectopic) control of metabolic and secretory activities of
the endocrine compartment in all lobes of the pituitary gland of livestock species might
be feasible through genetic modification (transfection) of pituicytes at the in vitro culture
level. In turn, utilizing genetically transformed pituitary-derived glandular cells, which
are characterized by inducible expression of recombinant human hormonal proteins or
polypeptides, for the generation of transgenic specimens of different mammalian species
by somatic cell cloning opens up a variety of new application opportunities. The latter
encompass the production of transgenic animal bioreactors, which provide xenogeneic (hu-
man) tropic hormones in cytosol extracts (homogenates) of pituicytes or in blood plasma.
These hormones are indispensable for the clinical application of therapies for many hu-
man monogenic diseases, which induce endocrine-mediated congenital malformations.
The transfer of caprine SCNT embryos that had been reconstructed with pituicytes into
the reproductive tract of hormonally synchronized recipient females resulted in the birth
of a cloned male kid. The results of these experiments confirmed that even the nuclear
genome of terminally differentiated somatic cells such as pituicytes can successfully un-
dergo the complete processes of epigenetic remodeling and reprogramming in pre- and
postimplantation cloned goat embryos [29].

Deng et al. [30] examined the methylation profile and expression level of the Xist
(X-inactive specific transcript) gene in the cells of SCNT embryos and in ear fibroblast
cells, lung-derived cells, and cerebral cells collected from deceased cloned goats. The
methylation profile observed for the Xist gene, which is transcribed into a noncoding
mRNA molecule, i.e., a transcript that does not exhibit translational activity, was higher in
8-blastomere-stage SCNT embryos as compared to their in vitro-fertilized embryo coun-
terparts generated by intracytoplasmic sperm injection (ICSI). Moreover, an increased
methylation profile of the Xist gene was observed in the cells stemming from explants
representing tissues/organs such as conchal skin, lungs, and brain, isolated postmortem
from dead 3-day-old cloned female kids in relation to naturally bred specimens. While
for ear skin-derived tissue bioptates originating from live cloned does, and for lung and
brain tissue samples retrieved from dead cloned kids, the methylation profile of 5′-cytidine-
3′-monophopshate-5′-guanosine-3′ (CpG) islands within the differentially methylated
regions/imprinting control regions (DMRs/ICRs) of the Xist gene remained unchanged.
Therefore, the transcriptional activity of the Xist gene diminished remarkably in the lungs
and brain of dead cloned does, resulting in a lack of inactivation recognized for one of
the X chromosomes (either of paternal or of maternal origin) in the cells of the previously
indicated organs. In turn, a significant increase in Xist gene expression was shown in the
ear-derived cutaneous fibroblast cells of live cloned does. This contributed to the normal
inactivation of one of the two X chromosomes in these specimens. It is evident from this
study that an increased incidence of hypermethylation and transcriptional suppression of
the Xist gene, and thus no inactivation of one of the two X chromosomes, or in other words,
active initiation of enhanced transcriptional activity (i.e., biallelic overexpression) of the
genes localized in the loci of the paternal and maternal X chromosomes occurred in caprine
SCNT-derived female fetuses. For these reasons, the aforementioned processes, which
were also identified in the tissue explants recovered from 3-day-old dead cloned does, are
found to arise from incomplete and aberrant reprogramming and were highlighted as a
result of the epigenetically determined transcriptional activity of the somatic cell nuclear
genome in cloned goat embryos [30].
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Incomplete or incorrect epigenetic reprogramming of epigenetic memory, which is
encoded in extragenic covalent modifications of the somatic cell nuclear genome, was
found to be one of the main factors decreasing the efficiency of somatic cell cloning
in mammals, including the domestic goat. Reductions in this efficiency are reflected
in the weakened in vitro and/or in vivo developmental potential of SCNT-derived em-
bryos [7,8,31]. Methylation of cytosine residues in CpG islands/dinucleotides is a widely
explored/recognized modification of the somatic cell nuclear genome in cloned em-
bryos [6,9,10,32]. Han et al. [33] demonstrated that enzymatic activity of ten-eleven translo-
cation methylcytosine dioxygenase 3 (TET3) is a key molecular mechanism underlying
active DNA demethylation in preimplantation goat embryos created by somatic cell
cloning. Knocking out the TET3 gene led to the inhibition of active (i.e., DNA replication-
independent) demethylation of 5-methylcytosine (5-mC) residues in 2-blastomere-stage
cloned goat embryos. As a consequence, this brought about the downregulation of the
expression of the pluripotency-related Nanog gene in the inner cell mass (ICM) compart-
ment of the generated blastocysts. In turn, overexpression of the TET3 gene that had been
induced by transgenization of in vitro cultured somatic cells resulted in: (1) abundant
demethylation of DNA 5-mC residues; (2) declined quantitative profile of 5-mC moieties;
(3) increased incidence of 5-hydroxymethylcytosine residues; (4) intensified transcriptional
activity of crucial pluripotency-related genes. Furthermore, the use of genetically trans-
formed somatic cells displaying overexpression of the TET3 gene—as nuclear donors for
the reconstruction of caprine enucleated oocytes—contributed to an enhancement in the
extent of active demethylation of 5-mC residues within somatic cell-inherited nuclear DNA.
The latter perpetuated hypomethylation of the somatic cell-derived genome in cleaved
SCNT embryos, subsequently triggering remarkable improvements in their in vitro and
in vivo developmental capabilities. It follows that overexpression of the TET3 gene in
NDCs significantly ameliorates the efficacy of somatic cell cloning in goats.

The developmental potential of the mammalian SCNT embryos, including their
caprine representatives, which inherit the somatic cell nuclear genome as a result of
the reconstruction of enucleated oocytes, is highly dependent on the level of epigenetic
modifications within DNA and chromatin-derived histones of the NDCs undergoing long-
term in vitro culture [34–36]. One of the strategies to reverse advanced alterations in the
pattern of epigenetic covalent modifications within somatic cell nuclei, which encompass
rapid DNA methylation and a decrease in the quantitative profile of histone protein acety-
lation, appears to be the exposure of NDCs, SCNT-derived oocytes, and corresponding
embryos to reversible agents inhibiting biocatalytic activity of DNA methyltransferases
(DNMTs) and/or histone deacetylases (HDACs). The use of nonselective or selective
promoters of epigenetically determined transcriptional activity of genomic DNA in both
in vitro cultured NDCs and cloned embryos is supposed to be an approach that allows
for proper reprogramming of somatic cell nuclei [7,12,14]. Exogenously modulating the
epigenetic memory profile of genomic DNA appears to contribute to successfully reversing
the “transcriptional clock” of a differentiated somatic cell nucleus to the status of a cell
nucleus characteristic of a totipotent or pluripotent embryonic cell. As a consequence,
such efforts induce the restoration of the expression pattern that is seen in genes that are
inevitable in the initiation and progress of the developmental program of SCNT-derived
embryos [37,38]. This results in a reduction in the methylation degree of DNA cytosine
residues and an increase in the acetylation of nuclear chromatin histone proteins [39,40]. In
turn, the previously specified processes were shown to bring about recapitulation and per-
petuation of the correct and faithful profiles of transcriptional activities observed both for
the genes indispensable to induce and maintain the totipotency/pluripotency states and for
the genes encoding enzymes responsible for endogenous epigenetic modifications during
pre- and postimplantation embryogenesis. The totipotency/pluripotency-related genes
encompass those that encode such proteins as: e.g., octamer-binding transcription factor
3/4 (Oct3/4), the homeobox-containing transcription factor Nanog, whose name stems
from the Celtic/Irish mythical word Tír na nÓg (i.e., The Land of the Ever-Young), DNA-
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binding proto-oncogenic/oncogenic transcription factor c-Myc, sex-determining region Y
(SRY)-box 2 transcription factor (Sox2), Krüppel-like factor 4 (Klf4), reduced expression
protein 1 (Rex1), and caudal-type homeobox protein 2 (Cdx2). The epigenetic modifier
genes involve those that encode such enzymatic proteins as: e.g., DNA methyltransferase
type 1 (DNMT1), DNA methyltransferase type 3a (DNMT3a), DNA methyltransferase type
3b (DNMT3b), histone deacetylase type 1 (HDAC1), histone deacetylase type 2 (HDAC2),
histone methyltransferase (HMT), and histone acetyltransferase (HAT) [3,41,42]. In the
wake of recent research, innovative and highly efficient methods were developed to modu-
late the epigenetic memory profile of mammalian SCNT embryos, including their caprine
counterparts. These methods are focused on applying exogenous nonselective HDAC
inhibitors (such as trichostatin A, valproic acid, and scriptaid) and/or nonselective DNMT
inhibitors (such as 5-aza-2′-deoxycytidine) or selective inhibitors lysine K4 demethylases
specific for histones H3 within the nucleosomal core of nuclear chromatin (such as trans-
2-phenylcyclopropylamine (tranylcypromine; 2-PCPA)). The aforementioned strategies
may considerably modify the epigenetically determined reprogramming of the somatic cell
nuclear genome in SCNT-derived embryos. The final results of these innovative solutions
turn out to be significant enhancements of the pre- and/or postimplantation developmental
competence and an improvement in the molecular quality of cloned embryos in mammals,
including the domestic goat [12–14,42–44].

3. Species-Specific Advantages of the Goat That Increase the Potential for Its Practical
Application in Transgenics, Biopharmacy, Biomedicine, and Biotechnology

The domestic goat (Capra aegagrus hircus), a species with a tremendously high biodi-
versity of breeds showing relatively high milk and/or meat yield, may serve as an excellent
research subject for SCNT-mediated production of transgenic bioreactor specimens. These
caprine genetically engineered bioreactors of foreign species-descended (xenogeneic) bio-
preparations can provide recombinant human therapeutic proteins that are designated as
biopharmaceuticals or nutraceuticals (Table 1), together with physiological secretions (e.g.,
milk) and excreta (e.g., urine). Moreover, somatic cell cloning in this livestock species seems
to be a reliable, feasible, and powerful tool for generating and/or multiplying specimens
(does and bucks) that display genetically modified parameters of meatiness and intra-
muscular adipose tissue content (Table 1). Increasing the efficiency of producing purified
xenogeneic biopharmaceuticals or bionutraceuticals derived from the mammary glands
(udders) of transgenic goats would thus allow them to be phased into the biopharmaceuti-
cal industry [24,45]. Another tangible benefit of producing transgenic cloned goats, which
appears to be especially valuable for the xenogeneic product of the transgenic expression
of exogenous DNA (directed at the mammary glands or resulting in higher meatiness), is
the relatively short species-specific generation interval. The latter allows for increasing
the rate of genetic progress in the breeding of founder does and bucks [24,25]. Yet an-
other advantage of this small ruminant species is the low susceptibility of dairy and meat
goats to infection with pathological prions (PrPSc) that cause scrapie in sheep [27,46,47].
Transgenic goats may serve as optimal bioreactors to produce human therapeutic proteins
for various agroeconomic reasons. Compared to the breeding of transgenic cows, these
animals are more easily farmed, their natural and biotechnologically assisted reproduction
can be more rapidly controlled, and they are much cheaper to keep as compared to large
ruminants. Relative to their body size, they have fairly large udders with a predominance
of glandular tissue over fibrous parenchyma, which makes this small ruminant species
genetically predisposed to a high production potential of colostrum and milk. The possible
consequence of these anatomo-physiological advantages in goats is the high performance
of transgenic doe herds in terms of lactogenic synthesis and secretion of recombinant
human therapeutic proteins (biopharmaceuticals or nutraceuticals) by alveolar mammary
epithelial cells. These caprine cells provide udder-derived secretion with a genetically
modified qualitative and quantitative composition [24,48,49].
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Table 1. Targets and effects of genetic modification in transgenic cloned goats.

Target of
Genetic

Modification

Strategy of
Genetic Modification

Method of Somatic
Cell Transfection

Genotypic Effect of
Genetic Modification

Phenotypic Effect of
Genetic Modification Reference

Mammary
gland (udder)

Gene targeting
(HR-mediated

targeted mutagenesis)

Electroporation

- HR-induced disruption of
caprine the BLG gene by:

• either its
monoallelic knockout

• or knock-in of the hLA
gene construct into the
BLG exon

- Functionally inactivating the caprine
BLG gene
- Targeted expression of the hLA gene in
the lactogenic cells of
udder-based bioreactors
- Synthesis of upgraded or humanized
milk without allergenic
(BLG-triggered) properties

[21]

Lipofection

- HR-dependent targeted
incorporation of hLF cDNA into
the nuclear genome (under the
control of the goat β-casein
gene promoter)

- Mammary gland-specific monoallelic
expression of the hLF gene
- Udder-mediated synthesis of upgraded
or humanized milk
- Production of genetically engineered
milk (GEM) characterized by a broad
spectrum of hLF-induced
immunotherapeutic properties
- GEM properties determined by
antimicrobial, immunomodulatory,
anti-inflammatory, and anticancer
attributes of hLF

[50,51]

TALEN-mediated
gene editing Electroporation

- TALEN-dependent targeted
insertion of hLF cDNA at BLG
locus resulting in:

• biallelic knock-in of the
hLF coding sequence into
the BLG exon

-Targeted expression of the hLF gene in
udder-based bioreactors
- Synthesis of hLF-enriched or
humanized milk
- Production of GEM displaying
immunotherapeutic properties

[22]

Skeletal
muscles

Gene targeting
(HR-mediated

targeted
mutagenesis)

Lipofection
- Monoallelic knockout
(semi-deficiency) of the MSTN
gene in SCNT-derived progeny

- Inducing hyperplasia and hypertrophy
of striated muscle cells
-Remarkably gaining skeletal muscle
mass and augmenting meatiness by
genetically transforming the muscular
system of heterozygous (MSTN+/−)
transgenic cloned offspring

[25]

CRISPR/Cas9-
mediated

gene editing

Electroporation
- Monoallelic knockout
(semi-deficiency) of the MSTN
gene in SCNT-derived progeny

- Expression of cellular hyperplasia and
hypertrophy in genome-edited (GE)
skeletal muscle tissue of heterozygous
(MSTN+/−) transgenic cloned offspring

[52]

Nucleofection
- Biallelic knockout (deficiency)
of the MSTN gene in
SCNT-derived progeny

- Expression of myofiber
hyperplasia and hypertrophy in GE
muscular system of homozygous
(MSTN−/−) transgenic cloned offspring

[53]

TALEN-mediated
gene editing

Electroporation

- Monoallelically knocking out
the MSTN gene
- Biallelically knocking out the
MSTN gene in
SCNT-derived progeny

- Triggering hyperplasia and
hypertrophy of skeletal myocytes in the
GE muscular system of:

• either heterozygous (MSTN+/−)
transgenic cloned offspring

• or their homozygous

(MSTN−/−) counterparts

[54]

Electroporation

- Monoallelic knockout of the
MSTN gene (MSTN+/−) in NDCs
- Biallelic knockout of the MSTN
gene (MSTN−/−) in NDCs

- Onset of the mono- or biallelically
transcriptionally silencing MSTN gene
in isozygous GE NDCs
- Failure in the generation of GE cloned
progeny exhibiting phenotypes
determined by MSTN mono- or
biallelic deletion

[52]

The first transgenic cloned kids were generated from the nuclear-transferred embryos
reconstructed with caprine somatic cells that had been previously transfected in vitro with
relatively simple gene constructs. These gene constructs contained no genomic sequences
of the regions encoding structural transgenes, but were composed of the exon segments of
genes encoding selectable marker proteins, e.g., PGKneo fusion genes. The aforementioned
fusion genes are comprised of murine phosphoglycerate kinase (PGK) promoters and
neomycin phosphotransferase (neo) genes. The neo gene determines resistance to selective
aminoglycoside antibiotic designated as geneticin disulphate (G418 sulphate). In the study
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by Zou et al. [19], in vitro cultured fetal fibroblasts provided a source of transgenic NDCs
for SCNT-based cloning in goats. The transgenic NDCs were created by their transfection
with a gene construct that only contained the neo gene. The above-mentioned study
resulted in the production of five genetically modified kids. In turn, Keefer et al. [17] and
Baldassarre et al. [27,46] used the in vitro lipofection approach to transfect fetal fibroblasts
with a more complex plasmid gene construct (CEeGFP). The CEeGFP-fusion gene was
composed of: (1) the enhanced green fluorescent protein (eGFP)-reporter gene driven by
the human elongation factor-1α promoter and cytomegalovirus enhancer and (2) the neo
gene under the control of the simian virus-40 (SV-40) promoter. Following the transfer of
genetically transformed cloned embryos into the reproductive tracts of recipient surrogates,
one cloned doe showing the expression of the eGFP-reporter transgene was produced.

Transgenic animals with the high transcriptional activity profiles (diagnosed in vivo)
of a xenogeneic gene may be subsequently multiplied by somatic cell cloning. This is
particularly justified when biopharmaceuticals stemming from these animals may find
widespread application in the treatment of patients suffering from various single-gene
heritable disorders. When transgenic biopharmaceuticals obtain certification for appli-
cation in humans, somatic cell cloning of genetically modified specimens will allow, at
least in theory, for the maintenance of homogeneity of the drugs extracted from natural
secretions and excretions (milk, urine) of the successive generations of cloned animals.
This technology was successfully used by the American biotechnology company GTC
Biotherapeutics (formerly Genzyme Transgenics Corporation), which generated trans-
genic goats exhibiting monoallelic expression of recombinant human antithrombin III gene
(rhAT) in their mammary glands (udders). The production of transgenic cloned goats was
based on the use of a standard intrapronuclear microinjection into the zygotes of cDNA
constructs containing the goat β-casein gene promoter. In the performed experiments,
genetically modified fibroblast cell lines were established from fetuses obtained by mating
nontransgenic does with a genetically modified founder buck. This buck displayed tran-
scriptional activity of the rhAT gene that was directed into the mammary gland (udder).
Clonal lines of transgenic fetal fibroblast cells served as a source of nuclear donors in the
somatic cell cloning procedure, which resulted in a total of eight genetically engineered
SCNT-derived female kids [16,45]. The findings of Cheng et al. [28] represent another
example of applying the somatic cell cloning technique for multiplying populations of
genetically transformed specimens. In this case, enucleated oocytes were reconstructed
by SCNT with the use of in vitro cultured fibroblast cell lines collected from dermal tissue
explants of a transgenic goat displaying ubiquitous expression of recombinant human
erythropoietin (rhEPO). After surgical transfer of the cloned embryos into the reproductive
tracts of hormonally synchronized recipient does, two genetically modified kids were born.
The SCNT-derived offspring were characterized by mammary gland-specific expression of
xenogeneic rhEPO protein.

4. Transgenic Cloned Goats as Bioreactors That Produce Recombinant Human
Therapeutic Proteins

The nuclear transfer of in vitro-transfected somatic cells increases the probability
of producing nonmosaic transgenic offspring, which have an exogenous gene construct
incorporated into the primordial germ cell line. Such specimens, which are identified as
nonchimeric with regard to the genetic transformation of gametogenic and somatic cells,
retain their full capacity to transmit phenotypically and molecularly diagnosed transgene
expression to the secretory epithelial cells (lactocytes) in the mammary glands of the
next generation of kids [49,55,56]. An outstanding example is found in the findings of
Baguisi et al. [45]. High-level expression of the rhAT gene detected in the udder lactogenic
cells of three cloned does, which were produced from SCNT embryos reconstructed with
transgenic fetal fibroblasts, was also reflected in the very high phenotypic value of this
genetically modified trait in the milk samples. Over a 33-day lactation induced at 2 months
of age, the milk yield of these genetically engineered does reached approximately 160 mL.
Additionally, the rhAT concentration in the collected milk was maintained at a level
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of as much as 5.8 g/L (20.5 U/mL was observed for the enzymatic activity of purified
biopharmaceutical) at day 5 and 3.7 g/L (14.6 U/mL for the biocatalytic activity) by day
9 of lactation. At such high concentrations of recombinant therapeutic proteins in milk,
large-sized herds of transgenic goats could easily yield 300 kg of extracted (purified)
biopharmaceutical product per year. Combining somatic cell cloning technology with
hormonal induction of early lactation in prepubertal transgenic does will shorten the time
needed to obtain the transgene expression product by as much as 8 to 9 months from
the time of cell line transfection to the secretion of the genetically engineered protein
biopreparation into milk [20,45]. On the one hand, the volume of these retrieved milk
samples is sufficient for estimating the recombinant protein yield. On the other hand, taking
into account even a relatively low quantitative profile of translational activity identified
for transgene-transcribed mRNA (as measured by milligram quantities of therapeutic
protein per 1 mL of milk), this amount of milk can be used for multiple clinical tests of the
pharmacokinetic, hormonal, and enzymatic activity of the produced biopharmaceuticals.

Special consideration should be given to the broad international commercialization of
the first biopharmaceutical in 2006–2009, designated as ATryn®, by GTC Biotherapeutics.
The basic active biochemical component of this pharmacological biopreparation is rhAT,
which was recovered from the milk synthesized and secreted by the udders of transgenic
cloned specimens of a large livestock species, the domestic goat [47,57,58]. This is a
milestone in the practical, commercial-scale implementation of the first biopharmaceutical
product of modern mammalian reproductive biotechnology based on embryonic genome
engineering technologies such as transgenesis and somatic cell cloning of farm animals.
It is worth pointing out here that ATryn® is the world’s first drug to be provided by
mammary gland-based bioreactors of genetically engineered cloned goats that exhibit
highly efficient and organ-specific mono- or biallelic expression of the rhAT transgene.
This biopharmaceutical was originally granted a marketing authorization by the European
Medicines Agency (EMA) in 2006 for use in the biopharmaceutical and medical sector
of the European Union, followed by certification from the United States Food and Drug
Administration (FDA or USFDA) in 2009 for marketing in the biopharmaceutical and
biomedical sector in the USA and Canada [1,59]. At this stage, ATryn® is widely used in
biomedical programs/therapeutic platforms for the treatment of hereditary AT deficiency
in hospitalized medical patients [60,61].

Another example of the practical application of the mammary glands of genetically
transformed cloned goats as bioreactors to synthesize human therapeutic proteins or so-
called humanized milk is found in the study by Zhu et al. [21]. This investigation was aimed
at ameliorating allergic reactions and inflammatory responses to β-lactoglobulin (BLG)
protein (Table 1). As a major whey protein with potential allergenic effect, BLG occurs in
the milk of all even-toed mammals (Artiodactyla), including the domestic goat. It has no
allergenic properties in human milk. The presence of this protein in caprine milk consider-
ably limits, to a high degree, the consumption of this lactogenesis-derived product despite
its high nutritive value and health-promoting benefits. Using conventional homologous
recombination, the above-mentioned investigators were the first to functionally inactivate
a single copy of the BLG gene, either through BLG gene knockout or through hLA (human
α-lactalbumin) gene knock-in into the nuclear genome of in vitro cultured fetal fibroblast
cells. These cells subsequently provided a source of nuclear donors for reconstructing
enucleated doe oocytes in the somatic cell cloning procedure. The ultimate outcome of this
research was the birth of three SCNT-derived kids, among which mono-allelic knockout of
the targeted BLG gene was confirmed in two specimens (Table 1) [21].

In turn, Yuan et al. [22] used the strategy of somatic cell cloning to generate transgenic
goats whose udders were bioreactors that synthesized humanized milk containing pharma-
ceutical or nutraceutical immune glycoprotein, known as recombinant human lactoferrin
(hLF). Genetically transformed fetal fibroblasts provided the source of nuclear donor cells
for the reconstruction of enucleated oocytes by somatic cell cloning. The genome of nuclear
donor cells had been previously edited by inserting hLF cDNA into the BLG locus, i.e., by
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replacing the BLG gene with the hLF gene. Editing the nuclear genome of fetal fibroblast
cells had been mediated by transcription activator-like effector nucleases (TALENs). The
efficiency of the targeted mutagenesis observed for the BLG gene oscillated at the level
of approximately 10%. The results of investigations by Yuan et al. [22] confirmed that
the combination of TALEN-based genome editing with the SCNT strategy gave rise to
biallelic inactivation of the BLG gene through the knock-in of hLF exons into the genomic
DNA of cloned goats whose mammary glands were targeted by programmed genetic
transformation to produce recombinant hLF (Table 1). Transgenically encoded qualitative
and quantitative modification of the biochemical composition of caprine milk that subse-
quently brought about the production of humanized milk in the udders of SCNT-derived
goats appears to ameliorate its allergenicity. Diminishing the capability of the milk pro-
vided by genetically engineered bioreactors to trigger acute allergic reactions in humans
is simultaneously reflected in enriching the goat milk with the valuable multipotent pro-
tein designated as LF. This immune glycoprotein, apart from physiologically regulating
the dynamic homeostasis of the metabolism of iron cations, is characterized by several
other desirable immunotherapeutic properties, including antimicrobial (antibacterial, my-
costatic, and antiviral), immunomodulatory, anti-inflammatory, and anticancer abilities
(Table 1) [22,24,56].

It is also noteworthy that Zhang et al. [50] reported the effective integration of the
recombinant hLF gene with the xenogeneic host genome as a result of genetically trans-
forming the caprine fetal fibroblast cells under in vitro culture conditions. The genetically
transformed fetal fibroblasts were subsequently used to generate transgenic kids (does)
with the hLF gene in ear skin tissue samples by somatic cell cloning (Table 1). Out of the six
transgenic cloned kids produced, three does died during the perinatal period due to severe
bronchopulmonary dysplasia in underdeveloped lungs and acute hypoxemic respiratory
failure. The epigenetic analysis of tissue explants collected postmortem from the lungs
of perished transgenic does revealed hypermethylation of CpG islands/dinucleotides
within the DMR/ICR domain of the gene encoding insulin-like growth factor 2 receptor
(IGF2R). For that reason, the maternal allele of the IGF2R gene was found to be tran-
scriptionally overactive/upregulated due to enhanced methylation of cytosine residues in
the DMR/ICR-associated intron sequence, while its paternal counterpart was shown to
be transcriptionally silenced due to the occurrence of parent-of-origin and allele-specific
methylation imprint. As a result, the overexpression of mRNA transcribed by the maternal
allele of the IGF2R gene that had undergone aberrant genomic imprinting was identified in
the cell samples of postmortem isolated lung tissue explants stemming from the cloned
kids [50].

In summary, imprinted genes are an important epigenomic regulator of anatomo-
histological growth and development and physiological maturation of the lungs. In turn,
aberrant or incomplete reprogramming of the epigenetically determined transcriptional
activity of DNA, which underlies abnormal (i.e., increased) methylation of cytosine moieties
within DMR/ICR-related intron sequences of the imprinted maternal allele of the IGF2R
gene, determines the monoallelic overexpression of this gene exprimed from the maternal
genome in the lungs of cloned fetuses. The latter appears to be one of the main lethal
factors positively correlated with etiopathogenesis of lung hypoplasia and acute pulmonary
insufficiency in neonatal transgenic cloned kids [50].

5. Transgenic Cloned Goats as a Source of Valuable Meat for Humans

Attempts to create and multiply transgenic cloned goats may provide a research basis
for the SCNT-mediated generation of genetically engineered specimens (bucks and does)
that exhibit genotypic and phenotypic modifications related to increased carcass meatiness
and decreased intramuscular fatness. These animals could serve as a valuable research
model for expanding our knowledge of the importance of myostatin, e.g., in the context
of the quality and taste of the meat from individuals displaying superior gains in muscle
tissue and myofiber size. Myostatin, encoded by the MSTN gene, is a hormonal inhibitory
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polypeptide that inhibits/downregulates the growth, differentiation, maturation, and de-
velopment of skeletal muscles in mammals. Research shows that functional inactivation of
the MSTN gene using gene targeting (targeted mutagenesis) or genome editing techniques
contributes to increase skeletal muscle mass while diminishing the content of intramuscular
adipose tissue and reducing genetically determined or diet-induced obesity. This has the
beneficial effects of increased meat yield, fattening performance, and dressing percentage
in genetically modified males and females generated by SCNT-based cloning. These effects
are evoked by cellular hyperplasia (proliferation) and hypertrophy (enlargement) of stri-
ated muscle tissue (Table 1). The hyperplasia and hypertrophy of striated muscle cells (i.e.,
skeletal sarcocytes known as syncytial myocytes) are synergistically triggered as a result of
the following:

– Expediting differentiation of the predominant multipotent muscle stem cells (i.e.,
satellite cells) and their myogenic progenitor cell derivatives into primary myoblasts;

– Accelerating the proliferative growth of mononucleated myoblasts;
– Facilitating cyto- and histophysiological maturation of genetically engineered skeletal

muscle tissue by syncytial fusion of myoblasts and their conversion (transformation)
into myotubes and the resultant multinucleated myofibers;

– Enlargement of muscle fibers;
– Extension of myofiber lengths and individual sarcomere lengths in whole muscle

fibers;
– Increase in both myofibrillar volume and myofiber number [25,62,63].

It is beyond any doubt that SCNT-derived goats that are characterized by MSTN gene
silencing (Table 1) [25] represent a powerful, reliable, and feasible tool for investigations
targeted at nutritional physiology, food technology, dietetics, nutrigenomics, nutriepige-
nomics, nutritranscriptomics, nutriproteomics, and human nutrition metabolomics and
metabonomics. Myostatin gene knockout (MSTN-KO) in goats (Table 1) [25,62,64] and
sheep [63,65] was investigated in several research centers. However, as a result of the
low efficacy of homologous recombination (HR)-mediated targeted mutagenesis, short-
hairpin RNA-mediated gene targeting, and zinc-finger nuclease (ZFN)-mediated genome
editing, only a few studies resulted in successful MSTN gene knockdown in ex vivo ex-
panded caprine juvenile cutaneous fibroblasts [25], ovine fetal myoblasts [63], or ovine
fetal cutaneous fibroblasts [65].

In recent years, other noteworthy solutions have been applied to genome editing and
have been subsequently adapted to ARTs. These were then applied in combination to
cloning goats using SCNT. These solutions are aimed at strategies based on the use of TAL-
ENs or the clustered regularly interspaced short palindromic repeat/CRISPR-associated
endonuclease type 9 (CRISPR/Cas9)-assisted system. The progress achieved in developing
and optimizing the techniques of targeted knockout of specific gene loci is promising.
Therefore, these techniques are increasingly utilized for precise genome editing, allowing
for the genome of mammals, including the domestic goat, to be modified with relative
ease [66–71]. Ni et al. [53] were the first to demonstrate that CRISPR/Cas9-mediated
genome editing can induce accurate mono- or biallelic mutations in the MSTN gene of
caprine fetal fibroblast cells. The clonal lines of these NDCs that exhibit biallelic MSTN-KO
were used in a SCNT procedure, resulting in three live-born cloned kids, all of which
carried a biallelic mutation in the form of double inactivation of the MSTN gene’s loci
(Table 1).

In turn, Yu et al. [54] showed that TALEN-based genetic transformation leads to
the successful inhibition of MSTN gene expression in gene-edited cloned goats (Table 1).
Moreover, the outcome of both TALEN- and CRISPR/Cas9-mediated systems that were
applied to edit the nuclear genome of SCNT-derived Alpas breed cashmere goats (Table 1)
was evaluated by Zhang et al. [52]. The efficiency of triggering MSTN-KO was compared at
many levels of pre- and postimplantation development of transgenic cloned embryos. The
rates of both electro-transfecting/electroporating the somatic cells and cutting exon 1 within
the MSTN gene were found to be higher for the CRISPR/Cas9-assisted strategy of genome
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editing than for its TALEN-mediated counterpart. Nevertheless, the genome-wide off-
target effects were shown to be more frequent for the CRISPR/Cas9-mediated system than
for the TALEN-mediated system. Furthermore, for CRISPR/Cas9-based genome editing,
the incidence of effectively inducing targeted biallelic mutagenesis of the MSTN gene
increased over eight times as compared to TALEN-based genome editing. In turn, caprine
SCNT embryos that had been reconstructed with TALEN-mediated transgenic NDCs
reached the 8-blastomere stage more quickly and their cleavage activity was significantly
higher as compared to SCNT embryos derived from CRISPR/Cas9-mediated gene-edited
NDCs. However, cloned kids were produced, following the surgical transfer of SCNT
embryos into recipient does, that stemmed from NDCs that were genetically modified only
using the CRISPR/Cas9-assisted technique (Table 1). This ultimately suggests that the high
yield of generating targeted modifications of the MSTN gene (MSTN-KO) was achieved
using CRISPR/Cas9-mediated genome editing [52].

To summarize, the study by Zhang et al. [52] proved that, although the TALEN-
dependent genome transformation strategy has a certain advantage over the CRISPR/Cas9-
dependent system, the latter offers significant benefits related to the precision programmed
editing of the genes (Table 1). This makes this system a powerful and high-performance
genetic engineering tool for livestock breeding practice and, in particular, in the fields of
agri-food biotechnology and human food technology (nutritechnology) based on a meat
diet [52,68–71].

6. Conclusions and Future Goals

Although the efficiency of somatic cell cloning in goats remains relatively low, further
studies are necessary because modern ART has important implications in the fields of goat
breeding, the transgenics of this mammalian species, agri-food biotechnology, biomedicine,
and biopharmacy.

An increase in the efficiency of somatic cell cloning techniques in the domestic goat
can be brought about by further intensive research into improving both developmental
competence and the parameters related to the molecular and epigenetic quality of SCNT-
derived embryos. The latter can be achieved by efforts aimed at using nonselective or
selective inhibitors of DNMTs and HDACs, which would in turn lead to enhancements in
the reprogrammability of the epigenetic memory profile within genomic DNA of NDCs,
nuclear-transferred oocytes, and the corresponding caprine cloned embryos. This is a sine
qua non condition for the practical use of SCNT-based cloning, and thus for the production
of genetically transformed goats for the purposes of human nutrition technology based on
a meat diet. The main focus of the aforementioned efforts is the successful SCNT-mediated
creation and multiplication of transgenic does and bucks with enhanced meat yields due
to cellular hyperplasia and hypertrophy within skeletal muscle tissue. This is also a basic
requirement for the effective propagation of genetically engineered or genome-edited does
for the biopharmaceutical and nutraceutical industry. An ideal example of this is the
generation of transgenic goats whose udders serve as bioreactors for recombinant human
therapeutic proteins or biochemically humanized milk.
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Abbreviations

ART Assisted reproductive technology
BLG β-lactoglobulin
Cas9 CRISPR-associated endonuclease type 9
Cdx2 A product transcribed from proto-oncogene/oncogene encoding caudal-type

homeobox protein 2 that represents the family of intestinal epithelium/
adenocarcinoma-specific and DNA-binding homeodomain transcription factors
inevitable in intestinal organogenesis

c-Myc Avian myelocytomatosis viral oncogene homolog encoding a DNA-binding
proto-oncogenic/oncogenic transcription factor

CpG 5′-Cytidine-3′-monophopshate-5′-guanosine-3′

CRISPR Clustered regularly interspaced short palindromic repeat
DMR Differentially methylated region
DNMT DNA methyltransferase
eGFP Enhanced green fluorescent protein
GE Genome-edited
GEM Genetically engineered milk
HAT Histone acetyltransferase
HDAC Histone deacetylase
HMT Histone methyltransferase
hLA Human α-lactalbumin
hLF Human lactoferrin
HR Homologous recombination
ICM Inner cell mass
ICR Imprinting control region
ICSI Intracytoplasmic sperm injection
IGF2R Insulin-like growth factor 2 receptor
Klf4 Krüppel-like factor 4 (also called gut-enriched Krüppel-like factor or GKLF); an

evolutionarily conserved zinc finger-containing transcription factor that regulates
diverse cellular processes such as cell growth, proliferation, differentiation,
apoptosis, and somatic cell reprogramming

5-mC 5-Methylcytosine
MSTN Myostatin
MSTN-KO Myostatin gene knockout
Nanog Homeobox-containing transcription factor whose name stems from the Celtic/Irish

mythical word Tír na nÓg (i.e., Tir Na Nog; The Land of the Ever-Young)
NDC Nuclear donor cell
Oct3/4 Octamer-binding transcription factor 3/4 (also designated as POU5F1); a member of

the family of POU (Pit-Oct-Unc)-domain and homeodomain transcription factors
2-PCPA Trans-2-phenylcyclopropylamine; Tranylcypromine
PGKneo Neomycin phosphoglycerol kinase; Neomycin glycerol phosphotransferase
Rex1 Reduced expression gene 1 encoding a DNA-binding transcription factor

known as reduced expression protein 1 or zinc finger protein 42 homolog
rhAT Recombinant human antithrombin III
rhEPO Recombinant human erythropoietin
SCNT Somatic cell nuclear transfer
Sox2 Sex-determining region Y (SRY)-box 2; a member of the high mobility group

(HMG)-box family of DNA-binding transcription factors
SV-40 Simian virus-40
TALEN Transcription activator-like effector nuclease
TET3 Ten-eleven translocation 3 protein; TET 5-methylcytosine dioxygenase 3
Xist X-inactive specific transcript
ZFN Zinc-finger nuclease
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Abstract: The present study sought to establish the mitotically stable adult cutaneous fibroblast cell
(ACFC) lines stemming from hFUT2×hGLA×HLA-E triple-transgenic pigs followed by trichostatin
A (TSA)-assisted epigenetically modulating the reprogrammability of the transgenes permanently
incorporated into the host genome and subsequent comprehensive analysis of molecular signatures
related to proteomically profiling the generated ACFC lines. The results of Western blot and im-
munofluorescence analyses have proved that the profiles of relative abundance (RA) noticed for both
recombinant human α-galactosidase A (rhα-Gal A) and human leukocyte antigen-E (HLA-E) under-
went significant upregulations in tri-transgenic (3×TG) ACFCs subjected to TSA-mediated epigenetic
transformation as compared to not only their TSA-unexposed counterparts but also TSA-treated
and untreated non-transgenic (nTG) cells. The RT-qPCR-based analysis of porcine tri-genetically
engineered ACFCs revealed stable expression of mRNA fractions transcribed from hFUT2, hGLA
and HLA-E transgenes as compared to a lack of such transcriptional activities in non-transgenic
ACFC variants. Furthermore, although TSA-based epigenomic modulation has given rise to a
remarkable increase in the expression levels of Galα1→3Gal (α-Gal) epitopes that have been deter-
mined by lectin blotting analysis, their semi-quantitative profiles have dwindled profoundly in both
TSA-exposed and unexposed 3×TG ACFCs as compared to their nTG counterparts. In conclusion,
thoroughly exploring proteomic signatures in such epigenetically modulated ex vivo models devised
on hFUT2×hGLA×HLA-E triple-transgenic ACFCs that display augmented reprogrammability of
translational activities of two mRNA transcripts coding for rhα-Gal A and HLA-E proteins might
provide a completely novel and powerful research tool for the panel of further studies. The objective
of these future studies should be to multiply the tri-transgenic pigs with the aid of somatic cell
nuclear transfer (SCNT)-based cloning for the purposes of both xenografting the porcine cutaneous
bioprostheses and dermoplasty-mediated surgical treatments in human patients.

Keywords: swine; trichostatin A; epigenetic transformation; ex vivo model; tri-genetically modified;
ACFC line; HLA-E; rhα-Gal A; rhα1,2-FT; α-Gal antigenic determinant; porcine skin xenograft

1. Introduction

At the present stage of investigations in the fields of transplantation medicine and
immunology, swine tissues and organs may be an alternative to their human counterparts.
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This is a highlight of research in an era of huge shortages of tissues and organs for al-
lotransplantation, also taking into account a deficiency of allogeneic dermo-epidermal
grafts in reconstructive medicine of the human integumentary system and dermoplasty-
based therapies targeted at cutaneous/subcutaneous tissue engineering. The choice of
pigs as donors of xenografts is not accidental. Firstly, anatomohistological and anatomo-
topographical biocompatibility of porcine tissues, organs and organ systems with their
human counterparts determines, to a large extent, closely related physiological sufficiency
of organs in these two mammalian species. Secondly, the genetic similarity between hu-
mans and domestic pigs is very high, reaching a level oscillating around 96%. Thirdly,
Sus scrofa domesticus taxon is characterized by tremendously efficient outcomes noticed for
species-specific fertility and prolificacy, which makes this livestock species relatively easy
to breed [1–5]. Nonetheless, a lack of taxonomic consanguinity occurring between humans
and pigs results in the appearance of interspecies immunophysiological incompatibility
that largely limits and even prevents completely surgical treatments aimed at xenografting
and xenogeneic tissue engineering. This interspecies immunological hindrance is triggered
by the presence of a plasmalemma-anchored oligosaccharide moieties of glycoproteins and
glycolipids, i.e., Galα(1,3)Galβ(1,4)GlcNAc-R that are designated as the α-Gal antigenic
determinants or Galα1→3Gal epitopes on the surface of a vast majority of porcine cells
(especially those forming vascular endothelium) [6]. The Galα1→3Gal epitope is common
in mammals, but humans and apes have lost this structure through evolution [3,7]. Hu-
mans and apes produce natural antibodies against the Galα1→3Gal epitope. Unfortunately,
the binding of these antibodies to the Galα1→3Gal epitope leads to hyperacute rejection
(HAR) or acute humoral and cellular rejection of porcine xenografts [8–10]. The efforts
undertaken to overcome the porcine→human immunological obstacle gave rise to the gen-
eration of transgenic pigs exhibiting a reduced or completely abrogated expression of the
Galα1→3Gal epitopes [11]. The Galα1→3Gal epitopes can be removed from the surface of
porcine cells by stably incorporating the hFUT2 and hGLA gene constructs that is mediated
by their intrapronuclear microinjection into porcine fertilized ova (zygotes) [4]. The hFUT2
gene encodes the enzyme termed as α1,2-fucosyltransferase (H-transferase; α1,2-FT), which
is responsible for the formation of the H structure, the core of the system of blood groups
AB0 in humans. The action of α1,2-FT blocks the synthesis of the Galα1→3Gal epitope,
while promoting the formation of the H structure, which is neutral for the human immune
system [12]. The hGLA gene encodes human α-galactosidase A (α-Gal A), an enzyme
that biocatalyzes the reaction directed to cleave terminal D-galactose residues from the
Galα1→3Gal epitope. Deprivation of the Galα1→3Gal epitope of the terminal D-galactose
molecules remarkably attenuates its xenoreactivity. This structure becomes undetectable
by specific antibodies [13]. Another pivotal problem is the interspecies (porcine→human)
immunological incompatibility that arises from phylogenetic divergence and subsequently
brings about the species-specific variability at the level of major histocompatibility com-
plex (MHC) proteins. To overcome this limitation, transgenic pigs expressing the HLA-E
gene are indispensable. The effectiveness of this genetic modification has been proven by
research confirming that the presence of human leukocyte antigen-E (HLA-E) molecules in
porcine endothelial cells protects them against attack by human NK (natural killer) lympho-
cytes [14]. Pigs displaying the expression of the HLA-E transgene have been successfully
created with the aid of intrapronuclear microinjection of the zygotes [15].

It is noteworthy that the applied genetic modification does not always result in a
satisfactory (sufficiently high) level of expression of the transgenes integrated with the
nuclear host genome. One of the ways to increase the expression of foreign (xenogeneic)
genes introduced into the genomic DNA of recipient cells appears to be their epigenetic
transformation applying non-specific inhibitors of histone deacetylases (HDACi). Our
previous study [16] proved, for the first time, that the use of non-selective HDACi desig-
nated as trichostatin A (TSA) for the epigenomic modulation of porcine hFUT2×hGLA
bi-transgenic adult cutaneous fibroblast cells (ACFCs) has contributed to improved repro-
grammability followed by increased translational activities identified for mRNA transcripts
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synthesized from hFUT2 and hGLA transgenes. Moreover, the action of TSA as a non-
specific epigenetic modifier has been reflected in the augmented expression of pivotal
genes coding for structural, enzymatic and other functional proteins indispensable for
the biosynthesis and bioaccumulation of the Galα1→3Gal antigenic determinants. How-
ever, TSA has been shown to simultaneously enhance the expression of the incorporated
hFUT2×hGLA gene constructs more strongly, so that the extent of Galα1→3Gal epitope si-
lencing estimated for TSA-treated double-transgenic ACFCs was considerably higher than
that noticed for TSA-untreated non-transgenic cells. Therefore, the TSA-mediated approach
to epigenomically modulate the bi-genetically engineered variant of ACFC lines turned
out to be beneficial, since it caused a remarkably diminished incidence of Galα1→3Gal
epitopes in this ACFC type [16]. The molecular mechanisms underlying the capabilities of
transgenes to epigenetically reprogram their transcriptional activities are complex. They
involve amplifying the extent of lysine acetylation (i.e., hyperacetylation) within histones
forming chromatin-derived nucleosomal cores. In our previously devised model of bi-
transgenic ACFCs [16], hyperacetylation seemed to result from alleviation of biocatalytic
functions of HDACs by TSA. A TSA-prompted decline in histone deacetylation may also
affect other processes, such as the demethylation of DNA cytosine residues, incurring
their intensification. A broad spectrum of non-specific HDACi, including TSA, and/or
non-specific inhibitors of DNA methyltransferases (DNMTi) and/or selective inhibitors of
histone methyltransferases (HMTi) have been formerly utilized in the strategies aimed to
epigenomically modulate nuclear recipient oocytes [17–19], nuclear donor cells [20–23] and
activated nuclear-transferred oocytes in pigs and other mammalian species [24–26]. These
strategies have been developed to predominantly facilitate/refine the reprogramming
of epigenomic memory and subsequently enhance the transcriptional activity of donor
cell nuclear genomes in mammalian cloned embryos propagated by somatic cell nuclear
transfer (SCNT) [27–31].

Taking into consideration all the aforementioned findings, hFUT2×hGLA×HLA-E
tri-transgenic ACFC lines also needed to be tested separately by designing their models of
the ex vivo migration and expansion under the conditions of TSA-dependent epigenetic
transformation. In the current investigation, on the one hand, we have decided to unravel
proteomic signatures related to relative abundances (RAs) estimated for HLA-E, rhα-Gal A
and rhα1,2-FT in porcine triple-transgenic ACFCs undergoing TSA-assisted epigenomic
modulation. On the other hand, the present study sought to decipher semi-quantitative pro-
files of α-Gal epitopes at the glycoprotein level. This research is the first to comprehensively
assess the TSA-expedited enhancement of capabilities of transgene-encoded transcripts
to epigenomically reprogram their translational activities in the ex vivo models elabo-
rated to explore proteomic and glycoproteomic profiles in porcine hFUT2×hGLA×HLA-E
tri-genetically engineered ACFC lines.

2. Results
2.1. Western Blot Analysis of the RA Pinpointed for HLA-E, rhα1,2-FT and rhα-Gal A Proteins in
the Ex Vivo-Expanded Porcine Triple- and Non-Transgenic ACFCs Undergoing or Not Undergoing
TSA-Mediated Epigenetic Transformation

In vitro proliferating ACFC lines exposed and not exposed to TSA (TSA+ and TSA−,
respectively) were established from dermal explants that had been recovered post-mortem
from either hFUT2×hGLA×HLA-E triple-transgenic pigs or their non-transgenic counter-
parts served as a control group (CTR nTG). Western blot analysis of total protein samples
revealed the presence of rhα1,2-FT, rhα-Gal A and HLA-E proteins in all the tri-transgenic
samples (Figure 1A). For the TSA− control group, a weak positive signal stemming from
all the analyzed proteins was noticed, but it was shown to be unremarkable. In contrast,
Western blot analysis of total protein samples derived from TSA+ ACFCs confirmed the
occurrence of clear positive signals for not only rhα1,2-FT but also rhα-Gal A and HLA-E.
Signal intensities of analyzed proteins were normalized to β-actin, which was used as a
loading control. The semi-quantitative analysis of Western blot strongly supported our
findings. Indeed, the relative expression of the HLA-E and rhα-Gal A proteins has been
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proven to significantly increase (at least p < 0.05) in TSA-treated tri-genetically modified
ACFCs as compared to the relevant samples originating from TSA-untreated 3×TG cells
(Figure 1B–D). In turn, we did not observe significant differences in the relative expression
of rhα1,2-FT between total protein samples derived from TSA+ and TSA− triple-transgenic
ACFCs. Interestingly, a clear positive signal was also identified for not only α1,2-FT and
α-Gal A enzymes but also swine homolog of the HLA-E (shHLA-E) protein in TSA+ ACFCs
stemming from CTR nTG pigs. This result has been confirmed both qualitatively and semi-
quantitatively (at least p < 0.05) (Figure 1B–D). It is noteworthy that pigs are characterized
by the lack of α-Gal A protein expression, which arises from species-specific silencing
both alleles of pGLA gene. Taking this finding into consideration, the epigenetic alter-
ations resulting from the conditions of either in vitro culture or TSA-assisted epigenomic
modulation seem to trigger, to some extent, the onset of transcriptional and translational
activities for pGLA alleles and their transcribed mRNAs in the ex vivo-expanded porcine
CTR nTG ACFCs.
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Figure 1. Western blot analysis of the relative expression of human α1,2-fucosyltransferase (α1,2-
FT), α-galactosidase A (α-Gal A) and human leukocyte antigen-E (HLA-E) proteins in porcine
triple-transgenic and non-transgenic ACFCs epigenetically transformed or not transformed with
trichostatin A (TSA+ and TSA−, respectively). Representative blots of the expression of α1,2-FT,
α-Gal A and HLA-E proteins in the ACFC samples derived from epigenomically modified (TSA+) and
non-modified (TSA−) groups—panel (A). The samples stemming from non-transgenic pigs served
as a control group (CTR nTG)—panel (A). β-Actin provided a loading control for all the analyzed
samples. The results of relative expression (in arbitrary units) of α1,2-FT, α-Gal A and HLA-E or
swine homolog of HLA-E (shHLA-E) are shown in panels (B–D), respectively. The relative optical
density (ROD) from three separate analyses of at least three animals for each variant is expressed
as mean. The bar graphs show the mean ± SEM. Statistics: one-way ANOVA and Newman–Keuls
post hoc test. The bars marked with different letters vary significantly; values denoted as a-b, b-c, e-g:
p < 0.01; a-c, d-e, e-g, f-g, h-i, h-j, i-j: p < 0.05.

2.2. RT-qPCR-Mediated Confirmation of Stability in the Expression Profiles Pinpointed for hFUT2,
hGLA and HLA-E mRNA Transcripts in the Ex Vivo-Expanded Porcine Triple-Transgenic ACFCs
Subjected or Not Subjected to TSA-Assisted Epigenetic Transformation

To ascertain the stability of transgene-encoded transcripts in porcine hFUT2×hGLA×HLA-
E triple-transgenic ACFCs that either did or did not undergo TSA-dependent epigenetic
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transformation (TSA− and TSA+, respectively), the RT-qPCR analysis was performed
to detect the quantitative expression profiles noticed for hFUT2 mRNA, hGLA mRNA
and HLA-E mRNA. The obtained results confirmed a significant upregulation of all three
investigated human genes in porcine tri-transgenic ACFCs originating from the TSA−
group (p < 0.001) (Figure 2A). In turn, estimating the relative quantities that were identified
for hFUT2, hGLA and HLA-E transcripts in porcine triple-transgenic ACFCs stemming
from the TSA+ group indicated a much smaller upward trend as compared to the control
non-transgenic group (CTR nTG), but this augmentation also turned out to be statistically
significant (p < 0.001) (Figure 2B).
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Figure 2. RT-qPCR analysis of the relative expression of human genes: hFUT2, hGLA and HLA-E in
porcine triple-transgenic (3×TG) ACFCs epigenetically not transformed (A) or transformed (B) with
trichostatin A (TSA− and TSA+, respectively). The pACTB gene encoding porcine β-actin was used
as endogenous reference gene. The bar graphs show the mean ± SEM. Statistics: one-way ANOVA
and Newman–Keuls post hoc test. The bars marked with different letters vary significantly; values
denoted as *** p < 0.001. The numbers of biological replicates (i.e., numbers of 3×TG and CTR nTG
pigs serving as independent biological donors) ≥ 3. Number of technical replicates = 3 (within each
biological replicate).

2.3. Immunofluorescence Localization of HLA-E, rhα1,2-FT and rhα-Gal A in the Ex
Vivo-Expanded Porcine Triple- and Non-Transgenic ACFCs Epigenetically Transformed or Not
Transformed by TSA Treatment

The localization of the HLA-E, rhα1,2-FT and rhα-Gal A proteins was examined by
immunofluorescence staining of TSA-treated (TSA+) and untreated (TSA−) ACFCs derived
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from hFUT2×hGLA×HLA-E triple-transgenic (Figure 3) and non-transgenic (Figure 4) pigs
used as a control group (CTR nTG).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 19 
 

 

pigs serving as independent biological donors) ≥ 3. Number of technical replicates = 3 (within each 

biological replicate). 

2.3. Immunofluorescence Localization of HLA-E, rhα1,2-FT and rhα-Gal A in the  

Ex Vivo-Expanded Porcine Triple- and Non-Transgenic ACFCs Epigenetically Transformed or 

Not Transformed by TSA Treatment 

The localization of the HLA-E, rhα1,2-FT and rhα-Gal A proteins was examined by 

immunofluorescence staining of TSA-treated (TSA+) and untreated (TSA−) ACFCs derived 

from hFUT2×hGLA×HLA-E triple-transgenic (Figure 3) and non-transgenic (Figure 4) pigs 

used as a control group (CTR nTG). 
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(a,b)), recombinant human α1,2-fucosyltransferase (rhα1,2-FT; (c,d)) and α-galactosidase A (rhα-

Gal A; (e,f)) in ACFCs originating from hFUT2×hGLA×HLA-E triple-transgenic pigs. 

Immunofluorescent staining with Alexa Fluor 488- or Cy3-labelled secondary antibodies (green and 
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100 μm. Immunoreaction was performed on ex vivo proliferating porcine ACFCs derived from at 

least three pigs of each experimental group. The immunofluorescence signal arisen from rhα1,2-FT 

Figure 3. Immunofluorescence analysis of ex vivo-expanded porcine ACFCs epigenomically mod-
ulated (TSA+) (b,d,f) and not modulated with trichostatin A (TSA−) (a,c,e). Representative mi-
crophotographs of immunofluorescence localization of human leukocyte antigen-E (HLA-E; (a,b)),
recombinant human α1,2-fucosyltransferase (rhα1,2-FT; (c,d)) and α-galactosidase A (rhα-Gal A;
(e,f)) in ACFCs originating from hFUT2×hGLA×HLA-E triple-transgenic pigs. Immunofluorescent
staining with Alexa Fluor 488- or Cy3-labelled secondary antibodies (green and red fluorescence,
respectively) and DAPI counterstaining (blue fluorescence). Scale bars represent 100 µm. Immunore-
action was performed on ex vivo proliferating porcine ACFCs derived from at least three pigs of
each experimental group. The immunofluorescence signal arisen from rhα1,2-FT was distributed
in the perinuclear region of all the analyzed ACFCs from each variant. The MHC representative
termed as HLA-E and rhα-Gal A enzyme were homogeneously located in whole cytoplasm of all the
analyzed ACFCs. The TSA+ ACFCs were characterized by largely intensified signal estimated for
both HLA-E and rhα-Gal A proteins (b,f), but not for rhα1,2-FT (d) as compared to their TSA− cell
counterparts (a,c,e).
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Figure 4. Immunofluorescence analysis of the ex vivo-expanded porcine ACFCs epigenomically
modulated (TSA+) (b,d,f) and not modulated with trichostatin A (TSA−) (a,c,e). Representative
microphotographs of immunofluorescence localization of swine homolog of human leukocyte antigen-
E (shHLA-E; (a,b)), α1,2-fucosyltransferase (α1,2-FT; (c,d)) and α-galactosidase A (α-Gal A; (e,f))
in ACFCs stemming from non-transgenic pigs (CTR nTG). Immunofluorescent staining with Alexa
Fluor 488- or Cy3-labelled secondary antibodies (green and red fluorescence, respectively) and DAPI
counterstaining (blue fluorescence). Scale bars represent 100 µm. Immunoreaction was performed
on ex vivo proliferating porcine ACFCs derived from at least three pigs of each experimental group.
TSA+ ACFCs displayed more highly intensified signals identified for not only shHLA-E but also
α1,2-FT and α-Gal A proteins in control non-transgenic (CTR nTG) ACFCs (b,d,f). No positive signals
originating from either shHLA-E representative of MHC or α1,2-FT and α-Gal A enzymes were
observed in the TSA− CTR nTG group (a,c,e).

The positive immunofluorescence signals descended from HLA-E and rhα-Gal A were
found to be dispersed homogenously and intensively detectable in the whole cytoplasm of
hFUT2×hGLA×HLA-E triple-transgenic ACFCs (Figure 3). In turn, the signal identified for
rhα1,2-FT was mainly distributed in small perinuclear clusters in tri-genetically engineered
ACFCs. Remarkably stronger immunofluorescence signals were observed for both HLA-
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E and rhα-Gal A proteins in TSA+ ACFCs (Figure 3b,f). Interestingly, no differences
in rhα1,2-FT-derived immunofluorescence signal intensity took place between ACFCs
exposed to TSA (TSA+) and their cell counterparts not exposed to this HDACi (TSA−)
(Figure 3c,d). Moreover, a weak immunofluorescence signal stemming from all the analyzed
proteins was noticed for control non-transgenic (CTR nTG) ACFCs subjected to TSA-
based epigenetic transformation (Figure 4b,d,f). However, in TSA− CTR nTG ACFCs,
swine homolog of HLA-E and α1,2-FT enzyme were shown to be scarcely detectable by
immunofluorescence, whereas no positive signal descended from intrinsic species-specific
α-Gal A enzyme was identified (Figure 4).

2.4. Lectin Blotting Analysis of Galα1→3Gal Epitope Expression at the Protein Level in the Ex
Vivo-Expanded Porcine Triple- and Non-Transgenic ACFCs Subjected or Not Subjected to
TSA-Dependent Epigenetic Transformation

The expression profile of Galα1→3Gal epitopes at the total protein level was estimated
by lectin blot analysis using horseradish peroxidase (HRP)-conjugated isolectin GS I-B4. The
results of our study confirmed that significantly decreased expression of Galα1→3Gal epi-
topes was identified in hFUT2×hGLA×HLA-E tri-transgenic (3×TG) ACFCs as compared
to their CTR nTG cell counterparts. In turn, for both groups (CTR nTG and 3×TG), the RA
noticed for Galα1→3Gal antigenic determinants was proven to increase significantly in
protein samples derived from ex vivo proliferating ACFCs epigenetically transformed with
TSA (TSA+; Figure 5A). β-Actin served as a loading control protein. The semi-quantitative
analysis of protein samples extracted from TSA-unmodulated (TSA−) and modulated
(TSA+) tri-genetically modified ACFCs positively verified these observations. The signifi-
cantly lowest RA estimated for Galα1→3Gal epitopes was identified in TSA-untransformed
ACFCs originating from hFUT2×hGLA×HLA-E triple-transgenic pigs, indicating the oc-
currence of statistical variability in relation to the TSA− CTR nTG (p < 0.05) and TSA+

CTR nTG groups (p < 0.05). The semi-quantitative profile of Galα1→3Gal epitopes in
ACFCs stemming from the TSA+ 3×TG group was significantly higher (p < 0.05) than that
pinpointed for ACFCs assigned to the TSA− 3×TG group, but it was shown to be still
lower than that recognized for both CTR nTG groups (p < 0.05) (Figure 5B).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 5. Lectin blot analysis of Galα1→3Gal epitope expression at the protein level in the ex vivo-

expanded porcine hFUT2×hGLA×HLA-E tri-transgenic (3×TG) and control non-transgenic (CTR 

nTG) ACFCs epigenetically transformed (TSA+) or not transformed with trichostatin A (TSA−). (A) 

Representative lectin blots of the expression of Galα1→3Gal (α-Gal) epitopes in TSA− and TSA+ ex 

vivo proliferating ACFCs established from dermal tissue explants stemming from CTR nTG and 

3×TG pigs. MW indicates the molecular weight of protein standards (Precision Plus ProteinTM Dual 

Color Standards, Bio-Rad). Each band represents a glycosylated protein containing the Galα1→3Gal 

antigenic determinant. β-Actin provided a loading control for all the analyzed samples. (B) The 

semi-quantitative analysis of relative expression pinpointed for Galα1→3Gal epitopes (in arbitrary 

units). Relative optical density (ROD) from three separate analyses of at least three animals for each 

variant is expressed as mean. Graph bar shows the mean ± SEM. Statistics: one-way ANOVA and 

Newman–Keuls post hoc test. The bars marked with different letters vary significantly. Values 

denoted as a-b: p < 0.01; a-c, a-d, b-c, b-d, c-d: p < 0.05. It is worth highlighting that the semi-

quantitative profile of Galα1→3Gal epitopes dwindled significantly in TSA-untransformed and 

transformed ACFCs stemming from hFUT2×hGLA×HLA-E triple-transgenic pigs as compared to the 

TSA-unexposed and exposed ACFCs originating from CTR nTG specimens. Nonetheless, the 

protein samples isolated from TSA-unmodulated 3×TG ACFCs exhibited the significantly lowest 

relative abundance (RA) noticed for Galα1→3Gal epitopes. Taking into consideration both tri-

genetically modified and non-modified ACFCs, RAs estimated for Galα1→3Gal antigenic 

determinants increased significantly in protein samples derived from TSA+ cells as compared to 

those recognized for their protein counterparts extracted from TSA− cells. However, the level of α-

Gal epitopes pinpointed for TSA-modulated 3×TG ACFCs was still profoundly lower than the semi-

quantitative profiles of α-Gal antigenic determinants observed in TSA-modulated and 

unmodulated CTR nTG ACFCs. 

3. Discussion 

The use of swine tissues and organs seems to be a response to the current shortage of 

organs for allogeneic transplantation in humans, considering also a paucity of human 

dermo-integumentary allografts. However, due to hyperacute rejection, which is the main 

obstacle in pig-to-human xenotransplantation, genetically modified pigs need to be 

propagated and multiplied [4]. Currently, many methods of genetic modification are 

available. At first, they encompass the generation of homozygous pigs lacking the gene 

coding for α1,3-galactosyltransferase (α1,3-GT) for the purpose of depletion of anti-pig 

Figure 5. Lectin blot analysis of Galα1→3Gal epitope expression at the protein level in the ex vivo-
expanded porcine hFUT2×hGLA×HLA-E tri-transgenic (3×TG) and control non-transgenic (CTR
nTG) ACFCs epigenetically transformed (TSA+) or not transformed with trichostatin A (TSA−).
(A) Representative lectin blots of the expression of Galα1→3Gal (α-Gal) epitopes in TSA− and TSA+
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ex vivoproliferating ACFCs established from dermal tissue explants stemming from CTR nTG and
3×TG pigs. MW indicates the molecular weight of protein standards (Precision Plus ProteinTM Dual
Color Standards, Bio-Rad). Each band represents a glycosylated protein containing the Galα1→3Gal
antigenic determinant. β-Actin provided a loading control for all the analyzed samples. (B) The
semi-quantitative analysis of relative expression pinpointed for Galα1→3Gal epitopes (in arbitrary
units). Relative optical density (ROD) from three separate analyses of at least three animals for
each variant is expressed as mean. Graph bar shows the mean ± SEM. Statistics: one-way ANOVA
and Newman–Keuls post hoc test. The bars marked with different letters vary significantly. Values
denoted as a-b: p < 0.01; a-c, a-d, b-c, b-d, c-d: p < 0.05. It is worth highlighting that the semi-
quantitative profile of Galα1→3Gal epitopes dwindled significantly in TSA-untransformed and
transformed ACFCs stemming from hFUT2×hGLA×HLA-E triple-transgenic pigs as compared to the
TSA-unexposed and exposed ACFCs originating from CTR nTG specimens. Nonetheless, the protein
samples isolated from TSA-unmodulated 3×TG ACFCs exhibited the significantly lowest relative
abundance (RA) noticed for Galα1→3Gal epitopes. Taking into consideration both tri-genetically
modified and non-modified ACFCs, RAs estimated for Galα1→3Gal antigenic determinants increased
significantly in protein samples derived from TSA+ cells as compared to those recognized for their
protein counterparts extracted from TSA− cells. However, the level of α-Gal epitopes pinpointed
for TSA-modulated 3×TG ACFCs was still profoundly lower than the semi-quantitative profiles of
α-Gal antigenic determinants observed in TSA-modulated and unmodulated CTR nTG ACFCs.

3. Discussion

The use of swine tissues and organs seems to be a response to the current shortage
of organs for allogeneic transplantation in humans, considering also a paucity of human
dermo-integumentary allografts. However, due to hyperacute rejection, which is the
main obstacle in pig-to-human xenotransplantation, genetically modified pigs need to
be propagated and multiplied [4]. Currently, many methods of genetic modification
are available. At first, they encompass the generation of homozygous pigs lacking the
gene coding for α1,3-galactosyltransferase (α1,3-GT) for the purpose of depletion of anti-
pig antibodies [11]. Secondly, removal of the Galα1→3Gal epitopes using genetically
engineered enzymes is taken into account, ending at the production of pigs transgenic for
some graft-protective proteins [32–35].

In our current study, we applied Western blotting and immunofluorescence stain-
ing with confocal microscopy to assess the effect of TSA-triggered epigenetic modulation
both on the overexpression of HLA-E, rhα1,2-FT and rhα-Gal A proteins and on the RA
of Galα1→3Gal antigenic determinants in porcine hFUT2×hGLA×HLA-E tri-transgenic
ACFC lines as compared to their non-transgenic counterparts. Since genetically modi-
fied pigs have been successfully generated to avoid hyperacute rejection of tissue/organ
xenografts [12,13,36], we have decided to conduct the next panel of research, in which
we discuss this aspect in regard to the ex vivo models based on the mitotically stable
triple-transgenic ACFCs undergoing TSA-prompted epigenetic transformation followed
by profound examination of molecular signatures dependent on proteomic and glycopro-
teomic profiles. The results of Western blot and immunofluorescence analyses revealed
considerable enhancements in the expression of rhα-Gal A and HLA-E but not rhα1,2-FT
in TSA-modulated tri-genetically engineered ACFCs as compared to their cell counter-
parts not modulated by TSA treatment. Furthermore, immunofluorescence staining with
antibodies against HLA-E, rhα1,2-FT and rhα-Gal A has provided strong evidence that
TSA-assisted epigenetic transformation leads to a significant increase in the expression
levels estimated for HLA-E and rhα-Gal A but not for rhα1,2-FT in triple-transgenic ACFC
lines. Our previous study [16] has confirmed that the semi-quantitative profiles of both
rhα-Gal A and rhα1,2-FT were characterized by remarkable augmentation in porcine
hFUT2×hGLA bi-transgenic ACFCs subjected to TSA-mediated epigenomic modulation.
In turn, lectin blotting analysis has demonstrated a similar decrease in the RAs pinpointed
for Galα1→3Gal epitopes in TSA-modified triple-transgenic ACFCs as those recognized
for α-Gal antigenic determinants in the TSA-modulated double-transgenic ACFC coun-
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terparts [16]. For those reasons, it can be assumed that the lack of a profound influence
of TSA-induced epigenetic modification on the RA noticed for rhα1,2-FT in tri-genetically
engineered ACFCs does not relieve the capability of this enzyme to abrogate the expres-
sion of the Galα1→3Gal epitopes. It is also possible that TSA-facilitated amelioration of
the semi-quantitative profiles of rhα-Gal A alone had the remarkable effect of reducing
the molecular levels of α-Gal antigenic determinants. Another study has proved that
the biocatalytic activity of only human α-Gal A alone alleviated the relative abundance
of Galα1→3Gal epitopes by 78%, and the co-expression of human α1,2-FT and α-Gal A
enzymes diminished the quantitative profile of α-Gal antigenic determinants to a negligible
level on the surface of porcine genetically modified aortic endothelial cells subjected to
SV40-mediated immortalization [37]. The study by Wiater et al. [38], in which confocal
microscopy and lectin blotting analyses were accomplished to molecularly evaluate the
proteomic and glycoproteomic signatures occurring in liver-derived tissue explants origi-
nating from hFUT2×hGLA double-transgenic pigs, has shown that the co-expression of
human α-Gal A and α1,2-FT enzymes has led to a decline in RAs of Galα1→3Gal epitopes
by 62% (as has been proven on the basis of intensity of fluorescence) and by 47% (as has
been proven on the basis of blotting), respectively. The failure to completely suppress the
expression of Galα1→3Gal antigenic determinants in the above-indicated studies seems
to arise from low molecular levels of rhα1,2-FT and rhα-Gal A enzymes. Therefore, the
use of TSA-assisted epigenomic modulation of genetically engineered cells to enhance
the relative expression of these enzymatic proteins appears to be a powerful tool suitable
for the solution to this problem. However, taking into consideration the fact that the im-
pacts of TSA-dependent epigenetic transformation of porcine tri-transgenic ACFCs have
been exerted not only on the semi-quantitative profiles of rhα-Gal A and HLA-E proteins
but also on the RAs recognized for Galα1→3Gal epitopes, these results are consistent
with our previous study aimed at exploring the ex vivo models designed on porcine bi-
transgenic ACFCs [16]. In turn, the present investigation has confirmed that TSA-evoked
epigenomic modulation did not considerably affect the molecular signatures related to the
semi-quantitative profiles identified for rhα1,2-FT enzyme. This finding can be scientifically
justified by the overall existing expression of the aforementioned enzymatic protein in
porcine tri-transgenic ACFCs, which turned out to be robustly lower than that noticed
for porcine bi-transgenic ACFCs that have been proteomically and glycoproteomically
evaluated in our former research [16]. Nevertheless, lectin blotting analysis revealed the
considerably diminished relative abundance detected for Galα1→3Gal epitopes in both
TSA-unmodulated and modulated porcine triple-transgenic ACFCs as compared to their
non-transgenic cell counterparts.

The presence of α-Gal antigenic determinants is not the only hindrance in pig-to-
human xenotransplantation. In this context, a pivotal role is also played by the immunolog-
ical incompatibility between porcine and human tissues at the level of the MHC proteins.
As a consequence, it was indispensable to generate and multiply the genetically modified
pigs expressing HLA-E [15,36]. As one of the predominant members of the family involving
MHC proteins, HLA-E has been allotted to a class Ib representatives of non-classical MHC
molecules together with two additional members of this family, designated as HLA-F and
HLA-G. Importantly, HLA-E occurs ubiquitously in all nucleated cells at relatively low
levels, although it is expressed most abundantly in endothelial cells and various types
of immune cells [39–42]. In addition, HLA-E is a major ligand for the inhibitory receptor
of NK cells, which is termed as CD94/NKG2A [14,41,43], and the capacity of HLA-E to
suppress macrophage-mediated cytotoxicity has been demonstrated [44,45]. Taking into
account all these unique properties of HLA-E, our primary goal of great importance was to
create such ex vivo hFUT2×hGLA×HLA-E tri-genetically engineered models of mitotically
stable porcine ACFC lines, in which the semi-quantitative profiles estimated for HLA-E
representative of MHC proteins were sustainably perpetuated at sufficiently high levels.
For these reasons, the extensive efforts undertaken in the current research to perform the
TSA-dependent epigenetic transformation of these triple-transgenic ACFCs have been
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proven to be a reliable and feasible strategy for the desirable achievement of a tremen-
dously remarkable amelioration of relative abundance pinpointed for HLA-E protein. This
TSA-expedited overexpression of HLA-E has been ascertained not only with respect to
its molecular levels identified for TSA-untransformed 3×TG ACFCs but also, to an even
more noticeable extent, with respect to semi-quantitatively profiling the swine homolog of
HLA-E recognized for TSA-unmodulated and modulated non-transgenic cell counterparts.

Our current investigation provided, for the first time, clear evidence of a differentiable
extent/advancement for the TSA-mediated augmentation of the capabilities of mRNA
molecules transcribed from HLA-E, hGLA and hFUT2 transgenes to epigenomically repro-
gram their translational activities in the ex vivo models designed on porcine tri-genetically
engineered ACFCs. The TSA-dependent epigenetic transformation of hFUT2×hGLA×HLA-
E triple-transgenic ACFCs has been also found to incur the enhancement of translational
reprogrammability of mRNA transcripts synthesized not only from extrinsic (xenogeneic)
genes but also from the own intrinsic genes within host nuclear DNA. Furthermore,
no research has ever demonstrated the simultaneous overabundance of rhα-Gal A and
HLA-E proteins followed by strong attenuation of semi-quantitative profiles identified
for Galα1→3Gal antigenic determinants in porcine tri-transgenic ACFCs that have been
epigenomically modulated by their exposure to a representative of potent non-selective
HDACi, termed as trichostatin A. Nonetheless, TSA-assisted epigenetic transformation
did not considerably affect the RAs of rhα-1,2-FT in 3×TG ACFC lines. Despite this
fact, TSA-based epigenomic modulation did not relieve the biocatalytic capability of the
rhα-1,2-FT enzyme to diminish the semi-quantitative profile of α-Gal epitopes. On the
one hand, this finding can deliver an insightful interpretation of and meaningful jus-
tification for a sufficiently large and significant TSA-assisted impact on the expression
levels estimated for rhα-Gal A. On the other hand, it can implement/incorporate new
scientific knowledge and mechanistic insights into either the predominant role played
by the enzymatic activity of rhα-Gal A or its possible synergistic cooperation with over-
abundant HLA-E proteins and strong inter-proteomic crosstalk between rhα-Gal A and
HLA-E molecules. This intermolecular communication can be directed at pleiotropically
and more efficiently prompting the tremendously alleviated expression of Galα1→3Gal
antigenic determinants in hFUT2×hGLA×HLA-E triple-transgenic ACFCs. Furthermore, it
is worth highlighting that, regardless of the molecular scenario by which the TSA-mediated
epigenetic transformation of porcine tri-genetically modified ACFCs triggers the augmen-
tation of the semi-quantitative profiles of α-Gal epitopes, the incidence of Galα1→3Gal
antigenic determinants dwindled profoundly in both TSA-modulated and unmodulated
hFUT2×hGLA×HLA-E tri-transgenic ACFCs exhibiting overexpression of rhα-Gal A and
HLA-E proteins as compared to their non-transgenic cell counterparts.

In summary, these ex vivo models of mitotically stable and TSA-modulated hFUT2×
hGLA×HLA-E triple-transgenic ACFCs, whose molecular signatures encompass not only
downregulated glycoproteomic profiles of Galα1→3Gal antigenic determinants but also up-
regulated RAs of recombinant human immune enzymes (rhα-Gal A, rhα1,2-FT) and MHC
representative (HLA-E), have been profoundly explored and might provide a completely
new source of and powerful tool for highly reprogrammable (epigenomically dedifferen-
tiable) nuclear donor cells for further studies. To the best of our knowledge, no research
has ever been conducted to ascertain the suitability of such strongly reprogrammable
hFUT2×hGLA×HLA-E tri-transgenic models of ACFC lines for future investigations tar-
geted at multiplying tri-genetically modified pigs by SCNT-mediated cloning. The goals
of these investigations might be focused on the use of the above-indicated tri-transgenic
ACFC models, which are characterized by a genetically engineered diminished inter-
species (porcine→human) immunological barrier, for the efforts undertaken to propagate
and multiply cloned embryos, conceptuses and progeny by SCNT. These novel models
of the ex vivo migrating and expanding triple-transgenic ACFC lines that exhibit TSA-
facilitated epigenomic plasticity reflected in enhanced translational activities of desirable
transgene-encoded transcripts might be a prerequisite for performing efficient preclinical
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and clinical trials aimed at the pig-to-human transplantation of dermo-epidermal xenografts
conceptualized on the basis of porcine 3×TG ACFCs undergoing TSA-dependent epige-
netic transformation. The swine cutaneous bioprostheses or substitutes of human skin,
which are comprised of TSA-modulated porcine tri-genetically engineered ACFC lines,
appear to be characterized by considerably diminished inter-species histophysiological
and immunopathological incompatibility and shortened porcine→human immunogenetic
distance. All these previously mentioned attributes might give rise to the amelioration of
the capabilities of TSA-exposed porcine hFUT2×hGLA×HLA-E triple-transgenic ACFCs to
cytophysiologically promote, perpetuate and expedite the kinetics of the ex vivo migration
and proliferation of human cutaneous keratinocytes in hybrid (porcine→human) dermo-
epidermal bioprostheses. Designing such skin bioprostheses based on porcine tri-transgenic
ACFC xenografting seems to be profoundly reliable and feasible for preclinical and clinical
studies focused on reconstructive surgery related to regenerative medicine treatments and
dermoplasty-mediated tissue engineering of human integumentary system. A scarcity of al-
logeneic dermo-epidermal transplants in reconstructive and regenerative medicine triggers
a necessity for creating transgenic animal models, including swine models, characterized
by high histo- and anatomophysiological homology with the human dermo-integumentary
system and genetically engineered attenuated interspecies immunological barrier. Such
genetically modified swine models could provide biocompatible materials for developing
desirable hybrid (porcine→human) or completely xenogeneic dermo-epidermal bioprosthe-
ses based on the ex vivo migration and expansion of multiple-transgenic ACFC lines. The
latter could play a helping stimulatory function for the extracorporeal in situ proliferation
of human and/or porcine epidermal keratinocytes. The aforementioned tools designed on
swine ex vivo models of hFUT2×hGLA×HLA-E tri-transgenic ACFCs might be targeted at
the future pre- and clinical trials undertaken to utilize the porcine tri-genetically engineered
ACFC-based bioprostheses for the replacement or removal of: (1) hereditary anatomo-
and histopathological changes within the human dermo-integumentary system; (2) ma-
lignant and non-malignant skin tumors; (3) surgical or burn skin wounds and scars or
skin injuries; and (4) senescence-related alterations within the cutaneous and subcutaneous
tissue compartments.

4. Materials and Methods
4.1. Establishment and TSA-Dependent Epigenetic Transformation of the Ex Vivo-Expanded ACFC
Lines Stemming from Triple- and Non-Transgenic Pigs

The ACFC lines were established according to the protocols described in our previous
studies [16,46]. In our current investigation, ACFCs derived from hFUT2×hGLA×HLA-E
triple-transgenic pigs (n≥ 3), which had been generated by the crossbreeding of hFUT2×hGLA
double-transgenic pigs [47] with HLA-E single-transgenic specimens [36], were used.
ACFCs originating from non-transgenic pigs served as a control group (CTR nTG; n ≥ 3).
All animal procedures that were accomplished in the research by Hryhorowicz et al. [36]
and Zeyland et al. [47] were conducted in accordance with the European Directive 2010/63/EU
and approved by the Second Local Ethics Committee in Kraków, Poland (permission
1181/2015 from 21 May 2015). All ACFC lines were cultured in DMEM/F12 (1:1) (Sigma-
Aldrich, St. Louis, MO, USA) enriched with 15% FBS (Sigma-Aldrich) and 1% peni-
cillin/streptomycin cocktail (Sigma-Aldrich) in a CO2 incubator under stabilized conditions
as follows: a temperature of +38.5 ◦C, 5% CO2 and relative humidity of air atmosphere
ranging from 90 to 95%. For Western and Lectin blot analyses, cells were cultured in T-25
flasks of up to 2–3 passages, but for immunofluorescence, cells in the second passage were
seeded onto sterile coverslips in 6-well plates. Immediately after the ex vivo-expanded
ACFC lines reached approximately 85% of confluence, their epigenetic transformation was
prompted by supplementation of the culture medium with 50 nM of TSA (Sigma-Aldrich).
Both tri-transgenic and non-transgenic ACFCs were epigenomically modulated by treat-
ment with TSA for 24 h. The effect of TSA-mediated epigenetic transformation on not
only relative quantities of hFUT2, hGLA and HLA-E mRNA transcripts but also abundance
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profiles of adequate transgenically biosynthesized proteins and Galα1→3Gal epitopes was
determined in the ex vivo-expanded ACFC lines originating from 3×TG (n ≥ 3) pigs. The
ACFCs derived from non-transgenic (nTG; n ≥ 3) pigs provided TSA+ and TSA− control
groups. All the cell cultures were independently triplicated.

4.2. Total RNA Isolation, cDNA Synthesis and Reverse Transcription

Total RNA was extracted from either TSA-modulated or unmodulated hFUT2×hGLA×
HLA-E triple-transgenic ACFCs and their non-transgenic cell counterparts. Total cellular
RNA was isolated using the Total RNA Mini Plus Kit (A&A Biotechnology, Gdańsk, Poland)
according to the manufacturer’s protocol. The quantity and quality of the total RNA were
ascertained by measuring the absorbance at the detection wavelengths λ equal to 260 nm
and 280 nm with a NanoDrop™ Lite Spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA). Moreover, RNA samples were electrophoresed on a 1% (w/v) denaturing
agarose gel to verify the RNA quality and stored frozen at −80 ◦C. First-strand cDNA
was prepared by reverse transcription (RT) using 1 mg of total RNA, random primers and
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s protocol. The 20-mL total reaction volume contained
random primers, dNTP mix, RNAse inhibitor and Multi Scribe Reverse Transcriptase. RT
was performed in a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) according to the
following thermal profile: (1) 25 ◦C for 10 min, (2) 37 ◦C for 120 min and (3) 85 ◦C for 5 min.
Genomic DNA amplification contamination was checked using control experiments, in
which reverse transcriptase was omitted during the RT step. The samples were kept at
−20 ◦C until further analysis.

4.3. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

The RT-qPCR was performed according to the manufacturer’s protocol. To quantita-
tively assess the transcriptional activities identified for each analyzed transgene (i.e., hFUT2,
hGLA and HLA-E), the RT-qPCR reactions were successfully initiated and subsequently
completed for each sample using a reaction mix prepared as follows: 1× SYBR Select Master
Mix (Thermo Fisher Scientific), 2 µL of forward and reverse primers (1 µM each) and 4 µL
of 20× diluted cDNA in a final volume of 15 µL. A no-RT control run was conducted with
DNase-digested RNA to verify that the digestion was successful and sufficient for selected
samples. The amplification protocol included an initial preheating at 50 ◦C for 2 min, initial
denaturation at 95 ◦C for 10 min and 40 cycles of amplification (15 s at 95 ◦C and 60 s at
60 ◦C). A melting curve analysis was achieved at the end of each run. The RT-qPCR was
carried out with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The sequences
of all the RT-qPCR primers are presented in Table 1.

Table 1. Primers used for RT-qPCR.

Gene F/R Primer Sequence (5′→3′) Tm (◦C) Reference

hFUT2
F ATGTCGGAGGAGCACGCGG 55.9 [12]

R CCACGGTGTAGCCTCCTGTCC 55.4 [12]

hGLA
F GGGGAGGGGTTTTATGCGATGGAG 51.8 [13]

R CTGGCTCTTCCTGGCAGTCA 51.8 [13]

HLA-E
F TTCCGAGTGAATCTGCGGAC 51.8 [36]

R AGGCGAACTGTTCATACCCG 53.8 [36]

pACTB
F CAAAGCCAACCGTGAGAAGA 53.8 [36]

R GTACCCCTCGTAGATGGGCA 53.0 [36]
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Alterations in the quantitative profiles (i.e., relative quantities; RQs) noticed for ade-
quate mRNA transcripts that had been triggered by the TSA-mediated epigenomic modu-
lation of ex vivo-expanded hFUT2×hGLA×HLA-E triple-transgenic and non-transgenic
ACFC lines were rendered as a ratio of target gene versus reference ACTB gene (coding
for β-actin) in relation to expression in control samples using the method developed and
optimized by Pfaffl [48] according to the following equation:

Ratio =

(
Etarget

)nCt Target(control−sample)

(Ere f erence)
nCt Re f erence(control−sample)

(1)

In the above-indicated algorithmic formulation, the mathematical designation E de-
notes the amplification efficiency, whereas the nCt symbol is assigned to the number of
RT-qPCR cycles needed for the signal to exceed a predetermined threshold value. To
minimize the error associated with the differences in the quantity of applied template,
the analyses were run in triplicate (at least three biological replicates and three technical
replicates within each biological replicate), and the results were averaged.

4.4. Total Protein Extraction and Western or Lectin Blot Analyses Accomplished to Ascertain the
Semi-Quantitative Profiles Pinpointed for α1,2-FT, α-Gal A and HLA-E/shHLA-E Proteins or
Galα1→3Gal Epitopes at the Glycoprotein Levels in the Ex Vivo-Expanded Triple- and
Non-Transgenic ACFCs

Total protein was extracted from harvested ACFCs using radioimmunoprecipitation
assay lysis buffer (RIPA buffer, Thermo Fisher Scientific, Waltham, MA, USA) containing
1% proteinase inhibitor cocktail (RIPA+PI; Bioshop Inc., Burlington, ON, Canada). After
treatment with TSA, cells were washed twice with ice-cold PBS, then 300 µL of RIPA+PI
was added per flask, and cells were harvested with cell scrapers. The samples were subse-
quently sonicated and centrifuged at 13,200 rpm for 15 min at +4 ◦C, and supernatant was
collected. Protein concentration was estimated with microassay DCTM Protein Assay (Bio-
Rad Laboratories, Hercules, CA, USA) using bovine serum albumin (BSA) as a standard.
Protein samples were stored at −80 ◦C for further analyses.

For sodium dodecyl-sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE), pro-
tein samples were diluted in 2× Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules,
CA, USA) containing β-mercaptoethanol and denaturated at 99.5 ◦C per 5 min. Elec-
trophoresis was performed with 5% stacking and 10% resolving polyacrylamide gels. Each
lane was loaded with 20 µg of protein. Then, proteins were electro-transferred onto a
poly(vinylidene fluoride) (PVDF) membrane (Immobilon-P; Merck, Darmstadt, Germany)
at a constant amperage of 250 mA for 120 min.

For immunoblotting membranes, after several washes in TBS, they were blocked for
1 h in 5% non-fat milk in TBST (Tris buffer saline with 0.1% v/v Tween20; Bioshop Inc.).
Subsequently, the membranes were rinsed several times in TBST and incubated overnight
at +4 ◦C with the following primary antibodies: against HLA-E (diluted 1:1000 in TBST;
mouse monoclonal antibodies, ab11820, Abcam, Cambridge, UK), human α1,2-FT (diluted
1:1000 in TBST; rabbit polyclonal antibodies, ab198712, Abcam) and human α-Gal A (di-
luted 1:1000 in TBST; rabbit polyclonal antibodies, PA5-27349, ThermoFisher Scientific,
Waltham, MA, USA). β-Actin served as a loading control protein (diluted 1:2000 in TBST;
mouse monoclonal antibodies, ab8224, Abcam). Then, membranes were washed several
times in TBST and incubated with goat anti-rabbit or goat anti-mouse HRP-conjugated sec-
ondary antibodies (ThermoFisher Scientific, Waltham, MA, USA) at a dilution of 1:6000 in
TBST for 1 h at room temperature.

For lectin blotting, membranes were blocked for 30 min in 1% BSA (Bioshop Inc.)
in TBST. Then, membranes were washed three times in DPBS containing Ca2+/Mg2+

ions (Gibco® ThermoFisher Scientific, Waltham, MA, USA) followed by TBS. In the next
step, membranes were incubated overnight at +4 ◦C with isolectin GS I-B4 labelled with
HRP (L5391, Sigma-Aldrich) diluted 1:2000 in DPBS. Finally, membranes were washed in
TBS buffer.
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For both Western blotting and lectin blotting, protein bands were detected by chemilu-
minescence using ClarityTM Western ECL Blotting Substrate (Bio-Rad Laboratories, Her-
cules, CA, USA) and visualized with the ChemiDocTM XRS+ Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA). Protein bands were quantified using the Image LabTM

2.0 Software (Bio-Rad Laboratories, Hercules, CA, USA). Semi-quantitative analysis was
performed for three separately repeated experiments for each control and experimental
group and normalized on β-actin (reference protein)-related signal. This indicates that at
least three biological replicates originated from at least three independent 3×TG and nTG
pigs. Subsequently, each of these biological replicates was run in three technical replicates
in either one Western blot assay or one lectin blot assay. Each analysis was calculated
as follows:

Relative expression =
signalSAMPLE

signalREFERENCE PROTEIN
(2)

Subsequently, the results encompassing the relative expression of the HLA-E, rhα1,2-
FT and rhα-Gal A enzymes were shown as a mean ± SEM.

4.5. Immunofluorescence Staining of the Ex Vivo-Expanded Triple- and Non-Transgenic ACFCs
Epigenomically Modulated or Not Modulated by Their Exposure to TSA

Immediately after TSA-assisted epigenetic transformation, tri-genetically modified or
non-modified ACFCs were washed with sterile PBS and fixed with 4% paraformaldehyde
for 10 min at room temperature. After several washes in PBS, cells were blocked in
5% normal goat serum (NGS) in PBST (PBS containing 0.1% Triton X-100) for 30 min.
Cells were then incubated overnight at +4 ◦C in a humidified chamber with the following
primary antibodies (the same as those for Western blot) against HLA-E (diluted 1:300 in
PBST), human α1,2-FT (diluted 1:150 in PBST) and human α-Gal A (diluted 1:200 in
PBST). In the next step, cells were washed several times in PBST and incubated with
goat anti-rabbit Alexa Fluor 488-conjugated or goat anti-mouse Cy3-conjugated secondary
antibodies (diluted 1:500 in PBST; ThermoFisher Scientific, Waltham, MA, USA) for 1 h
at room temperature. After final washes, ACFCs were mounted in Fluoroshield with
4′,6-diamidino-2-phenylindole (DAPI) mounting medium (F6057, Sigma-Aldrich, St. Louis,
MO, USA). All the experiments were independently replicated thrice, which denotes that
at least three biological replicates were collected from at least three independent 3×TG
and nTG pigs. Each of these biological replicates was run in three technical replicates in a
single immunoreaction assay. Fluorescently labelled ACFCs were examined as described in
Section 4.6.

4.6. Confocal Microscope Analyses of the Ex Vivo-Expanded Triple- and Non-Transgenic ACFCs
Undergoing or Not Undergoing TSA-Based Epigenetic Transformation

Fluorescently labelled cells were examined by confocal microscope Olympus Flu-
oView 1200 on inverted stand IX83 (Olympus, Tokyo, Japan). A magnification objective of
40 times (NA = 0.95) was used, and diode laser (473 nm), diode laser (543 nm) and diode
laser (405 nm) were applied to excite green (Alexa Fluor 488), red (Cy3) and blue (DAPI)
fluorescence, respectively.

4.7. Statistical Analysis

For each TSA-transformed and -untransformed ACFC variant stemming from tri-
genetically engineered (n ≥ 3) and non-engineered pigs (n ≥ 3) and for all analyses, three
replications were performed. Quantitative data were expressed as the mean ± standard
error of the mean (SEM) and examined using the Shapiro–Wilks W test for normality. Com-
parisons between the appropriate means were achieved by one-way analysis of variance
(ANOVA) followed by Newman–Keuls post hoc test for multiple ranges. All statistical
analyses were carried out using Statistica 13 Software (StatSoft Inc., Tulsa, OK, USA). Sta-
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tistical significance was marked by letters at the appropriate charts. The bars that were
marked with different letters vary significantly.

5. Conclusions

The current research creates, for the first time, strong scientific foundations that empiri-
cally justify the highly elevated epigenetic reprogrammability of porcine hFUT2×hGLA×HLA-
E tri-genetically modified ACFC lines due to their TSA-dependent epigenomic modulation.
This has been clearly proven by proteomically profiling in such completely novel ex vivo
models designed on the triple-transgenic cells. The comprehensive deciphering of molecu-
lar signatures in these tri-transgenic ACFCs has remarkably confirmed the TSA-mediated
augmentation of the RAs noticed for rhα-Gal A and HLA-E proteins, which arises from
enhanced translational activities of mRNA transcripts undergoing stable synthesis from
hGLA and HLA-E transgenes. The TSA-facilitated scenarios of increased expression levels
identified for rhα-Gal A and HLA-E proteins simultaneously brought about a decline in
the semi-quantitative profiles of Galα1→3Gal antigenic determinants recognized at the
glycoprotein levels, as has been compared to the ex vivo non-transgenic models of ACFC
lines. For these reasons, the present study has been targeted at thoroughly estimating the
semi-quantitative profiles of α-Gal epitopes at the glycoprotein level, which have been
successfully downregulated by the synergistic interplay and reciprocal cooperation of
overabundant protein products translated from genetically engineered mRNA transcripts
of overexpressed hGLA, HLA-E and hFUT2 transgenes in tri-genetically modified ACFCs
subjected to TSA-mediated epigenetic transformation.
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Abbreviations

3×TG Triple-transgenic; tri-transgenic
ACFC Adult cutaneous fibroblast cell
ACTB β-Actin
α-Gal Galα1→3Gal antigenic determinant (epitope)
α1,3-GT α1,3-galactosyltransferase
CTR nTG Control non-transgenic
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DNMTi Inhibitors of DNA methyltransferases
HAR Hyperacute rejection
HDACi Inhibitors of histone deacetylases
HLA-E Human leukocyte antigen-E
MHC Major histocompatibility complex
NK Natural killer
RA Relative abundance
rhα1,2-FT Recombinant human α1,2-fucosyltransferase
rhα-Gal A Recombinant human α-galactosidase A
RT-qPCR Reverse transcription-quantitative polymerase chain reaction
SCNT Somatic cell nuclear transfer
shHLA-E Swine homolog of human leukocyte antigen-E
TSA Trichostatin A
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12. Lipiński, D.; Jura, J.; Zeyland, J.; Juzwa, W.; Mały, E.; Kalak, R.; Bochenek, M.; Pławski, A.; Szalata, M.; Smorąg, Z.; et al.
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Abstract: Pig-to-human xenotransplantation seems to be the response to the contemporary shortage
of tissue/organ donors. Unfortunately, the phylogenetic distance between pig and human implies
hyperacute xenograft rejection. In this study, we tested the hypothesis that combining expression
of human α1,2-fucosyltransferase (hFUT2) and α-galactosidase A (hGLA) genes would allow for
removal of this obstacle in porcine transgenic epidermal keratinocytes (PEKs). We sought to deter-
mine not only the expression profiles of recombinant human α1,2-fucosyltransferase (rhα1,2-FT)
and α-galactosidase A (rhα-Gal A) proteins, but also the relative abundance (RA) of Galα1→3Gal
epitopes in the PEKs stemming from not only hFUT2 or hGLA single-transgenic and hFUT2×hGLA
double-transgenic pigs. Our confocal microscopy and Western blotting analyses revealed that both
rhα1,2-FT and rhα-Gal A enzymes were overabundantly expressed in respective transgenic PEK
lines. Moreover, the semiquantitative levels of Galα1→3Gal epitope that were assessed by lectin
fluorescence and lectin blotting were found to be significantly diminished in each variant of geneti-
cally modified PEK line as compared to those observed in the control nontransgenic PEKs. Notably,
the bi-transgenic PEKs were characterized by significantly lessened (but still detectable) RAs of
Galα1→3Gal epitopes as compared to those identified for both types of mono-transgenic PEK lines.
Additionally, our current investigation showed that the coexpression of two protective transgenes
gave rise to enhanced abrogation of Galα→3Gal epitopes in hFUT2×hGLA double-transgenic PEKs.
To summarize, detailed estimation of semiquantitative profiles for human α-1,2-FT and α-Gal A
proteins followed by identification of the extent of abrogating the abundance of Galα1→3Gal epi-
topes in the ex vivo expanded PEKs stemming from mono- and bi-transgenic pigs were found to
be a sine qua non condition for efficiently ex situ protecting stable lines of skin-derived somatic
cells inevitable in further studies. The latter is due to be focused on determining epigenomic repro-
grammability of single- or double-transgenic cell nuclei inherited from adult cutaneous keratinocytes
in porcine nuclear-transferred oocytes and corresponding cloned embryos. To our knowledge, this
concept was shown to represent a completely new approach designed to generate and multiply
genetically transformed pigs by somatic cell cloning for the needs of reconstructive medicine and
dermoplasty-mediated tissue engineering of human integumentary system.

Keywords: genetically modified pig; epidermal keratinocyte; human α-1,2-fucosyltransferase;
human α-galactosidase A; Galα1→3Gal epitope
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1. Introduction

Nowadays, the use of the porcine cells, tissues, and organs seems to be the response
to the contemporary scarcity of organs for transplantation. Porcine organs display a vast
variety of anatomo-histological and physiological similarities to their human counterparts.
Furthermore, the extent of genetic identity between these two mammalian species oscillates
at a level of approximately 96% [1–5]. Pigs are characterized by high rates of fertility and
prolificacy, which reflects in both enhanced breeding potential and rapid gain of specimen-
specific body mass in this livestock species displaying relatively low or negligible incidence
of time- and cost-consuming production.

Unfortunately, the phylogenetic distance between pigs and humans implies complex
immune response, leading to either hyperacute rejection (HAR) or acute humoral and
cellular rejection of porcine xenografts [6–8]. The HAR is an immediate reaction of human
immune system to the high frequency of occurrence noticed for Galα1→3Gal epitopes un-
dergoing expression on the external surface of porcine cells’ plasmalemma compartments.
The biogenesis of Galα1→3Gal antigenic determinants is enzymatically catalyzed by α1,3-
galactosyltransferase (α1,3-GT), which is encoded by GGTA1 gene. The α1,3-GT enzyme
displays the capability to biocatalyse the biochemical reactions of transferring galactose
moieties from uridine 5′-diphosphogalactose (UDP-Gal) residues followed by α1→3 gly-
cosidic binding these monosaccharide molecules to glycoproteins or glycosphingolipids
containing terminal Galβ1→4GlcNAc-R residues [9,10]. Therefore, genetically engineering
triggering the simultaneous coexpression of recombinant human α1,2-fucosyltransferase
(rhα1,2-FT) and α-galactosidase A (rhα-Gal A) enzymes, which are encoded by hFUT2 and
hGLA transgenes, appears to be a promising approach to overcome the HAR of porcine
cell, tissue, and organ xenotransplants [11,12]. Both endogenous porcine α1,3-GT and the
transgenically expressed rhα1,2-FT utilize N-acetyllactosamine (LacNAc) residues for the
purposes of their biocatalytic activities. However, human α1,2-FT occurs in the cis com-
partment of the Golgi apparatus and acts earlier than porcine endogenous α1,3-GT, which
is present in the trans compartment of this organelle. As oligosaccharide moves through
the Golgi apparatus, it is primarily fucosylated by rhα1,2-FT, whereby it cannot accept the
terminal galactose residue in the subsequent reaction biocatalysed by α1,3-GT. This strategy
is based on the competition of these two enzymes acting on the same substrate during
oligosaccharide processing within transgenic cells [12,13]. In turn, the rhα-Gal A enzyme
is responsible for the cleavage of terminal D-galactose moieties [14]. Zeyland et al. [15]
reported successfully generating and multiplying the double-transgenic pigs displaying
robust and ubiquitous expression of enzymatic rhα1,2-FT and rhα-Gal A immunoproteins
for the first time. These investigators also demonstrated considerably dwindling the inci-
dence of α-Gal antigenic determinants on the extracellular surface of porcine cutaneous
fibroblast’s plasma membranes. However, the effect of genetically engineered modification
of the aforementioned immunoenzymes may vary among different cell types due to their
specific glycosylation patterns. To our knowledge, no research has ever been conducted
to comprehensively estimate not only the concomitant semiquantitative profiles (RAs) of
enzymatic rhα1,2-FT and rhα-Gal A immunoproteins, but also enhanced abrogation of
Galα1→3Gal epitopes in the extracorporeally proliferating PEK lines that were previously
established from dermal explants of the hFUT2×hGLA bi-transgenic pigs.

The ex vivo expanding and cryogenically protecting mono- and bi-transgenic adult epi-
dermal cells (keratinocytes) that were thoroughly characterized by recognizing proteomic
signatures related to semiquantifying not only led to the overabundance of rhα1,2-FT
and/or rhα-Gal A enzymes, but also augmented downregulation of Galα1→3Gal antigenic
determinants, which seem to be indispensable to subsequently investigating the suitability
of PEKs for producing genetically engineered cloned pigs by somatic cell nuclear transfer
(SCNT). The use of somatic cell cloning for multiplication of genetically transformed pigs,
whose skin (including all its principal layers such as epidermis, dermis, and hypodermis)
displays robust and ubiquitous expression profiles of rhα1,2-FT and rhα-Gal A proteins and,
concomitantly, diminished RA of Galα1→3Gal epitopes, appears to be reliable and feasible
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strategy required to design different models of porcine dermo-epidermal bioprostheses or
substitutes of human skin. The latter are intended for minimally invasive procedures of
surgically repairing damaged or injured human skin by xenotransplanting porcine cuta-
neous grafts. These procedures are inevitable not only in regenerative medicine and tissue
engineering of human dermo-integumentary system, but also in dermoplasty based on
reconstructive surgery, which is mediated by xenogeneic skin grafting. The aforementioned
tools of modern plastic surgery and reconstructive medicine are focused on applying the
porcine genetically engineered skin bioprostheses to replacement or removal of: (1) congen-
ital malformations of human dermo-integumentary system; (2) dermodysplastic lesions
triggered by postoperative (surgical) skin wounds and scars or skin burn wounds and
scars or accidental and inflicted skin injuries; (3) precancerous (premalignant) skin lesions
in patients afflicted with e.g., precancerous keratosis; (4) cancerous skin tumors (malignant
neoplasms) designated as metastatic cancers; (5) noncancerous oncogenic skin alterations
resulting in the formation of benign (nonmalignant) tumors; and (6) degenerative changes
in aging skin.

Cumulatively, it is beyond any doubt that a variety of comprehensive approaches used
to determine the proteomic profile of permanent and homogenous cell lines of PEKs, which
were successfully established from primary cultures stemming from skin-derived bioptates
of mono- and bi-transgenic pigs, were applied for the first time. These approaches were ac-
complished to ex situ cryopreserve the reservoirs providing epigenetically reprogrammable
nuclear donor epidermal cells (NDECs) for future studies aimed at cloning multigenetically
transformed pigs by SCNT. To the best of our knowledge, the conceptualization of utilizing
porcine single- or double-transgenic cutaneous keratinocytes as a source of terminally dif-
ferentiated NDECs for efforts undertaken to generate somatic cell-cloned embryos, fetuses,
and progeny in mammals was not yet developed. So far, the only sources of nuclear donor
cells derived from dermo-integumentary system of adult mammalian specimens that were
used for creation of cloned embryos, conceptuses, and offspring in mice originate from
multipotent hair follicle bulge-derived epithelial stem cells and partially differentiated
nonbulge keratinocyte progenitor cells, i.e., transit amplifying cells isolated from the basal
layer of the epidermis and the upper outer root sheath of the hair follicles [16]. Therefore,
attempts, which are targeted at exploring the capabilities of genetically modified cell nuclei
inherited from adult epidermal keratinocytes to be epigenetically reprogrammed in porcine
SCNT-derived oocytes and resultant embryos, are found to be a completely new strategy
elaborated for the purpose of somatic cell cloning of pigs and other mammalian species.

2. Results
2.1. Fluorescent Immunolocalization of Recombinant Human α1,2-Fucosyltransferase (rhα1,2-FT)
and α-Galactosidase A (rhα-Gal A) Enzymes in the Ex Vivo-Expanded Single- and
Double-Transgenic PEKs

The regions of localization noticed for rhα1,2-FT and rhα-Gal A enzymes were de-
termined by immunofluorescence staining of the in vitro cultured PEKs stemming from
hFUT2 or hGLA mono-transgenic (Figure 1), hFUT2×hGLA bi-transgenic (Figure 1), and
nontransgenic (Figure 2) pigs served as a control group (CTR nTG). The positive rhα1,2-FT-
derived immunofluorescence signal was predominantly confined to the perinuclear area
in PEKs originating from hFUT2 single-transgenic (Figure 1a) and hFUT2×hGLA double-
transgenic (Figure 1c) cell lines. In turn, homogenously dispersed regions associated with
fluorescently immunostaining the rhα-Gal A molecules were found to occur in whole
cytoplasm of both transgenic PEK variants as follows: hGLA (Figure 1b) and hFUT2×hGLA
(Figure 1d). But, in the porcine CTR nTG keratinocytes, we did not identify any posi-
tive signal descended from either extrinsic rhα1,2-FT or intrinsic species-specific α1,2-FT
(Figure 2a), whereas the incidental locations related to immunofluorescently tagging the
α-Gal A proteins were shown to be scarcely detectable (Figure 2b).
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Figure 1. Immunofluorescence analysis of ex vivo-expanded PEKs originating from different variants of genetically en-
gineered pigs detailed as: hFUT2 mono-transgenic (a), hGLA mono-transgenic (b) and hFUT2×hGLA bi-transgenic (c,d).
Representative microphotographs depicting immunofluorescent detection of rhα1,2-FT-related (a,c) and rhα-Gal A-related
(b,d) locations recognized in single- and double-transgenic PEKs, respectively. Immunostaining with aid of red Cy3
fluorochrome-tagged or green Alexa Fluor 488 fluorochrome-tagged secondary antibodies and blue fluorescent nuclear
counterdyeing with use of 4′,6-diamidino-2-phenylindole (DAPI). Scale bars represent 50 µm. Centers of immunofluores-
cently labelling the rhα1,2-FT enzymes were primarily localized in the perinuclear region of all analyzed cells (a,c). rhα-Gal
A-descended signaling points were found to be homogeneously distributed in whole cytoplasm of diagnosed cells from
each transgenic variant (b,d).
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vivo proliferating PEKs confirmed the occurrence of rhα1,2-FT and rhα-Gal A enzymes 
in all the corresponding transgenic samples (Figure 3a–c). In the CTR nTG group (Figure 
3d), we identified a weak positive signal for intrinsic species-specific α1,2-FT and barely 
detectable signal for intrinsic α-Gal A. Pigs are characterized by the lack of α-Gal A pro-
tein expression, which stems from species-specific silencing both alleles of pGLA gene. 
Taking this into consideration, the epigenetic alterations resulting from the in vitro cul-
ture conditions seem to trigger, to a very limited extent, onset of transcriptional and 

Figure 2. Immunofluorescence analysis of ex vivo-expanded PEKs stemming from control nontransgenic pigs (CTR nTG).
Representative microphotographs depicting the immunofluorescent detection of α1,2-FT-related (a) and α-Gal A-related
(b) locations identified in nontransgenic PEKs. Immunostaining with red Cy3 fluorochrome-tagged or green Alexa Fluor
488 fluorochrome-tagged secondary antibodies and blue fluorescent nuclear counterdyeing with the use of 4′,6-diamidino-2-
phenylindole (DAPI). Scale bars represent 100 µm. No positive signaling points descended from either xenogeneic rhα1,2-FT
or endogenous species-specific α1,2-FT were recognized (a), while sporadic incidence of hardly detectable spots correlated
with immunofluorescently labelling the α-Gal A enzymes was noticed (b).

2.2. Western Blot-Mediated Determination of the Relative Expression Specific for Recombinant
Human α1,2-Fucosyltransferase (rhα1,2-FT) and α-Galactosidase A (rhα-Gal A) Enzymes in the
Ex Vivo-Expanded Single- and Double-Transgenic PEKs

To carry out Western blot analysis, the total protein samples were isolated from the
in vitro cultured PEKs stemming not only from hFUT2 mono-transgenic, hGLA mono-
transgenic, and hFUT2×hGLA bi-transgenic, but also from control nontransgenic (CTR
nTG) pigs. Western blot analysis of total protein extracts descended from the ex vivo
proliferating PEKs confirmed the occurrence of rhα1,2-FT and rhα-Gal A enzymes in all
the corresponding transgenic samples (Figure 3a–c). In the CTR nTG group (Figure 3d), we
identified a weak positive signal for intrinsic species-specific α1,2-FT and barely detectable
signal for intrinsic α-Gal A. Pigs are characterized by the lack of α-Gal A protein expression,
which stems from species-specific silencing both alleles of pGLA gene. Taking this into
consideration, the epigenetic alterations resulting from the in vitro culture conditions seem
to trigger, to a very limited extent, onset of transcriptional and translational activities
for pGLA alleles and their transcribed mRNAs in the negligible pools of the ex vivo
expanded porcine CTR nTG keratinocytes. Signal intensities of the analyzed proteins
(rhα1,2-FT and rhα-Gal A) were normalized to β-actin, which provides a loading control.
The semiquantitative analysis of Western blot clearly proved that the relative abundances
(RAs) estimated for both tested enzymes were considered to be significantly augmented
(at least p < 0.01) in the total protein samples from each transgenic variant of PEKs as
compared to the RA determined for CTR nTG group (Figure 3e,f).
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Figure 3. Western blot-mediated estimation of the semiquantitative profiles noticed for expression of recombinant human
α1,2-fucosyltransferase (rhα1,2-FT) and α-galactosidase A (rhα-Gal A) enzymes in total protein samples extracted from the
ex vivo-expanded control nontransgenic (CTR nTG) PEKs and their cell counterparts stemming from hFUT2 and hGLA
single-transgenic pigs and hFUT2×hGLA double-transgenic specimens. Representative blots corresponding to expression
of rhα1,2-FT and rhα-Gal A enzymes in total protein samples that were isolated from PEKs stemming from hFUT2 mono-
transgenic (a), hGLA mono-transgenic (b), hFUT2×hGLA bi-transgenic (c) and CTR nTG pigs (d). β-Actin provides a
loading control for all analyzed protein samples. Results of the semiquantitatively analyzing the relative abundances (RAs)
determined for rhα1,2-FT and rhα-Gal A enzymes (in arbitrary units) were presented in panels (e,f), respectively. Bar graphs
show mean ± standard error of mean (SEM) of relative optical density (ROD) descended from three separate analyses of
three animals for each variant. Red line is taken as the cut-off value 1.0. Statistics: one-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) post hoc test. Values that are denoted as ** and *** indicate
incidence of statistically significant differences between experimental groups with a probability of occurring random errors
at the levels of p < 0.01 and p < 0.001, respectively.

2.3. Lectin GS I-B4-Mediated Fluorocytochemically Detecting the Expression Profiles of Galα1→3
Gal Epitope in the Ex Vivo-Expanded Single-, Double- and Nontransgenic PEKs

The expression levels noticed for Galα1→3Gal antigenic determinants were identified
in the in vitro cultured PEKs by their tagging with Alexa Fluor 647-conjugated lectin GS I-B4.
Figure 4 depicts the panels of microphotographs, in which the occurrence of Galα1→3Gal
epitopes was fluorocytochemically confirmed in extracorporeally proliferating PEKs de-
rived from control nontransgenic (CTR nTG; Figure 4a), hFUT2 or hGLA mono-transgenic
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(Figure 4b,c, respectively) and hFUT2×hGLA bi-transgenic pigs (Figure 4d). The Alexa
Fluor 647/lectin GS I-B4 conjugates strongly labelled Galα1→3Gal antigenic determinants
in the intracellular compartments, cytoskeleton, membrane skeleton and plasmalemma
of the PEKs stemming from the CTR nTG group (Figure 4a). In contrast, the PEKs that
originated from not only hFUT2 and hGLA mono-transgenic pigs (Figure 4b,c, respectively)
but also hFUT2×hGLA bi-transgenic pigs (Figure 4d) were characterized by the incidences
of lectin GS I-B4-assisted fluorocytochemically recognizing the Galα1→3Gal epitopes that
were shown to be remarkably lower than that observed in the CTR nTG group.
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mono-transgenic (b), hGLA mono-transgenic (c) and hFUT2×hGLA bi-transgenic (d). Representa-
tive microphotographs depicting incidences of fluorocytochemically recognizing lectin GS 
I-B4-labelled Galα1→3Gal antigenic determinants localized in intracellular compartments and 
plasma membranes of PEKs from each experimental variant specified as: CTR nTG (a), hFUT2 sin-
gle-transgenic (b), hGLA single-transgenic (c), and hFUT2×hGLA double-transgenic (d). The lectin 
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Figure 4. Lectin fluorescence analysis of expression profiles specific for Galα1→3Gal epitopes in
ex vivo-expanded PEKs stemming either from genetically nontransformed pigs designated as CTR
nTG group (a) or from different types of genetically transformed pigs as follows: hFUT2 mono-
transgenic (b), hGLA mono-transgenic (c) and hFUT2×hGLA bi-transgenic (d). Representative
microphotographs depicting incidences of fluorocytochemically recognizing lectin GS I-B4-labelled
Galα1→3Gal antigenic determinants localized in intracellular compartments and plasma membranes
of PEKs from each experimental variant specified as: CTR nTG (a), hFUT2 single-transgenic (b),
hGLA single-transgenic (c), and hFUT2×hGLA double-transgenic (d). The lectin fluorescence analysis
was accomplished by using Alexa Fluor 647-conjugated lectin GS I-B4 (highly specific red fluorocyto-
chemical tagging of Galα1→3Gal antigenic determinants) and 4′,6-diamidino-2-phenylindole (DAPI)
counterstain (blue dyeing of the cell nuclei). Scale bars represent 100 µm.

Semi-quantitatively analyzing the fluorescence intensity (FI) of Alexa Fluor 647 dye
(Figure 5) revealed that the expression levels estimated for lectin GS I-B4-tagged Galα1→3Gal
epitopes were found to significantly wane in the PEKs of each transgenic variant as compared
to their CTR nTG cell counterparts (p < 0.01). However, intergroup variability in the extents of
Alexa Fluor 647-descended FI was not statistically proven among different types of genetically
engineered PEK lines (p ≥ 0.05).
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Figure 5. Semiquantitative analysis of fluorescence intensity of Alexa Fluor 647 dye for detecting
expression of lectin GS I-B4-tagged Galα1→3Gal epitopes in the ex vivo-expanded PEKs stemming
from control nontransgenic (CTR nTG) pigs and all the three types of transgenic specimens (hFUT2,
hGLA and hFUT2×hGLA). For each variant, at least 70 regions of interest (ROI) of each field of view
(n = 9) obtained from 5 animals were measured. Results on graph are presented in arbitrary units in
form of exponential notation (×103). Bars show mean ± standard error of the mean (SEM). Statistics:
one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD)
post hoc test. Values that are denoted as ** indicate occurrence of statistically significant differences
between experimental groups (p < 0.01). Relative expression of Galα1→3Gal epitope in all the tested
cell samples (from each transgenic variant) were found to dwindle significantly as compared to that
of CTR nTG group. PEKs derived from hFUT2×hGLA bi-transgenic pigs exhibited lowest expression
of Galα1→3Gal antigenic determinants. Nonetheless, this expression level did not vary significantly
from those identified in the hFUT2 and hGLA mono-transgenic variants of PEKs (p ≥ 0.05).

2.4. Lectin Blotting Analysis of Galα1→3Gal Epitope Expression at the Protein Level in the Ex
Vivo-Expanded Single-, Double- and Nontransgenic PEKs

By using horseradish peroxidase (HRP)-conjugated isolectin GS I-B4, lectin blot anal-
ysis was performed to estimate the relative abundance (RA) of Galα1→3Gal antigenic
determinants at the total protein level. The occurrence of Galα1→3Gal epitopes in all
analyzed protein samples, including those isolated from control nontransgenic (CTR nTG)
PEKs and their cell counterparts originating from hFUT2 and hGLA mono-transgenic
pigs and hFUT2×hGLA bi-transgenic specimens (Figure 6a). In turn, β-Actin provides
a loading control. The semiquantitative analysis of RAs determined for Galα1→3Gal
epitope revealed the presence of statistically significant intergroup variability between the
samples descended from CTR nTG keratinocytes and their equivalents derived from all
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types of genetically modified (hFUT2, hGLA and hFUT2×hGLA) PEKs (Figure 6b). The
semiquantitative profile noticed for the expression of Galα1→3Gal antigenic determinants
was shown to be reduced, to the largest extent, in the hFUT2×hGLA double-transgenic
PEKs as compared to that of the CTR nTG group (p < 0.01; Figure 6b). However, the RA
of Galα1→3Gal epitope observed for the hFUT2×hGLA bi-transgenic cells was found to
be significantly lower than those identified in both hFUT2 and hGLA mono-transgenic
keratinocytes (p < 0.05; Figure 6b).
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counterparts stemming from hFUT2 and hGLA single-transgenic pigs and hFUT2×hGLA double-
transgenic specimens. (a): representative lectin blots corresponding to expression of Galα1→3Gal
antigenic determinants in total protein samples that were extracted from PEKs originating from
CTR nTG, mono- (hFUT2, hGLA) and bi-transgenic (hFUT2×hGLA) pigs. MW indicates molecular
weight of protein standards. Control 1, control 2, sample 1, and sample 2 were designated as C1, C2,
S1, and S2, respectively. Each band represents a glycosylated protein containing the Galα1→3Gal
epitope. β-Actin served as a loading control for all analyzed protein samples. (b): semiquantitatively
analyzing the relative abundances (RAs) estimated for Galα1→3Gal epitopes (in arbitrary units).
Relative optical density (ROD) from three separate analyses of at least three animals for each variant
is expressed as mean. Graph bar shows mean± standard error of the mean (SEM). Statistics: one-way
analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) post hoc
test. Values that are denoted as *, ** and *** indicate incidence of statistically significant differences
between experimental groups with a probability of occurring random errors at levels of p < 0.05,
p < 0.01, and p < 0.001, respectively. Relative expression recognized for Galα1→3Gal antigenic
determinants was proven to be perpetuated at significantly diminished extents in all types/models
of transgenic PEKs (hFUT2, hGLA and hFUT2×hGLA) as compared to that of the CTR nTG group.
Definitely lowest RA of Galα1→3Gal epitopes was determined for total protein samples derived
from hFUT2×hGLA bi-transgenic keratinocytes. This RA was also considered to recede significantly
in relation to the protein samples descended from hFUT2 and hGLA mono-transgenic PEKs, which
have turned out to vary only unremarkably from each other.

3. Discussion

Genetically modified pigs could become, in the near future, a tremendously valuable
source of xenogeneic cells, tissues, or organs for transplantation into humans. In compli-
ance with the above-mentioned finding, the efforts attempted to apply the PEK-mediated
xenografting could provide research highlight and pivotal complement to the preclinical and
clinical treatments that are targeted at cell/tissue engineering, regenerative medicine, and
reconstructive surgery of skin defects caused by a variety of factors. At the present stage,
the strategies undertaken to use the human keratinocyte-based cutaneous bioprostheses for
personalized medicine are of a great importance, which is reflected in expanding the scale
and scope of clinical significance for different dermoplasty-related therapies. Cell cultures
of oral and epidermal keratinocytes have gained high popularity in surgical treatments of
maxillofacial and oral cavities. The latter result especially from the loss of epithelial structures
due to chemical or thermal burns, trauma, penetrating injuries in gunshot wounds, or various
procedures of tumor ablation in the maxillofacial area [17–20].

In our current study, we focused on the effects of overexpression of rhα1,2-FT and
rhα-Gal A proteins on the levels of Galα1→3Gal epitopes in the extracorporeally ex-
panded PEKs derived from mono- and bi-transgenic pigs. Our lectinfluorescence and
lectinblotting analyses revealed the considerable diminishments in the RAs noticed for
Galα1→3Gal antigenic determinants in the PEK lines of each transgenic variant (hFUT2,
hGLA and hFUT2×hGLA) as compared to that of ex vivo expanded PEKs stemming from
nontransgenic pigs. Moreover, taking into consideration the double-transgenic PEKs, the
semiquantitative profiles of Galα1→3Gal epitopes dwindled remarkably in relation to
both their single-transgenic cell counterparts. Therefore, the results of this investigation
clearly indicated that constitutive coexpression of cooperating enzymes such as rhα1,2-FT
and rhα-Gal A turns out to be more efficient in biocatalytic removal of the Galα1→3Gal
antigenic determinants from PEK plasma membranes than separate transgenically induced
functional activities of either rhα1,2-FT or rhα-Gal A enzymatic proteins translated from
single hFUT2 or hGLA mRNA transcripts. Furthermore, these results are consistent with
our previous research focused on the liver tissues of genetically engineered pigs displaying
the same genotypes [21]. Our data also support beyond any doubt emerging findings
and a strong evidence that multiple-transgenic pig models are required to successfully
eliminate the major xenoantigen to prolong the survival of cells, tissues and organs after
pig-to-human transplantation [22–30]. Further, mono-transgenic pigs, which provided a
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source of dermal explants for efficiently establishing PEK lines in our current study, were
previously generated by intrapronuclear microinjection of porcine in vivo-fertilized zygotes
with linearized gene constructs. The latter were composed of porcine cytomegalovirus
(CMV) promoters and hFUT2 or hGLA exon sequences [15,22,31]. In turn, hFUT2×hGLA
bi-transgenic pigs were produced by subsequently interbreeding the hFUT2 and hGLA
mono-transgenic specimens. For those reasons, there is a risk that the expression levels
of the introduced genes can tend to be decreased with the next generations of genetically
engineered pigs, until they will were completely silenced. These phenomena were proven
to occur frequently in the progeny derived from transgenic animals [22,31,32]. Kong
et al. [33] showed that transgene expression is strongly related to gene copy number and
methylation capacity in transgenic pigs. Moreover, random integration of a single gene
construct or multiple gene constructs on the chromosomes also bring about suppressing
the transcriptional activities of transgenes [34–36]. In turn, Folger et al. [37] found that
foreign DNA that was randomly introduced into the nuclear genome leads to tandem inte-
gration of multiple transgene copies, most often designated as the so-called concatamers
or series of linked transgene molecules. Such linkage results from homologous recombi-
nation between exogenous DNA molecules. But, more importantly, Kong et al. [33] also
demonstrated that the number of integrated gene copies may vary depending on the type
of tissue tested. This directly suggests that the use of intrapronuclear microinjection of
gene constructs into the zygotes does not allow to accurately determine the number of gene
copies inserted/incorporated into the genome of a given animal. Also, a slight increase
in the copy number of the introduced gene due to homologous recombination between
the transgene molecules in tandem repeats cannot be excluded [34–36]. Thus, it seems to
be indispensable to check the gene copy number at each stage of generating transgenic
animals. Zeyland et al. [15,31] and Lipiński et al. [22] confirmed that, taking into account
the hFUT2 transgene, the average integration was maintained at the level of 3 gene copies,
while, considering the hGLA transgene, it was perpetuated at the level of 16 copies, both
for mono- and bi-transgenic pigs. However, the above-mentioned studies were performed
only on ear skin-derived fibroblasts originating from transgenic piglets and encompassed
only DNA and/or RNA analyzes with the aid of RT-PCR and/or Southern blot hybridiza-
tion. The present research was targeted at analyzing the expression of protein products
for mRNA molecules transcribed from hFUT2 and hGLA genes in the in vitro cultured
PEKs stemming both from hFUT2 or hGLA mono-transgenic pigs and from hFUT2×hGLA
bi-transgenic pigs. Nonetheless, the immunofluorescence analyses that were accomplished
with the use of antibodies against human α1,2-FT and α-Gal A proved the presence of
these enzymes in PEKs derived from all the types/models of transgenic pigs. The signal
was clear and specific for each of the analyzed transgenic variants. Western blot analysis
supported the observations from the immunofluorescence reaction. A strongly positive
signal in the form of specific bands was observed for each of the tested immunoproteins in
the samples originating from all transgenic variants. On the other hand, semiquantitative
analysis enabled to finally confirm the expression of the diagnosed proteins in the samples
stemming from all the types of transgenic PEKs as compared to that of the CTR nTG group.
Notably, slight (statistically nonsignificant) differences in the RAs of rhα1,2-FT and rhα-Gal
were identified in keratinocytes derived from single-transgenic pigs (hFUT2, hGLA) and
their bi-transgenic (hFUT2×hGLA) counterparts.

The panel of the current studies aimed at estimating the expression of the Galα1→3Gal
epitopes with the use of fluorescently labelled isolectin GS I-B4 did not show unequivocally
an additive effect of both enzymes (rhα1,2-FT and rhα-Gal) in porcine keratinocytes. In
spite of the important fact that levels estimated for the relative expression of Galα1→3Gal
antigenic determinants pivotally dropped in hFUT2×hGLA double-transgenic PEKs as com-
pared to that identified in their nontransgenic cell counterparts, the inconsiderably declined
expression profiles of these epitopes were recognized for bi-transgenic keratinocytes (fold
change oscillating at the level of 2.78) in relation to their hFUT2 and hGLA mono-transgenic
cell equivalents. The additive effect of rhα1,2-FT and rhα-Gal A proteins was demonstrated
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only by the Eastern blot method using HRP-labelled isolectin GS I-B4. Houndebine et al. [34]
and Zeyland et al. [15] also did not observe a clear synergistic effect of both enzymes. In
our present investigation, the lack of a clearly additive effect of rhα1,2-FT and rhα-Gal A
proteins may be because the analyzed keratinocytes stemmed from heterozygous pigs. The
obtained results are consistent with the study by Zeyland et al. [15], in which researchers
also sought to examine the pigs heterozygous for hFUT2 and hGLA genes. The aforemen-
tioned researchers concluded that investigations targeted at generating and multiplying
homozygous pigs are inevitable to verify the cumulative effect of these genes. Neverthe-
less, the results achieved in our current study and the literature data have justified the
requirement of the use of pigs expressing both the rhα1,2-FT and rhα-Gal A, which seems
to be the most promising solution for the experimental, preclinical, and clinical strategies
attempted to carry out surgical treatments targeted at pig-to-human transplanting cell,
tissue, or organ xenografts. The present investigation is another step towards recognizing
mechanisms that underlie the phylogenetic (interspecies) immune barrier between pigs
and humans. Finally, the achievements resulting from the current study and accessible
literature data proved that a variety of approaches to genetic engineering are indispens-
able to be linked/combined each other to generate poly-transgenic pigs exhibiting stable
incorporation of xenogeneic/heterologous genes into their nuclear genomes. This is a sine
qua non condition for overcoming taxonomic (pig-to-human) hindrance to efficient surgical
treatments encompassing xenotransplantation of cells, tissues, or organs.

4. Materials and Methods
4.1. Postmortem Collection of Skin Tissue Explants from Single-, Double- and Nontransgenic Pigs

All analyses were conducted on porcine dermal tissue bioptates that were postmortem
recovered from not only hFUT2 and hGLA mono-genetically engineered specimens but
also their hFUT2×hGLA bi-transgenic and nontransgenic counterparts. All sampling and
material procedures were carried out according to the protocols thoroughly described in
our previous study [21]. In our current investigation, a total of 20 skin tissue samples
derived from 10 mono-transgenic pigs (hFUT2, n = 5; hGLA, n = 5), 5 bi-transgenic pigs
(hFUT2×hGLA, n = 5) and 5 nontransgenic pigs of Polish Large White breed (served as a
control group) were utilized. Genetically transformed pigs were designed to display the
robust and ubiquitous expression of either such recombinant human immuno-enzymes
as: only rhα1,2-FT or rhα-Gal A (mono-transgenic animal models) or both rhα1,2-FT and
rhα-Gal A (bi-transgenic animal models) [15,22]. Dermal tissue explants were retrieved
from 12- to 18-month-old (i.e., postpubertal) animals at a body weight ranging from 150
to 200 kg. All animal procedures that were used in the studies by Zeyland et al. [15] and
Wiater et al. [21] were performed in accordance with the European Directive 2010/63/EU
and approved by the Second Local Ethics Committee in Kraków, Poland (Permission
1181/2015 from 21 May 2015). Collected dermal tissue bioptates were deposited into ice-
cold transporting buffer, which was comprised of Ca2+- and Mg2+-free phosphate-buffered
saline (PBS) solution (pH = 7.4; Biomed, Lublin, Poland) and supplemented with 3% (v/v)
penicilin/streptomycin cocktail (GibcoTM; Thermo Fisher Scientific, Waltham, MA, USA)
and 0.25 µg/mL amphotericin B (GibcoTM; Thermo Fisher Scientific). Antibiotically and
antimycotically protected skin tissue samples were subsequently transported on wet ice
into laboratory within 4 h.

4.2. Establishment of the Ex Vivo-Expanded Epidermal Keratinocytes Stemming from Skin Tissue
Samples of Single-, Double- and Nontransgenic Pigs

The dermal tissue explants were rinsed thrice in sterile calcium/magnesium cation-
deprived PBS (pH = 7.4; Biomed) supplemented with 3% (v/v) penicilin/streptomycin
cocktail (GibcoTM; Thermo Fisher Scientific, Waltham, MA, USA) and 0.25 µg/mL ampho-
tericin B (GibcoTM; Thermo Fisher Scientific). Afterwards, dermal tissue samples were
carefully dissected and minced followed by 2-h enzymatic digestion of epidermal pieces
with the aid of sterile 0.2% collagenase (Sigma–Aldrich; St. Louis, MO, USA) in PBS
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(Biomed) at a temperature of +37 ◦C. The cell suspensions were subsequently filtered
through a 70-µm nylon cell strainers and washed in PBS (Biomed), followed by their triple
centrifugation at 200× g for 5 min. In the next step, porcine epidermal keratinocytes
(PEKs) were subcultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Ham’s Mix-
ture F-12 (DMEM/F-12) (1:1) (GibcoTM; Thermo Fisher Scientific) enriched with 5% fetal
bovine serum (FBS; GibcoTM, Thermo Fisher Scientific), 1% penicillin/streptomycin cock-
tail (GibcoTM; Thermo Fisher Scientific) and 0.1% amphotericin B (GibcoTM; Thermo Fisher
Scientific). All the homogenous sub-cultures of mitotically stable PEK lines were main-
tained in CO2 Incubator (Galaxy 170R, New Brunswick, NJ, USA) for 7 days at 37 ◦C in a
100% water-saturated atmosphere of 5% CO2 and 95% air. Medium intended for the ex vivo
expanding the PEKs was replenished every 3 days. For immunofluorescence and lectin
staining, the cells were plated into 8-well microscopic chamber slides (LabTekTM CC2 Nunc;
Thermo Fisher Scientific) and then perpetuated under such proliferative and adherent
subculture conditions until they reach a subconfluence at the level of approximately 85%.

4.3. Immunofluorescence Dyeing of the Ex Vivo-Expanded Single-, Double- and Nontransgenic PEKs

The PEKs were washed with ice-cold PBS (Biomed) and fixed with cold 4% paraformalde-
hyde (PFA; Sigma–Aldrich) in PBS for 10 min. After several washes in PBS (Biomed), they
were blocked in 5% normal goat serum in PBST (phosphate-buffered saline with the addition
of 0.1% v/v Triton X-100; Bioshop Inc., Burlington, VT, Canada) for 30 min. The PEKs were
subsequently incubated overnight at +4 ◦C in a humidified chamber with the appropriate
primary antibodies (i.e., rabbit polyclonal immunoglobulins isotype G; IgGs) against: human
α1,2-FT (diluted 1:150 in PBST; ab198712, Abcam, Cambridge, UK) and human α-Gal A
(diluted 1:200 in PBST; PA5-27349, Thermo Fisher Scientific, Waltham, MA, USA). Afterwards,
the cells were rinsed repeatedly in PBST followed by 1-h exposure to either goat anti-rabbit
Cy3-tagged secondary antibodies, i.e., IgGs against human α1,2-FT (diluted 1:600 in PBST;
Jackson ImmunoResearch Laboratories, Inc., West Grove, Chester County, PA, USA) or goat
anti-rabbit Alexa Fluor 488-tagged secondary antibodies, i.e., IgGs against human α-Gal A
(diluted 1:600 in PBST; Thermo Fisher Scientific) at room temperature. In the next step, the cell
sections that were previously washed several times were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI) in Fluoroshield Antifade Mounting Medium (F6057, Sigma-Aldrich),
whose unique formula enables to retain prolonged fluorescence not only by preventing rapid
photobleaching (fading) of Cy3 and Alexa Fluor 488 fluorochromes, but also by minimizing
the blinking-mediated phenomena resulting from extended lifetime and long-term excitation
of previously mentioned fluorescent dyes. Finally, fluorescently tagged cells were mounted
onto precleaned glass microscope slides under coverslipes, and then evaluated as was de-
scribed in paragraph “4.5. Confocal Microscope Analyses of the Ex Vivo-Expanded Single-, Double-
and Nontransgenic PEKs”.

4.4. Lectin-Mediated Labelling of Galα1→3Gal Epitopes in the Ex Vivo-Expanded Single-, Double-
and Nontransgenic PEKs

The localization of Galα1→3Gal antigenic determinants and subsequent comparative
assessment of their semiquantitative expression profiles (RAs) in the PEKs from both
CTR nTG group and each transgenic variant (hFUT2, hGLA and hFUT2×hGLA) were
accomplished by using Alexa Fluor 647 fluorochrome-conjugated lectin/isolectin GS I-B4
displaying a strict specificity and strong affinity for terminal αGal residues. The isolectin
GS I-B4 is a member representing the family of tetrameric phytohemagglutinins that were
isolated from the seeds of the tropical African legume shrub Griffonia simplicifolia (I32450,
Molecular Probes, InvitrogenTM, Thermo Fisher Scientific). The PEKs were rinsed with
ice-cold PBS (Biomed) and then fixed with cold 4% PFA (Sigma-Aldrich) in PBS for 10 min.
Following serial PBS-mediated washes, they were blocked in 1% bovine serum albumin
(BSA; Bioshop Inc., Burlington, VT, Canada) in PBST for 1 h. After repeatedly rinsing with
PBS, the PEKs underwent the overnight exposure to isolectin GS I-B4 (diluted 1:200 in DPBS)
at +4 ◦C in a dark humidified chamber. Finally, cells were washed thrice in PBS followed
by mounting in DAPI-supplemented Fluoroshield Medium (comprised of antifade reagent
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with antiphotobleaching and anti-blinking properties that allow for perpetuating and
extending the lifetime of Alexa Fluor 647 fluorochrome-derived fluorescent signals). After
the fluorescently tagged PEKs of various genetically engineered models (hFUT2, hGLA
and hFUT2×hGLA) and their nontransgenic counterparts were successfully coverslipped,
they were subjected to comparative estimation of RAs noticed for Galα1→3Gal epitopes
according to the protocol thoroughly described in paragraph “4.5. Confocal Microscope
Analyses of the Ex Vivo-Expanded Single-, Double- and Nontransgenic PEKs”.

4.5. Confocal Microscope Analyses of the Ex Vivo-Expanded Single-, Double- and Nontransgenic PEKs

Fluorescently labelled cells were assessed by using laser scanning confocal microscope
Olympus FluoView 1200 on inverted stand IX83 (Olympus, Tokyo, Japan). Forty-times
magnification objective (NA = 0.95) was used, and diode laser (473 nm), diode laser
(543 nm), diode laser (635 nm) and diode laser (405 nm) were applied to excite green (Alexa
Fluor 488), red (Cy3), far-red (Alexa Fluor 647) and blue (DAPI) fluorescence, respectively.
Relative intensities of fluorescence were quantified in each, randomly chosen region of
interest (ROI) using ImageJ version 1.46r software (National Institutes of Health, Bethesda,
MD, USA) in a greyscale of 256 levels [38,39]. Both for each variant of genetically modified
PEKs (hFUT2, hGLA and hFUT2×hGLA) and for CTR nTG PEKs, three sections were
sampled by 70 ROI.

4.6. Total Protein Extraction and Western or Lectin Blot Analyses Accomplished to Determine RAs
Estimated for rhα1,2-FT and rhα-Gal A Enzymes or Galα1→3Gal Epitopes at the Protein Levels in
the Ex Vivo-Expanded Single-, Double- and Nontransgenic PEKs

Total protein was extracted from the in vitro proliferating and detached PEKs of all the
transgenic types/models (hFUT2, hGLA and hFUT2×hGLA) and their nontransgenic cell
counterparts by using radioimmunoprecipitation assay lysis buffer (RIPA buffer; Thermo
Fisher Scientific) containing 1% of proteinase inhibitor cocktail (RIPA+PI; Bioshop Inc.,
Burlington, VT, Canada). Following the first passage, the PEKs were cultured in T-25
flasks for 7 days to reach a total confluence. Afterwards, the cells were rinsed twice in
ice-cold PBS (Biomed) and then 300 µL of RIPA+PI was added per single culture flask,
followed by harvesting the PEKs with the use of cell scrapers. In the next step, cell lysates
were sonicated and centrifuged at 14,000× g for 15 min at +4 ◦C, followed by collection
of supernatants. Protein concentration was determined with the aid of microassay DCTM

Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) using BSA (Sigma–Aldrich) as a
standard. Protein samples were stored at –80 ◦C for subsequent analyses.

For sodium dodecyl-sulphate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE),
protein samples were diluted in 2× Laemmli Sample Buffer (Bio-Rad Laboratories) con-
taining 5% β-mercaptoethanol and denatured at 100 ◦C per 5 min. Then, the proteins were
separated in SDS-PAGE using 5% stacking and 10% resolving gels. Molecular weights of
the analyzed proteins were estimated with reference to standard proteins (Precision Plus
Dual Color Protein Standard; Bio-Rad Laboratories). For immunoblotting and lectin blot-
ting, proteins were electro-transferred onto a poly(vinylidene fluoride) (PVDF) membrane
(Immobilon-P; Merck, Darmstadt, Germany) at constant amperage of 250 mA for 120 min.

Taking into account the immunoblotting, membranes were blocked for 1 h in 5% non-fat
milk in TBST (Tris-buffered saline with 0.1% v/v Tween20; Bioshop Inc.) and, after several
rinses with TBST, incubated overnight at +4 ◦C with the following primary antibodies (the
same as those for immunofluorescent labelling): rabbit polyclonal IgGs against human α1,2-
FT (diluted 1:1000 in TBST; ab198712, Abcam) and rabbit polyclonal IgGs against human
α-Gal A (diluted 1:1000 in TBST; PA5-27349, Thermo Fisher Scientific). β-Actin was used as a
reference protein (mouse monoclonal IgG designated as anti-β-actin, diluted 1:2000 in TBST;
ab8224, Abcam). Afterwards, membranes were washed several times in TBST followed by 1-h
incubation with appropriate HRP-conjugated secondary antibodies (i.e., goat anti-rabbit IgGs
against human α1,2-FT and goat anti-mouse IgGs against β-actin; Thermo Fisher Scientific),
each at a dilution of 1:6000 in TBST, at room temperature [40].
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Taking into consideration the lectin blotting, membranes were blocked for 30 min
in 1% BSA in TBST (Bioshop Inc.). After several washes in Ca2+- and Mg2+-enriched
Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Thermo Fisher Scientific), followed by
rinsing with TBS (Bioshop Inc.), membranes were subjected to overnight incubation with
HRP-labelled isolectin GS I-B4 (L5391; Sigma-Aldrich) at a dilution of 1:2000 in DPBS and,
then, underwent a terminal washing in TBS.

Finally, all the protein bands were detected by chemiluminescence using ClarityTM

Western ECL Blotting Substrate (Bio-Rad Laboratories) and visualized with the ChemiDocTM

XRS+ Imaging System (Bio-Rad Laboratories). Protein bands were semiquantified using
the Image LabTM 2.0 Software (Bio-Rad Laboratories) by measurement of their relative
optical densities (RODs). Following detection of the bands related to the analyzed protein
samples, membranes were stripped and reprobed with anti-β-actin antibody for loading
control (i.e., reference) protein.

4.7. Statistical Analysis

For each variant/model of genetically engineered and nonengineered PEKs and for
all the analyses carried out, three repeats were performed. Semiquantitative data were
expressed in the form of the mean ± standard error of the mean (SEM) and subjected to
statistical estimation by using the Shapiro–Wilks W test for normality to determine whether
a variable that is presumed to cause a change in another variable is normally distributed
in a population. The accomplishments of comparatively analyzing between the assigned
means ± SEMs were mediated by one-way analysis of variance (ANOVA) and subsequent
Tukey’s honestly significant difference (HSD) post hoc test. The incidences of statistically
significant intergroup variability with the probabilities of occurring random errors at the
levels of p < 0.05, p < 0.01, and p <0.001 were denoted as follows: single superscript asterisks
(*), double superscript asterisks (**), and triple superscript asterisks (***), respectively.

5. Conclusions

The efforts targeted at establishing and cryogenically protecting stable and homogenous
cell lines of single- and double-transgenic PEKs that are characterized by not only ameliorated
expression levels of rhα-1,2-FT and/or rhα-Gal A proteins, but also lessened/attenuated
semiquantitative profiles of Galα1→3Gal epitopes were efficiently undertaken for the first
time. To the best of our knowledge, the current investigation is also the first to thoroughly
and simultaneously specify the RAs noticed for extrinsic rhα1,2-FT and rhα-Gal A immune-
related enzymes followed by augmented decline in the levels of Galα1→3Gal antigenic
determinants among the ex vivo-expanded PEK lines that were successfully generated and
clonally multiplied from cutaneous bioptates stemming from hFUT2×hGLA bi-transgenic pigs.

The aforementioned strategies will enable us to carry out further studies focused
on cloning the genetically engineered pigs by SCNT for the needs of clinical research
designed to develop and optimize the negligibly intrusive and nontraumatic procedures
of regenerative medicine and reconstructive surgery of human dermo-integumentary
system. The latter encompass dermoplasty-based therapies aimed either at repairing the
injuries in human cutaneous and subcutaneous tissues or at minimizing and eliminating
the impairments in human skin integrity by porcine mono- and/or bi-genetically modified
dermo-epidermal xenotransplants. Collectively, the concept of using single- or double-
transgenic epidermal keratinocytes as a source of adult donor cells for SCNT represents an
entirely novel approach both in pigs and in other mammalian species.
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HAR Hyperacute rejection
HRP Horseradish peroxidase
LacNAc N-Acetyllactosamine
NDECs Nuclear donor epidermal cells
rhα1,2-FT Recombinant human α1,2-fucosyltransferase
rhα-Gal A Recombinant human α-galactosidase A
α1,3-GT α1,3-Galactosyltransferase
PEKs Porcine epidermal keratinocytes
RA Relative abundance
SCNT Somatic cell nuclear transfer
UDP-Gal Uridine 5′-diphosphogalactose; Galactose-uridine-5′-diphosphate; UDP-α-D-galactose
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Abstract: Nandrolone (Ndn) and boldenone (Bdn), the synthetic testosterone analogues with strong
anabolic effects, despite being recognized as potentially carcinogenic compounds, are commonly
abused by athletes and bodybuilders, which includes women, worldwide. This study tested the
hypothesis that different doses of Ndn and Bdn can initiate neoplastic transformation of porcine
ovarian putative stem cells (poPSCs). Immunomagnetically isolated poPSCs were expanded ex
vivo in the presence of Ndn or Bdn, for 7 and 14 days. Results show that pharmacological doses of
both Ndn and Bdn, already after 7 days of poPSCs culture, caused a significant increase of selected,
stemness-related markers of cancer cells: CD44 and CD133. Notably, Ndn also negatively affected
poPSCs growth not only by suppressing their proliferation and mitochondrial respiration but also by
inducing apoptosis. This observation shows, for the first time, that chronic exposure to Ndn or Bdn
represents a precondition that might enhance risk of poPSCs neoplastic transformation. These studies
carried out to accomplish detailed molecular characterization of the ex vivo expanded poPSCs and
their potentially cancerous derivatives (PCDs) might be helpful to determine their suitability as
nuclear donor cells (NDCs) for further investigations focused on cloning by somatic cell nuclear
transfer (SCNT). Such investigations might also be indispensable to estimate the capabilities of nuclear
genomes inherited from poPSCs and their PCDs to be epigenetically reprogrammed (dedifferentiated)
in cloned pig embryos generated by SCNT. This might open up new possibilities for biomedical
research aimed at more comprehensively recognizing genetic and epigenetic mechanisms underlying
not only tumorigenesis but also reversal/retardation of pro-tumorigenic intracellular events.

Keywords: pig; ovary; putative stem cells; nandrolone; boldenone; neoplastic transformation

1. Introduction

Individual tumors consist of mixed cell populations that differ in function, morphol-
ogy, and molecular signatures. Of these, only a small subset of tumor cells is capable to
initiate and sustain tumor growth. These cells were termed cancer stem cells (CSCs) [1,2].
On the basis of functional and molecular analysis of CSCs isolated from many organs,
it was confirmed that they display stem cell-like characteristics. These are self-renewal,
multi-lineage differentiation and expression of stemness-related markers [3,4]. Some of
these features have been even confirmed by the analysis of single cells [5]. Based on the
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above, it is believed that CSCs may play a crucial role in disease recurrence after treatment
and remission. Similar to ESCs and ASCs, CSCs express markers that are not expressed by
normal somatic cells and are thus thought to contribute towards a ‘stemness’ phenotype.
Various specific markers (clusters of differentiation), including CD44 and CD133, have
been employed for the isolation and characterization of ovarian CSCs from ovarian cancer
cell lines and patients’ tumors [6–9]. Importantly, CD44 and CD133 are the most widely
used markers in CSCs research and they are also therapeutic targets in cancers [10].

Cluster of differentiation 44 (CD44), a transmembrane glycoprotein, is expressed
normally by both fetal and adult hematopoietic stem cells. Upon binding to hyaluronic
acid (HA), its primary ligand, CD44, mediates cell division, migration, adhesion, and
signaling [11]. CD44 is highly expressed in many types of cancers including breast, prostate,
and ovarian cancers [12,13]. Zhang et al. [14] have shown that ovarian cancer initiating
cells (OCICs) express both CD44 and CD117. In turn, Bourguignon et al. [15] proved
the dependence between CD44 receptor and pluripotency proteins, mainly NANOG, in
human ovarian cancer cells line. Binding to HA, CD44 receptor promotes association of the
NANOG protein with CD44, followed by NANOG activation and expression of pluripotent
stem cell regulators, e.g., Rex1 and Sox2. Thus, CD44 supports the differentiation and
proliferation of neoplastic cells [15]. CD133, another transmembrane glycoprotein, is
normally expressed in hematopoietic stem cells, endothelial progenitor cells, and neuronal
and glial stem cells [16]. CD133 is involved in cell growth and development [17]. Almost
all tumor types, including ovarian ones, can be detected on the basis of CD133 expression.
Interestingly, in ovarian tumors both epitopes, i.e., CD133-1 and CD133-2, have been
detected [18]. What is more, CD133 is highly specific for rare and phenotypically distinct
population of CSCs occurring in solid ovarian tumors [19]. Moreover, CD133-positive
neoplastic cells have been found to display such stem cell-related attributes as self-renewal,
differentiation, and tumor formation in the NOD-SCID mouse model. After injection
into immune-compromised mice, CD133-positive neoplastic cells also exhibit chemo- and
radio-resistance [20], which makes CD133 a potential anti-cancer therapeutic target [21].

Anabolic androgenic steroids (AAS) are substances synthesized from testosterone or
one of its derivatives, with anabolic or androgenic properties, depending on the target
tissue [22,23]. AAS exert their effects by binding to androgen receptors (ARs), thus mim-
icking or blocking their action, by altering endogenous hormone levels or by modifying
hormone receptor turn over [24]. Importantly, the International Agency for Research on
Cancer classified AAS to the group of potentially carcinogenic compounds for humans.
These compounds may exert both genotoxic and cytotoxic effects, which can lead to the
formation of a tumor [25]. AAS, including nandrolone (Ndn) and boldenone (Bdn), are
rapidly becoming a widespread group of drugs used both clinically and illicitly. The illicit
use of AAS is diffused among adolescents and bodybuilders because of their anabolic
proprieties and their capacity to increase tolerance to exercise. Moreover, despite the
regulations (The European Community banned the use of anabolics in Europe by means
of laws 96/22/EC and 96/23/EC), these compounds are still widely used in fodder for
farm animals, and their metabolites end up in the environment with their urine. Ndn
is an androgen receptor agonist but also a potent progestogen [26]. In medicine, it is
used in convalescence after debilitating diseases and to improve the body structure and
physical condition of the body [27,28]. It is also known that the pharmacological dose of
Ndn slows down cell growth, inhibits mitochondrial respiration, inhibits respiratory chain
complexes I and III, and increases the production of mitochondrial reactive oxygen species
(ROS). Whereas chronic administration of Ndn favors the maintenance of stem cells in
various tissues but may increase the risk of their neoplastic transformation [29]. Bdn is
also a dehydrated testosterone analog [26] and an androgen receptor agonist [28]. Bdn is
frequently abused because it increases appetite, protein synthesis, nitrogen retention, and
also stimulates the release of erythropoietin in the kidneys [30]. Although, the positive
and deleterious effects promoted by AAS are well documented, none of the studies have
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focused on their effects on mechanisms responsible for the initiation of stem cells’ possible
neoplastic transformation.

Among various animal experimental models, pigs share many similarities with hu-
mans in the form of organ size, physiology, and functioning [31]. The limited ethical
dilemmas and importantly, successful isolation of putative stem cells from the ovarian cor-
tex (poPSCs) [32–34], make pigs the valuable experimental model for not only preclinical
assessment for stem cell therapy but also for the purposes of somatic cell nuclear transfer
(SCNT)-based cloning in mammals. The efforts undertaken to use poPSCs, which have
been subjected to extrinsic anabolic steroid-dependent oncogenic transformation (carcino-
genesis), as a completely new source of nuclear donor cells (NDCs) for future research
focused on SCNT, have not yet been accomplished. The results of the studies that sought
to examine the suitability of malignant neoplastic cells derived from cerebellum-specific
medulloblastoma [35] and breast cancer [36] as the sources of NDCs, successfully promot-
ing the in vitro and/or early in vivo development of murine cloned embryos, have already
confirmed the improvements in epigenetic reprogrammability of such NDCs following
reconstruction and activation of SCNT-derived mouse oocytes. Furthermore, investigations
by Li et al. [35] and Shao et al. [36] have proved that NDCs stemming from metastatic
cancers have irreversibly lost their pro-oncogenic genotypic attributes and pro-cancerous
phenotypic traits due to efficient epigenetic reprogramming of their nuclear genomes in
murine SCNT-derived oocytes and corresponding embryos. The identifying capabilities
of cancerous tumor-derived NDCs to be epigenetically reprogrammed into normal (i.e.,
noncancerous) cell types could give rise to the development of a general strategy reliable
and feasible for assessing the contribution of genetic and epigenetic factors to not only
tumorigenesis but also cessation of pro-cancerous scenario of molecular pathways followed
by onset and subsequent recapitulation of anti-oncogenic transformation. Thus, exploring
the extent of epigenomic plasticity and reprogrammability that determine the incidence
of reversal (abrogation) and cessation (suppression) of molecular events leading to pro-
cancerous conversion of poPSCs, whose nuclear genomes have been used for generating
porcine SCNT-derived embryos, seems to be an especially attractive research problem.
Solving this problem might contribute to the increase in the efficiency of somatic cell
cloning in pigs and other mammalian species.

To the best of our knowledge, no studies about anabolic steroid-triggered immortal-
ization of poPSCs via the activation of molecular pathways related to neoplastic transfor-
mation (neoplasia) have been reported so far. To meet this goal, we examined: (1) possible
interactions of AAS with the AR in poPSCs and (2) amount and location of the most
widely-used markers of CSCs: CD44 and CD133, both at mRNA and protein levels, after
exposure to different doses of Ndn and Bdn in vitro. Additionally, we tested the effect of
selected AAS on proliferation, viability, incidence of apoptotic events, and modulation of
mitochondrial oxidative metabolism of poPSCs.

2. Results
2.1. poPSCs Cultured In Vitro with or without the Presence of Boldenone and Nandrolone Express
the Androgen Receptor

Androgen receptor showed a specific nuclear localization (Figure 1) in both poPSCs
cultured without anabolic steroid addition (line A) and in those cultured for 14 days with
the addition of Bdn (line B) or Ndn (line C). The intense green color (white arrows) from
the Alexa488 fluorochrome, which coincides with the blue signal from DAPI in the cell
nucleus, indicates the nuclear localization of AR in poPSCs. The results indicate that
these anabolic steroids do not disturb AR expression in poPSCs. They also provide an
indirect demonstration that both nandrolone and boldenone bind to ARs and induce their
activation, thus exerting the biological effects in poPSCs. After a 14-Day in vitro culture of
poPSCs in the presence of nandrolone, a statistically significant (* p < 0.05) increase in ARs
expression was observed. While the 14-Day exposure of poPSCs to boldenone caused a
slight decrease in AR expression, it was not a statistically significant change.
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µM for Ndn and Bdn, respectively. Lysates from poPSCs cultured in the presence of 
various concentrations of AAS were tested for the expression level of the PCNA prolif-
eration marker against poPSCs cultured without these steroids. Figure 2 shows the re-
sults noticed for relative expression of proliferating cell nuclear antigen (PCNA), which is 
normalized to the reference protein of β-actin. Based on this, the treatment with 35 µM of 
nandrolone was chosen, since it caused a marked inhibition of cell growth still preserving 
cell viability. In turn, 100 µM of boldenone induced the opposite effect—a significant in-
crease in the proliferation of poPSCs; thereby this dose was selected for further experi-
ments. 

Figure 1. The presence and localization of AR in poPSCs cultured without the addition of anabolic
steroids (A) and in poPSCs cultured for 14 days in the presence of boldenone at a dose of 100 µM
(B) and nandrolone at a dose of 35 µM (C). Green signal-AlexaFluor 488 fluorescent dye, blue signal–
DAPI; scale bars represent 50 µm in A and 100 µm in B and C. The immunofluorescence staining
was repeated thrice; the figure shows the best representative micrographs selected from 3 replicates.
Expression of AR at the level of total protein after 14-Day culture in the presence of nandrolone
and boldenone (D). The graphs depict the relative abundances (RAs) noticed for AR obtained from
measurements of the optical density of the bands representing a specific signal. Results represent the
mean with n = 3 ± standard deviation (SD). Statistical analysis: homogeneity of variance—Levene’s
test, normality of distribution-Shapiro–Wilk test, one-way ANOVA, Tukey’s post-hoc test, * p < 0.05.

2.2. Nandrolone and Boldenone Affect the Proliferation of poPCS after 14-Day In Vitro Culture

In order to test the effect of Ndn and Bdn on cell proliferation, poPSCs were treated
for 14 days with these drugs at concentrations ranging from 15 to 35 µM and 60 to 140 µM
for Ndn and Bdn, respectively. Lysates from poPSCs cultured in the presence of various
concentrations of AAS were tested for the expression level of the PCNA proliferation
marker against poPSCs cultured without these steroids. Figure 2 shows the results noticed
for relative expression of proliferating cell nuclear antigen (PCNA), which is normalized to
the reference protein of β-actin. Based on this, the treatment with 35 µM of nandrolone
was chosen, since it caused a marked inhibition of cell growth still preserving cell viability.
In turn, 100 µM of boldenone induced the opposite effect—a significant increase in the
proliferation of poPSCs; thereby this dose was selected for further experiments.

2.3. Boldenone and Nandrolone Influence on poPSCs Viability, Cytotoxicity, and Apoptotic
Activity

To further understand how the selected doses of both anabolic steroids (35 µM for
nandrolone and 100 µM for boldenone) impact the viability, cytotoxicity, and caspase
activation-related events in poPSCs during 14 days of their culture, the ApoTox-Glo triplex
assay was performed.

Both nandrolone and boldenone have been found to insignificantly bias the viability
and cytotoxicity among ex vivo-expanded poPSCs. In turn, 14-Day exposure of poPSCs to
35 µM of nandrolone induced their apoptosis (* p < 0.05) (Figure 3).
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tive content of PCNA protein obtained from measurements of the optical density of the bands 
representing a specific signal. Results represent the mean with n = 5 ± standard deviation (SD). 
Statistical analysis: homogeneity of variance—Levene’s test, normality of distribution—Shapiro–
Wilk test, one-way ANOVA, and Duncan’s post-hoc test: part of the differences  on the level of 
PCNA expression was statistically significant as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. N 15-N 
35: applied doses of nandrolone in concentrations ranging from 15 µM to 35 µM; B 60-B 140: doses 
of boldenone used in concentrations ranging from 60 µM to 140 µM, CTR poPSCs-control culture 
without the addition of anabolic steroids. 
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Figure 2. PCNA proliferation marker expression at the level of total protein isolated from poPSCs
grown at different concentrations of nandrolone (A) and boldenone (B). The graphs show the relative
content of PCNA protein obtained from measurements of the optical density of the bands representing
a specific signal. Results represent the mean with n = 5 ± standard deviation (SD). Statistical analysis:
homogeneity of variance—Levene’s test, normality of distribution—Shapiro–Wilk test, one-way
ANOVA, and Duncan’s post-hoc test: part of the differences on the level of PCNA expression was
statistically significant as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. N 15-N 35: applied doses of
nandrolone in concentrations ranging from 15 µM to 35 µM; B 60-B 140: doses of boldenone used in
concentrations ranging from 60 µM to 140 µM, CTR poPSCs-control culture without the addition of
anabolic steroids.
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Figure 3. The effect of 14-Day treatment of poPSCs with either 35 µM of nandrolone or 100 µM of 
boldenone on cellular viability, cytotoxicity, and apoptotic cell death (estimated by ApoTox-Glo 
Triplex Assay). Results were expressed as percentages with the poPSCs control values (CTR) taken 
as 100%. The results represent the mean with n = 5 ± standard deviation (SD). Statistical analysis: 
homogeneity of variance—Levene’s test, normality of distribution—Shapiro–Wilk test, one-way 
ANOVA, Tukey’s post-hoc test, * p < 0.05. 
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In poPSCs cultured with nandrolone supplementation, an increase in the abundance 
of CD44 protein (** p < 0.01) was observed after 7 days of treatment. Next, a decrease to 
the value found in control poPSCs cultures was noted (Figure 4B). The profile of CD133 
protein abundance in poPSCs cultured under the influence of nandrolone was very sim-
ilar. After 7 days of poPSCs-nandrolone treatment, increase in CD133 abundance (* p < 
0.05) was observed. Prolonged treatment of poPSCs with nandrolone for up to 14 days 
decreased the CD133 protein abundance to the value found in the poPSCs control cul-
tures (Figure 4D). 

A slightly different situation was observed in poPSCs cultured under the influence 
of boldenone. CD44 protein abundance significantly increased (* p < 0.05) in poPSCs 
cultured in vitro for 14 days in the presence of boldenone, while 7 days of exposure to 
boldenone induced its statistically insignificant increase (Figure 4A) when compared to 
that in the corresponding poPSCs control cultures. In turn, CD133 protein abundance 
was markedly increased in poPSCs cultured in the presence of boldenone for both 7- and 
14-days (* p < 0.05 and *** p < 0.001, respectively) when compared to the poPSCs from 
control cultures (Figure 4C). 

Figure 3. The effect of 14-Day treatment of poPSCs with either 35 µM of nandrolone or 100 µM
of boldenone on cellular viability, cytotoxicity, and apoptotic cell death (estimated by ApoTox-Glo
Triplex Assay). Results were expressed as percentages with the poPSCs control values (CTR) taken
as 100%. The results represent the mean with n = 5 ± standard deviation (SD). Statistical analysis:
homogeneity of variance—Levene’s test, normality of distribution—Shapiro–Wilk test, one-way
ANOVA, Tukey’s post-hoc test, * p < 0.05.

2.4. Nandrolone and Boldenone Trigger the Expression of Selected Cancer Stem Cells Markers:
CD44 and CD133

In poPSCs cultured with nandrolone supplementation, an increase in the abundance
of CD44 protein (** p < 0.01) was observed after 7 days of treatment. Next, a decrease to the
value found in control poPSCs cultures was noted (Figure 4B). The profile of CD133 protein
abundance in poPSCs cultured under the influence of nandrolone was very similar. After
7 days of poPSCs-nandrolone treatment, increase in CD133 abundance (* p < 0.05) was
observed. Prolonged treatment of poPSCs with nandrolone for up to 14 days decreased the
CD133 protein abundance to the value found in the poPSCs control cultures (Figure 4D).

A slightly different situation was observed in poPSCs cultured under the influence
of boldenone. CD44 protein abundance significantly increased (* p < 0.05) in poPSCs
cultured in vitro for 14 days in the presence of boldenone, while 7 days of exposure to
boldenone induced its statistically insignificant increase (Figure 4A) when compared to
that in the corresponding poPSCs control cultures. In turn, CD133 protein abundance
was markedly increased in poPSCs cultured in the presence of boldenone for both 7- and
14-days (* p < 0.05 and *** p < 0.001, respectively) when compared to the poPSCs from
control cultures (Figure 4C).

Analysis of cancer stem cells marker genes, CD44 and PROM1, by real time PCR
showed their significant upregulation in both nandrolone or boldenone treated poPSCs,
after 7 or 14 days of culture. CD44 mRNA expression in poPSCs cultured for 7 days in the
presence of nandrolone was three times higher compared to the control cultures (** p < 0.01)
(Figure 5B). After 14 days of nandrolone treatment, CD44 mRNA expression markedly
increased (** p < 0.01) in comparison with the control cultures (Figure 5B). PROM1 mRNA
expression in poPSCs cultured for 7 days in the presence of nandrolone was nearly three
times higher (** p < 0.01) than that in the control poPSCs (Figure 5D). The expression
of PROM1 mRNA after 14 days of poPSCs culture in the presence of nandrolone was
unchanged compared to the 7-day nandrolone-exposed poPSCs cultures.
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Figure 4. Expression of the protein markers CSCs: CD44 (A,B) and CD133 (C,D) at the level of total 
protein on day 7 and 14 of culture in the presence of boldenone (A,C) and nandrolone (B,D). The 
graphs show the relative content of CD44 and CD133 proteins obtained from measurements of the 
optical density of the bands representing a specific signal. Results represent the mean with n = 5 ± 
standard deviation (SD). Statistical analysis: homogeneity of variance—Levene’s test, normality of 
distribution—Shapiro–Wilk test, one-way ANOVA, Tukey’s post-hoc test, * p < 0.05; ** p < 0.01; *** p 
< 0.001. 
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The level of CD44 expression in poPSCs cultured for 7 days in the presence of Bdn 
was nearly two-fold higher than in the control poPSCs (** p < 0.01). In turn, in poPSCs 
cultured for 14 days in the presence of Bdn, the level of CD44 expression increased nearly 
five-fold when compared to that in poPSCs control cultures (*** p < 0.001) (Figure 5A). 
There were no statistically significant differences in the expression level of PROM1 in 
poPSCs cultured for 7 days in the presence of boldenone compared to the control cultures 
(Figure 5C). On the other hand, the level of PROM1 expression in poPSCs cultured for 14 
days in the presence of boldenone increased approximately four times compared to the 
control (** p < 0.01) (Figure 5C). 

Figure 4. Expression of the protein markers CSCs: CD44 (A,B) and CD133 (C,D) at the level of total
protein on day 7 and 14 of culture in the presence of boldenone (A,C) and nandrolone (B,D). The graphs
show the relative content of CD44 and CD133 proteins obtained from measurements of the optical density
of the bands representing a specific signal. Results represent the mean with n = 5 ± standard deviation
(SD). Statistical analysis: homogeneity of variance—Levene’s test, normality of distribution—Shapiro–Wilk
test, one-way ANOVA, Tukey’s post-hoc test, * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. Expression of marker genes for CSCs: CD44 (A,B), PROM1 (C,D) at 7th and 14th day of 
culture in the presence of boldenone (A,C) and nandrolone (B,D) versus PSCs cultured without the 
addition of steroids at the transcript level as shown by RT-qPCR. The results (2-ΔΔCt) are presented 
as mean values with n = 3 ± standard deviation (SD). Statistical analysis: homogeneity of vari-
ance—Levene’s test, normality of distribution—Shapiro–Wilk test, one-way ANOVA and Tukey’s 
post-hoc test, ** p < 0.01; *** p < 0.001. 

After 14-days of PSCs culture under the Ndn and Bdn influence, immunofluores-
cence analysis of CD44 and CD133—surface markers identifying a subset of cancer stem 
cells—was performed. Control poPSCs (data not shown) demonstrated no staining for 
these markers, but after 14 days of culture in the presence of Bdn (Figure 6AC) or Ndn 
(Figure 6 BD), the overall fluorescence intensity of CD44 and CD133 was markedly en-
hanced. The results of the IF analysis are consistent with those of the Western blot (WB) 
and quantitative real-time PCR analyses. 

Figure 5. Expression of marker genes for CSCs: CD44 (A,B), PROM1 (C,D) at 7th and 14th day of
culture in the presence of boldenone (A,C) and nandrolone (B,D) versus PSCs cultured without the
addition of steroids at the transcript level as shown by RT-qPCR. The results (2−∆∆Ct) are presented
as mean values with n = 3 ± standard deviation (SD). Statistical analysis: homogeneity of variance—
Levene’s test, normality of distribution—Shapiro–Wilk test, one-way ANOVA and Tukey’s post-hoc
test, ** p < 0.01; *** p < 0.001.
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The level of CD44 expression in poPSCs cultured for 7 days in the presence of Bdn was
nearly two-fold higher than in the control poPSCs (** p < 0.01). In turn, in poPSCs cultured
for 14 days in the presence of Bdn, the level of CD44 expression increased nearly five-fold
when compared to that in poPSCs control cultures (*** p < 0.001) (Figure 5A). There were no
statistically significant differences in the expression level of PROM1 in poPSCs cultured for
7 days in the presence of boldenone compared to the control cultures (Figure 5C). On the
other hand, the level of PROM1 expression in poPSCs cultured for 14 days in the presence
of boldenone increased approximately four times compared to the control (** p < 0.01)
(Figure 5C).

After 14-days of PSCs culture under the Ndn and Bdn influence, immunofluores-
cence analysis of CD44 and CD133—surface markers identifying a subset of cancer stem
cells—was performed. Control poPSCs (data not shown) demonstrated no staining for
these markers, but after 14 days of culture in the presence of Bdn (Figure 6AC) or Ndn
(Figure 6BD), the overall fluorescence intensity of CD44 and CD133 was markedly en-
hanced. The results of the IF analysis are consistent with those of the Western blot (WB)
and quantitative real-time PCR analyses.
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Figure 6. Immunofluorescent localization of CD44 (lines A,B) and CD133 (lines C,D) in poPSCs 
after 14 days of culture in the presence of boldenone at a dose of 100 µM (lines A,C) and nandro-
lone at a dose of 35 µM (lines B,D). Green signal—AlexaFluor 488 fluorescent dye, blue sig-
nal—DAPI, scale bars represent 100 µm. The immunofluorescence staining was repeated thrice; the 
figure shows the best representative micrographs selected from 3 replicates. 
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Since cell proliferation requires a bioenergetic support it was of interest whether 
nandrolone affected cell metabolism by impairing mitochondrial oxidative phosphoryla-
tion. To this aim, by using the Seahorse extracellular flux analyzer, mitochondrial oxygen 
consumption rate (OCR) and the extracellular acidification rate (ECAR) were simulta-
neously measured. 

The Seahorse XF Cell Mito Stress Test showed that mitochondrial respiration (OCR) 
was significantly decreased in poPSCs cultured for 7 days in the presence of nandrolone 
compared to poPSCs cultured in the presence of boldenone or to control cultures (** p < 
0.01 and *** p < 0.001, respectively) (Figure 7D). What is more, Ndn reduced the OCR 
level in the maximal respiration test (Figure 7A). Ndn significantly reduced also the OCR 
level in the spare respiratory capacity test (Figure 7B). The level of OCR in cells cultured 
for 7 days with the addition of nandrolone was four times lower than in the control and 
about three times lower compared to the boldenone test. It was also observed that after 
Ndn treatment, OCR level in non-mitochondrial oxygen consumption test was signifi-
cantly decreased (** p < 0.01) (Figure 7C). The level of OCR in cells cultured for 7 days 
with the addition of nandrolone was about twice lower than in the control and about 
twice lower compared to the boldenone test. Interestingly, exposure to boldenone did not 

Figure 6. Immunofluorescent localization of CD44 (lines A,B) and CD133 (lines C,D) in poPSCs after
14 days of culture in the presence of boldenone at a dose of 100 µM (lines A,C) and nandrolone at a
dose of 35 µM (lines B,D). Green signal—AlexaFluor 488 fluorescent dye, blue signal—DAPI, scale
bars represent 100 µm. The immunofluorescence staining was repeated thrice; the figure shows the
best representative micrographs selected from 3 replicates.
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2.5. Oxygen Consumption in poPSCs after 7- and 14-Day In Vitro Culture in the Presence of
Boldenone and Nandrolone

Since cell proliferation requires a bioenergetic support it was of interest whether nan-
drolone affected cell metabolism by impairing mitochondrial oxidative phosphorylation.
To this aim, by using the Seahorse extracellular flux analyzer, mitochondrial oxygen con-
sumption rate (OCR) and the extracellular acidification rate (ECAR) were simultaneously
measured.

The Seahorse XF Cell Mito Stress Test showed that mitochondrial respiration (OCR)
was significantly decreased in poPSCs cultured for 7 days in the presence of nandrolone
compared to poPSCs cultured in the presence of boldenone or to control cultures (** p < 0.01
and *** p < 0.001, respectively) (Figure 7D). What is more, Ndn reduced the OCR level in
the maximal respiration test (Figure 7A). Ndn significantly reduced also the OCR level
in the spare respiratory capacity test (Figure 7B). The level of OCR in cells cultured for
7 days with the addition of nandrolone was four times lower than in the control and about
three times lower compared to the boldenone test. It was also observed that after Ndn
treatment, OCR level in non-mitochondrial oxygen consumption test was significantly
decreased (** p < 0.01) (Figure 7C). The level of OCR in cells cultured for 7 days with the
addition of nandrolone was about twice lower than in the control and about twice lower
compared to the boldenone test. Interestingly, exposure to boldenone did not significantly
affect the level of OCR relative to the control in any of the tests performed. The results
obtained suggest that nandrolone may inhibit mitochondrial respiration and thus slowing
poPSCs growth.
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PI3K/Akt Pathway 

After 14-days of poPSCs culture in the medium supplemented with nandrolone, the 
significant (** p < 0.01) decrease in the relative abundance (RA) of unphosphorylated Akt 
protein was observed (Figure 8B). In turn, the RA that has been determined for phos-
phorylated Akt (p-Akt) protein significantly increased (*** p < 0.001) after nandrolone 
treatment (Figure 8C). Simultaneously with the alterations identified for Akt, the signif-
icant decrease of PI3K (** p < 0.01) protein expression was confirmed following nandro-
lone treatment (Figure 8A).  

As has been shown in Figure 8, significant diminishments in the expression and 
phosphorylation of investigated proteins engaged in the PI3K/Akt pathway (* p < 0.05 or 
*** p < 0.001 for P-Akt or Akt and PI3K, respectively) were noticed after 14-Day culture of 
poPSCs in the medium enriched with boldenone. 

Figure 7. Seahorse XF Cell Mito Stress Test: The graphs show representative oxygen consumption
rates (OCR) in mitochondrial respiration (D) broken down into maximal respiration (A), spare
respiratory capacity (B), and non-mitochondrial oxygen consumption (C). Mitochondrial respiration
was measured as OCR in poPSCs cultured for 7 days in the presence of nandrolone or boldenone. The
obtained results were compared to the OCR level obtained on poPSCs cultured without the addition
of these anabolic steroids (control). Results represent the mean with n = 4 ± standard deviation (SD).
Statistical analysis: homogeneity of variance—Levene’s test, normality of distribution—Shapiro–Wilk
test, one-way ANOVA, Tukey’s post-hoc test, ** p < 0.01; *** p < 0.001.

2.6. Nandrolone and Boldenone Affect the Expression and Phosphorylation of Proteins within the
PI3K/Akt Pathway

After 14-days of poPSCs culture in the medium supplemented with nandrolone, the
significant (** p < 0.01) decrease in the relative abundance (RA) of unphosphorylated
Akt protein was observed (Figure 8B). In turn, the RA that has been determined for
phosphorylated Akt (p-Akt) protein significantly increased (*** p < 0.001) after nandrolone
treatment (Figure 8C). Simultaneously with the alterations identified for Akt, the significant
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decrease of PI3K (** p < 0.01) protein expression was confirmed following nandrolone
treatment (Figure 8A).
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Figure 8. Expression of signaling pathway-related proteins: PI3K (A), Akt (B), and P-Akt (C) at the 
level of total protein after 14-Day culture in the presence of nandrolone and boldenone. The graphs 
depict the relative abundances (RAs) noticed for PI3K, Akt and P-Akt proteins obtained from 
measurements of the optical density of the bands representing a specific signal. Results represent 
the mean with n = 3 ± standard deviation (SD). Statistical analysis: homogeneity of vari-
ance—Levene’s test, normality of distribution—Shapiro–Wilk test, one-way ANOVA, Tukey’s 
post-hoc test, * p < 0.05; ** p < 0.01; *** p < 0.001. 

3. Discussion 
Beyond the deleterious macro-effects mentioned above, testosterone-derived ana-

bolic steroids may affect directly cellular functions, acting together with either genetic or 
epigenetic factors determining their toxic, mutagenic, genotoxic, and carcinogenic re-
sults. This is possible because AAS exert their actions by several different mechanisms: (i) 
they can modulate androgen receptor expression and as a consequence intracellular me-

Figure 8. Expression of signaling pathway-related proteins: PI3K (A), Akt (B), and P-Akt (C) at
the level of total protein after 14-Day culture in the presence of nandrolone and boldenone. The
graphs depict the relative abundances (RAs) noticed for PI3K, Akt and P-Akt proteins obtained from
measurements of the optical density of the bands representing a specific signal. Results represent the
mean with n = 3 ± standard deviation (SD). Statistical analysis: homogeneity of variance—Levene’s
test, normality of distribution—Shapiro–Wilk test, one-way ANOVA, Tukey’s post-hoc test, * p < 0.05;
** p < 0.01; *** p < 0.001.
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As has been shown in Figure 8, significant diminishments in the expression and
phosphorylation of investigated proteins engaged in the PI3K/Akt pathway (* p < 0.05 or
*** p < 0.001 for P-Akt or Akt and PI3K, respectively) were noticed after 14-Day culture of
poPSCs in the medium enriched with boldenone.

3. Discussion

Beyond the deleterious macro-effects mentioned above, testosterone-derived anabolic
steroids may affect directly cellular functions, acting together with either genetic or epige-
netic factors determining their toxic, mutagenic, genotoxic, and carcinogenic results. This
is possible because AAS exert their actions by several different mechanisms: (i) they can
modulate androgen receptor expression and as a consequence intracellular metabolism;
(ii) they can affect directly the androgen receptor and thus its subsequent interaction with
co-activators and transcriptional activity; (iii) they can interfere with the glucocorticoid
receptor expression eliciting an anti-catabolic effect; and (iv) they can function by the
activation of non-genomic pathways [37]. In this context, the first aim of this study was
to investigate whether poPSCs possess AR receptors through which Ndn and Bdn can
affect them. In control poPSCs cultures, specific nuclear localization of the AR receptor has
been demonstrated. This paved the way for experiments studying the effects of anabolic
steroids on them. After 14-days of poPSCs culture in the presence of both nandrolone and
boldenone, the specific nuclear localization of AR was found using immunofluorescence.
The presence of AR in stem cells including poPSCs is not unusual. At the transcript level,
AR was confirmed for the first time in undifferentiated ESCs by Chang’s team [38]. In turn,
MSCs isolated from the bone marrow showing the AR receptor have already been used in
regenerative medicine for the treatment of liver cirrhosis [39]. The AR receptors have also
been found to regulate the progression of CSCs in various cancer types, including ovarian
ones [40]. A study conducted by Chung et al. [41], using ovarian teratoma cells, provided
evidence that ligand-independent AR functions in cancer stem/progenitor cells (CD133+

cells) facilitated ovarian teratoma cell growth. Moreover, Ling et al. [42] showed that AR
expression promotes CSCs self-renewal through both classical androgen/AR activation and
non-classical signaling pathways involving, inter alia, mTOR activation via the PI3K/Akt
pathway. Based on the above-mentioned data and the results obtained in the current study,
it might be possible that Ndn promotes the initiation of poPSCs neoplastic transformation
by activating PI3K/Akt pathway. Our present investigation proved for the first time that a
remarkable enhancement in Akt phosphorylation took place in nandrolone-treated poPSCs,
whereas a declined semi-quantitative profile of Akt phosphorylation was recognized for
boldenone-exposed poPSCs as compared to the control group of cell counterparts. There-
fore, a decrease in the level of P-Akt that was markedly demonstrated after the use of
boldenone suggests the inhibition of the PI3K/Akt pathway. In turn, an increase in Akt
phosphorylation in nandrolone-treated poPSCs indicates an agonistic effect of this com-
pound on the PI3K/Akt pathway. Interestingly, the qualitative and quantitative Western
blot analysis showed that, in poPSCs treated with both nandrolone and boldenone, no
increase in the protein level for PI3K was identified. A quite opposite effect of nandrolone
was observed in MCF7 and MDA-MB-231 breast cancer cell lines, where nandrolone (at a
concentration of 0.1 µM) inhibited their proliferation and migration by antagonizing the
PI3K/Akt/NF-κB signaling pathway [43]. Masi et al. [43] provided the evidence that such
nandrolone effect results from its binding to the membrane-bound receptor designated as
oxo-eicosanoid receptor 1 (OXER1). OXER1 represents a novel link between androgens and
their AR-independent action. Taking into consideration all the aforementioned findings,
it should be stated that the activation of Akt under the influence of either hormones or
testosterone-derived anabolic steroids is dose- and tissue-dependent. Moreover, it is worth
highlighting that a broad spectrum of the non-classical and cell surface-dependent actions
exerted by androgens are mediated by novel mARs, i.e., GPCRC6A, ZIP9/SLC39A9 and
OXER1. Due to the fact that there is still not enough information regarding the molecular
mechanisms underlying the intracellular events triggered by nandrolone and boldenone,
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further in-depth studies are needed. Taking into account the results of the semi-quantitative
analysis of WB, slight changes in the expression of the AR and a decrease in the expression
of PI3K/Akt kinases prove that nandrolone and boldenone act pleiotropically, probably
activating different signal transduction pathways. This finding seems to confirm the broad-
spectrum and multifaceted Ndn- and Bdn-dependent effects, which can justify a necessity
for carrying out another more-detailed studies targeted at the exploration of other signaling
pathways such as, e.g., those related to ERK1/2.

Nandrolone and boldenone, apart from desired effects, when used in very high doses
by extended treatment periods, also cause adverse effects [44]. The AAS concentrations
used in the present study (35 µM of nandrolone and 100 µM of boldenone) were chosen
firstly, based on existing literature data, which have shown that micro-molar but not nano-
molar concentrations cause significant adverse effects in cultured cells [45–47] and secondly
based on the results from assessment of PCNA level in poPSCs cultured in the presence of
different doses of Ndn or Bdn. The results presented herein proved that two of the five
doses used of Ndn, 20 µM and 35 µM, produced a statistically significant suppression
of poPSCs proliferation. Interestingly, although both doses that had been established
at the level of either 35 µM for nandrolone or 100 µM for boldenone did not affect the
viability and cytotoxicity estimated for the ex vivo-expanded poPSCs undergoing exposure
to nandrolone, the onset of the scenario related to apoptotic cell death has been confirmed.
Based on this and literature data, dose of 35 µM was used for further experiments. On
the other hand, the lowest dose of Bdn that increased the proliferation rate of poPSCs was
100 µM, which was also used for further in vitro experiments. These concentrations might
mimic the supraphysiological doses used by AAS-users but should not be interpreted as
the actual concentration the organism is exposed to. The exposure time used in the study
(7- and 14-days) was chosen to mimic repeated, prolonged treatment. The data from this
relatively long exposure of poPSCs cannot be directly transferred to years of AAS abuse but
could shed light on the molecular processes triggered by Ndn and Bdn. The results from
the assessment of PCNA level presented herein are supported by similar findings reported
by some investigators [48]. Similar to boldenone, other anabolic steroid boldione more
than doubled PCNA expression in bovine large luteal cells cultured for 48 h in its presence.
The authors of this study believe that the use of boldione may be the cause of granulomas
observed in slaughtered calves in northern Italy, where this steroid is still often used [48].
While the effects of boldenone on the female reproductive system are not fully understood,
numerous pathological changes have been observed in males. Groot and Biolatti [49] tested
a group of bulls, in which the boldenone derivative designated as 17-β-boldenone was
detected in the urine. Cysts in the prostate gland and excessive secretion of the prostatic
fluid were observed in 45% of the bulls. In 70% of cases, there were abnormalities in
testicular development and degenerative changes in the sperm-forming epithelium [49].
Given that the male reproductive system is heavily regulated by AR activity, the disorders
observed by Groot and Biolatti [49] may have resulted from the action of boldenone via
AR. The presented study was aimed to check whether boldenone, also acting through the
AR receptor expressed in the poPSC, may contribute to their neoplastic transformation. In
turn, the second of the tested AAS, nandrolone, despite its own anabolic nature, negatively
affected the proliferation of neural stem cells in rats [50]. Nandrolone reduced proliferation
of these cells in both males and females by acting through the cyclin-dependent kinase
inhibitor-p21. A much stronger effect was observed in pregnant females, which indicates
the involvement of estrogens in the action of nandrolone [50]. It is suggested that the
high level of circulating estrogen in the blood during pregnancy in rats enhanced the
effect of nandrolone, although the mechanism of this phenomenon is unknown. This
is suspected to be related to the activation of relevant receptors during proliferation of
neural stem cells and/or influencing various downstream signaling molecules. In addition,
their studies have shown that the decrease in proliferation rate under the influence of
nandrolone can be inhibited by the AR antagonist designated as flutamide [50]. Consistent
with these findings are the results of the investigations by Agriesti et al. [29], in which
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the pharmacological dose of nandrolone significantly suppressed the proliferative activity
of human hepatocarcinoma-derived cell lines (HepG2). A similar proliferation-inhibiting
effect of nandrolone has been already reported on other cell lines such as the breast cancer
cells [51] or rat Leydig R2C cells [52]. In turn, a quite opposite effect was documented by
Chimento et al. [53]. Using the aforementioned rat Leydig R2C cell line, they showed that
high doses of nandrolone administered together with peptide hormones like insulin-like
growth factor-I (IGF-I), as it occurs in the doping practice, increased proliferation of rat
Leydig R2C tumor cells via an estrogen-dependent mechanism. Taken together, the above
presented data clearly indicate that the use of high doses of AAS causes an adverse effect;
however, whether AAS enhance or significantly inhibit cell proliferation depends on the
target site of action (i.e., whether they are somatic, stem, or cancer cells). In addition, the
effect of their action directly depends what kind of molecular mechanism, estrogen- or
androgen-dependent, they trigger.

Inhibiting cell proliferation or slowing down their growth are generally linked to the
modification of the cell metabolism because of the lower energy needs. To analyze this,
we evaluated the bioenergetic metabolic fluxes in poPSCs, both control ones and those
exposed to Ndn and Bdn for a long-term, by the Seahorse methodology. As expected,
the mitochondrial oxygen consumption rate appeared to be lower in cells treated with
AAS. These results suggest that nandrolone by inhibition of mitochondrial respiration
slows poPSCs growth. Consistent with this observation are results obtained by Agriesti
et al. [29]. Using HepG2 cell lines, these investigators showed that Ndn not only repressed
mitochondrial respiration but also inhibited the respiratory chain complexes I and III
and enhanced mitochondrial reactive oxygen species (ROS) production. Importantly, as
previously reported, the illicit use of AAS, including Ndn and Bdn, is associated with
serious adverse effects, including cellular neoplasmic transformation. Since the AR is
expressed in a diverse range of tissues, AAS might be implicated in induction of their
tumorigenesis [54,55]. Several studies demonstrated the key role of the androgen signaling
in the regulation of normal or cancer stem cells (CSCs) [56,57]. CSCs are a small subgroup
of neoplastic cells which are characterized by high self-renewal, extensive proliferation,
and strong tumorigenesis capacity. The latter feature causes CSCs to play an important
role in the genesis of various cancers [58,59]. A recent study revealed the relationship
between androgens and hepatic CSCs maintenance, demonstrating that androgens and AR
participated in their regulation through the NANOG-related pathway, a potent positive
regulator of CSCs stemness [60].

Cancer stem cells are mostly identified by virtue of the expression of specific cell
surface markers. Of these, two should be highlighted: CD44 and CD133, which are the
most widely used markers in CSCs research [10]. More particularly, the expression of
CD44 and CD133 distinguishes a number of cancer-initiating cells [20,61–63]. In our
current investigation, a chronic exposure of poPSCs to pharmacological doses of both Ndn
and Bdn has been shown for the first time to trigger the expression of such clusters of
differentiation as CD44 and CD133, which indicates the risk of occurrence of molecular
events characteristic for the neoplastic transformation of poPSCs. An increased expression
of CD44 and CD133 following AAS exposure is the evidence of a phenotype shift, from
poPSCs, which constitute the heterogeneous population of MSCs, to CSCs. This is a strong
support of the current hypotheses that suggests that tumors originate from cells that
carried out a process of “malignant reprogramming” driven by genetic and epigenetic
alterations. Since CD133 transcription is controlled by both histone modifications and
promoter methylation, expression of CD133 in ovarian cancer can be directly regulated by
epigenetic modifications. The results reported here are in line with the notion that CD133
characterizes the ovarian tumor initiating cell population [64]. A meta-analysis of the
relationship between CD133 expression, prognosis, and clinical and pathological features
of ovarian cancer showed that, unlike CD44, high CD133 expression correlates with a
worse prognosis in patients [65]. Moreover, based on a number of emerging evidence, as
well as the results obtained, it can be concluded that cancer stem cells can switch their
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metabolic phenotypes in response to external stimuli for better survival [66]. Thanks to this,
CSCs are more resistant to anti-tumor treatments than the non-stem cancer cells. Therefore,
surviving CSCs might be responsible for metastasis and therapy resistance.

To sum up, our current investigation, which has been aimed at the development and
optimization of the in vitro models for extrinsic anabolic steroid-dependent stimulation
or modification applied to reprogram the molecular properties and cytophysiological
functions of poPSCs, has proven that their exposure to either Ndn or Bdn brings about
the enhancements in the expression of CSC-related markers. This may indicate that the
approaches used for Ndn- or Bdn-assisted modulation of poPSCs are supposed to pre-
dominantly trigger their neoplastic transformation. On the one hand, molecular and
epigenetic plasticity of isolated population of ovarian putative stem cells (oPSCs) offers a
great opportunity for preclinical and clinical approaches targeted at ovarian cell/tissue
engineering and surgical treatments based on regenerative and reconstructive medicine.
These treatments can be mediated by oPSC-based auto-, iso-, allo-, or xenografting and are
intended for infertile or sub-fertile female patients afflicted with ovary-specific dysfunc-
tions/disorders such as polycystic ovary syndrome (PCOS). On the other hand, a variety
of attributes related to augmented plasticity of oPSCs carry a considerable risk of initiating
molecular pathways responsible for their oncogenic transformation (carcinogenesis).

4. Materials and Methods
4.1. Sample Collection and poPSCs Isolation

Porcine ovaries were collected from sexually immature Polish Landrace gilts (approxi-
mately weighing 60 to 70 kg and 5 to 6 months of age) at a local abattoir under veterinarian
control within 10 min of slaughter. Next, they were placed in sterile ice-cold Dulbecco’s
modified phosphate-buffered saline (DPBS; pH 7.4, PAA The Cell Culture Company, Piscat-
away, NJ, USA) with the addition of antibiotics (Antibiotic/Antimycotic Solution; AASoln;
1% (v/v), PAA The Cell Culture Company) and taken to the laboratory within 1 h. After
washing the experimental material twice using sterile DPBS, the ovarian cortex was sep-
arated from the ovarian cord with a scalpel and cut into uniform-size pieces of ~1 mm3

with a tissue slicer. The obtained fragments of ovarian cortex were subjected to a 2-h
enzymatic digestion procedure in a Liberase™ TH Research Grade solution (0.26 U/mL
in PBS; Sigma-Aldrich, St. Louis, MO, USA) in an incubator at temperature 37 ◦C, with
150 rotations/min. Next, enzymatic digestion was terminated by adding an equal volume
of cold DPBS (+4 ◦C). After that, the resulting suspension was filtered through 100-, 70-,
and 40-µm nylon strainers. In the further step, the cells were washed several times in sterile
DPBS and recovered by centrifugation (90× g for 10 min). poPSCs were isolated by an im-
munomagnetic method, modified, and described by us previously [67], using a monoclonal
antibody–anti-human SSEA-4, conjugated to magnetic beads (EasySepTM hESC/hiPSC
SSEA-4 Positive Selection Kit, StemCellTM Technologies, Vancouver, Canada). Next, the
poPSCs were cultured in the maintenance medium (MM): DMEM/F12 medium (Sigma-
Aldrich) supplemented with 2% B-27 (Thermo Fisher Scientific, Waltham, MA, USA) and
2 µL/mL SCF (Thermo Fisher Scientific). The prepared suspension of 3 × 103 cells/mL
was seeded into the culture dishes. Cells for total protein or total RNA extraction after the
experiment were cultured in six-well polystyrene plates (Nunc™, Thermo Fisher Scientific)
coated with poly-L-lysine (Sigma-Aldrich). Cells for immunofluorescence studies were
cultured on eight-cell Lab-TekTM II-CC2 (Nunc™, Thermo Fisher Scientific) slides also
coated with poly-L-lysine.

4.2. Evaluation of poPSCs Proliferation after 14-Day Exposure to Different Doses of Nandrolone
or Boldenone

Following pre-culture, the medium was changed to fresh in 6-well plates (DMEM/F12
medium supplemented with 2% B-27 and 2 µL/mL SCF). For all in vitro experiments, Ndn
(Sigma-Aldrich) and Bdn (Sigma-Aldrich) stocks were prepared in absolute dimethylsul-
foxide (DMSO) and subsequently diluted in the culture medium. The final concentration
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of DMSO was kept at <5 µL/mL. poPSCs were exposed to different concentrations of Ndn
(0-control, 15, 20, 25, 30, and 35 µM/L) or Bdn (0-control, 60, 80, 100, 120, and 140 µM/L).
Cells in the presence of AAS were grown in the same conditions as in pre-cultures for
14 days. Every two days, the medium was changed, maintaining the dose regimen of both
test compounds, and the cells were passaged when they reached 80% confluence. After
completion of the culture, total protein was isolated from the cells growing in each well for
subsequent semi-quantitative analysis of the PCNA proliferation marker.

4.3. poPSC Culture in the Presence of Selected Doses of Nandrolone or Boldenone

After preculture, the medium was changed to fresh (DMEM/F12, 2% B-27, 2 µL/mL
SCF). The plates and slides were then divided into two equal subgroups. The first subgroup
was given a boldenone solution in DMSO so as to obtain a concentration of 100 µM in the
medium, and the second subgroup received a nandrolone solution to obtain a concentration
of 35 µM in the medium. The Ndn and Bdn concentrations for the experiment were selected
based on both: literature data and the results of the previous proliferation test. Every two
days, the medium was changed, maintaining the dosing pattern of both test compounds,
and the cells were passaged when they reached 80% confluence. After completion of culture
on day 7 and 14, total protein and total RNA were isolated from cells growing in 6-well
plates, and cells growing on eight-chamber slides were fixed for immunofluorescence.

4.4. ApoTox-Glo Triplex Assay

For apoptosis, viability, and cytotoxicity assays, poPSCs that had been cultured under
the conditions of Ndn or Bdn supplementation were analyzed using the ApoTox-Glo Triplex
Assay (Promega GmbH, High-Tech-Park, Mannheim, Germany) according to the manufac-
turer’s protocol. In brief, 20 µL of viability/cytotoxicity reagent mixture that was comprised
of the permeable protease substrate known as glycylphenylalanyl-aminofluorocoumarin
(GF-AFC) and a fluorogenic peptide substrate designated as bis-alanyl-alanyl-phenylalanyl-
rhodamine 110 (bis-AAF-R110) was added to each well, and both of these compounds
were shortly mixed by orbital shaking (at the parameters of 300 rpm and 30 s). The
cells were subsequently incubated at 37 ◦C for 120 min in the presence of GF-AFC and
bis-AAF-R110 reagent mixture. Fluorescence was measured at an excitation/absorption
maximum wavelength of λex equal to 400 nm and an emission maximum wavelength of
λem equal to 505 nm (for assessment of cell viability) and λex/λem = 485 nm/520 nm (for
evaluation of cytotoxicity) using a microplate spectrophotometer (Infinite M200; TECAN
Group, Mannedorf, Switzerland). In the next step, 100 µL of Caspase-Glo 3/7 reagent
was added to each well, and the samples were briefly mixed by orbital shaking (at the
parameters of 300 rpm and 30 s) followed by incubation at room temperature (RT) for
120 min. Luminescence was quantitatively ascertained for 1 s according to the relevant
protocol established for detection/determination of luminescence and its measurement
was proportional to the amount of caspase activity present (Infinite M200, TECAN).

4.5. Immunofluorescence

Immunofluorescence, performed according to a technique developed and modified in
our laboratory [67], was used to localize AR and cancer stem cells markers such as CD44
and CD133 in poPSCs incubated with steroids (boldenone and nadrolone). Additionally,
PSCs cultured in the absence of steroids served as a control. After culture termination, cells
were washed with PBS and fixed with cold 4% paraformaldehyde (PFA) in PBS for 10 min.
After several washes with PBS, permeabilization of the cell membranes was performed by
applying 0.1% Triton X-100 (Sigma-Aldrich) in Tris-buffered saline (TBS; pH 7.4). In the
next step, nonspecific binding sites were blocked by an incubation with 5% normal goat
serum (NGS, Sigma-Aldrich) in a humidified chamber for 40 min at room temperature.
Then, NGS was removed, and the cells were incubated with the primary antibodies against
the cancer stem cells markers CD44 (monoclonal mouse anti-CD44, ab6124, diluted 1:100,
Abcam, Cambridge, UK) and CD133 (polyclonal rabbit anti-CD133, ab 19898, diluted 1:100,
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Abcam, Cambridge, UK) and against the androgen receptor-AR (polyclonal rabbit anti-AR,
sc-816, diluted 1:50, Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 ◦C in a
humidified chamber. Subsequently, the cells were washed several times with TBST (TBS þ
0.1% Tween 20, Sigma-Aldrich) and incubated with the appropriate secondary antibody,
either Alexa Fluor 488-labeled goat anti-rabbit (for AR and CD133) or goat anti-mouse (for
CD44) at a 1:500 dilution (Thermo Fisher Scientific) for 1 h at room temperature in a dark,
humidified chamber. Negative controls included cells incubated with 5% NGS. Immuno-
labeled cells were mounted in VectaShield® HardSet™ Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA, USA), and they were analyzed with an OLYMPUS
FV1200 FLUOVIEW scanning confocal laser microscope (parameters: OLYMPUS, Tokyo,
Japan) under both 20× and 40× objective lenses.

4.6. Western Blot Analysis

Western blot analysis was performed according to a technique developed and mod-
ified in our laboratory [68]. Briefly, after termination of both poPSCs cultured in the
presence of steroids for 7 or 14 days and poPSCs cultured without addition of steroids,
they were washed twice with cold PBS. Next, total protein from all cultured cells samples
was extracted using radioimmunoprecipitation assay buffer (RIPA; Thermo Scientific, Inc.,
Rockford, IL, USA) in the presence of protease inhibitor cocktail (Sigma-Aldrich). The
suspension was then sonicated and centrifuged at 10,000× g for 20 min at 4 ◦C. The super-
natant was collected and stored at −20 ◦C. The protein concentration was determined with
the DCTM Protein Assay (Bio-Rad Protein Assay; Bio-Rad Laboratories GmbH, München,
Germany) using bovine serum albumin (BSA, Sigma-Aldrich) as a standard. Aliquots of
cell lysates containing 30 mg of protein were solubilized in a sample buffer consisting
of 62.5 mM Tris-HCl pH 6.8, 2% SDS, 25% glycerol, 0.01% bromophenol blue, and 5%
β-mercaptoethanol (Bio-Rad Laboratories) and denatured at 99.9 ◦C for 3 min. After denat-
uration, the samples were separated via 10% (for AR, CD44, CD133, Akt, P-Akt, and PI3K)
or 12% (for PCNA) sodium dodecyl-sulphate (SDS)-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions. The separated proteins were transferred onto a
poly(vinylidene fluoride) (PVDF) membrane using a wet blotter in Genie Transfer Buffer
(20 mM Tris, 150 mM glycine in 20% methanol, pH 8.4) for 90 min at a constant amperage
of 350 mA. Then, the membranes were blocked with 5% non-fat milk in TBST (Tris-buffered
saline with 0.1% v/v Tween20; Bioshop Inc., Burlington, VT, Canada) for 30 min at room
temperature with gentle shaking, and next they were treated (overnight at ~4 ◦C) with the
primary antibodies. The same primary antibodies as those used for immunofluorescent
labelling were utilized as follows: immunoglobulins isotype G (IgGs) raised against AR (at
a 1:200 dilution), against CD44 (at a 1:500 dilution), and against CD133 (at a 1:500 dilution).
Additionally, IgGs against a proliferation marker PCNA (at a 1:1000 dilution) and IgGs
against signaling pathway-related proteins such as: Akt (at a 1:1000 dilution), P-Akt (at a
1:1000 dilution), and PI3K (at a 1:1000 dilution) (Cell Signaling Technology; Danvers, MA,
USA) were used. β-Actin was used as an internal control (monoclonal mouse anti-β-actin,
diluted 1:2000; Sigma-Aldrich). The membranes were washed and incubated with an ap-
propriate horseradish peroxidase (HRP)-conjugated secondary antibody (goat anti-mouse
IgG for β-actin, CD44, and PCNA or goat anti-rabbit IgG for AR, CD133, Akt, P-Akt, and
PI3K, Vector Laboratories; diluted 1:1000) for 1 h at RT. Immunoreactive protein bands
were detected by chemiluminescence using Clarity™ Western ECL Blotting Substrate (Bio-
Rad Laboratories). The blots were visualized using the ChemiDoc™, and all bands were
quantified using the Image Lab™ 2.0 Software (Bio-Rad Laboratories). Semi-quantitative
analysis was performed for three separately repeated experiments for each control and
experimental group.

4.7. Total RNA Isolation and cDNA Synthesis

Total RNA was extracted from both poPSCs cultured in the presence of steroids for
7 or 14 days and poPSCs cultured without addition of steroids. Total cellular RNA was
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isolated using the EZ-10 Spin Column Total RNA Mini Preps Super Kit (Bio Basic Canada
Inc.; Markham, ON, Canada) according to the manufacturer’s protocol. The quantity and
quality of the total RNA were ascertained by measuring the absorbance at 260 and 280 nm
with a NanoDrop ND2000 Spectrophotometer (Thermo Fisher Scientific; Wilmington,
DE, USA). Moreover, RNA samples were electrophoresed on a 1% (wt/vol) denaturing
agarose gel to verify the RNA quality and stored frozen at −80 ◦C. First-strand cDNA was
prepared by reverse transcription (RT) using 1 mg of total RNA, random primers, and
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster City, CA,
USA) according to the manufacturer’s protocol. The 20-mL total reaction volume contained
random primers, dNTP mix, RNAse inhibitor, and Multi Scribe Reverse Transcriptase. RT
was performed in a Veriti Thermal Cycler (Applied Biosystems) according to the following
thermal profile: (1) 25 ◦C for 10 min, (2) 37 ◦C for 120 min, and (3) 85 ◦C for 5 min. Genomic
DNA amplification contamination was checked using control experiments, in which reverse
transcriptase was omitted during the RT step. The samples were kept at −20 ◦C until
further analysis.

4.8. Quantitative Real-Time qPCR

The real-time PCR was performed according to the manufacturer’s protocol. For quan-
titative analysis, the mRNA levels of the investigated genes CD44 and PROM1 (CD133)
in each sample were assessed using the TaqMan Gene Expression Assay (Applied Biosys-
tems; assay ID: CD44 ARTZ9RP and PROM1 ARRWE6T). The level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Applied Biosystems; assay ID: Ss03373286_u1) was
estimated as an internal control. All real-time PCR experiments were performed in du-
plicate [68]. Amplifications were performed with a StepOne™ Real-Time PCR System
(Applied Biosystems) according to the recommended cycling program (2 min at 50 ◦C,
10 min at 95 ◦C, 40 cycles of 15 s at 95 ◦C, and 1 min at 60 ◦C). Amplification of contami-
nating genomic DNA was checked by control experiments in which reverse transcriptase
was omitted during the RT step. Threshold cycles (Ct values) for the expression of the
investigated gene were calculated using StepOne software. All samples were normalized
to GAPDH (∆∆Ct value). The relative expression of the genes of interest was expressed as
2−∆∆Ct [69].

4.9. Seahorse Analysis

The cellular bioenergetics were determined using the XFp analyser (Agilent; Boston,
MA, USA) kindly provided by Perlan Technologies (Warsaw, Poland). All assays were
programmed (designed) in XF data acquisition Wave 2.6.1 software (Agilent, Boston, MA,
USA). In each experiment, 3 baseline measurements were taken prior to the addition of any
compound/substrate/inhibitor, and at least 3 response measurements were taken after the
addition of each compound. Oxygen Consumption Rate (OCR) and Extracellular Acidifica-
tion Rate (ECAR) were reported as absolute rates (pM/min for OCR and mpH/min for
ECAR). While sensor cartridges were hydrated (overnight) and calibrated (XF Calibrant),
cell plates were incubated in a 37 ◦C for 30 min prior to the start of an assay. All experiments
were performed at 37 ◦C in non-CO2 conditions. Detailed protocols and their justification
can be found at https://www.agilent.com/en/product/cell-analysis/how-torun-an-assay
(accessed from June 2020 to May 2021). Additionally, detailed protocols were previously
published [70–72].

Seahorse XF Measurement of ECAR and OCR Using Seahorse XF Cell Mito Stress Test

The pools/subpopulations of poPSCs, after 7- and 14-days of culture under Ndn or
Bdn exposure were suspended in sterile (0.2-µm syringe strainer filtered) HBSS(+) w/o
sodium bicarbonate (Gibco; Waltham, MA, USA) supplemented with 1 mM sodium pyru-
vate (Sigma–Aldrich, Saint Louis, MO, USA), 2 mM L-Glutamine (Sigma–Aldrich; Saint
Louis, MO, USA), 10 mM D-glucose (Lonza Bioscience; Basel, Switzerland) and 5 mM
HEPES (Sigma–Aldrich; Saint Louis, MO, USA) and adjusted to pH 7.4 with 0.1-N NaOH
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(Sigma–Aldrich; Saint Louis, MO, USA). Buffer factor of assay media was validated prior to
experiments and was equal to 2.9 mM/pH. Next, cells were plated (4 × 105 cells/well) in
180 µL on Agilent Seahorse 8-well XFp Cell Culture Miniplate and allowed to settle/adhere
for 30 min at 37 ◦C. Real-time, noninvasive measurements of ECAR and OCR were ob-
tained which correlated to acidification, mostly derived from glycolysis and mitochondrial
function, respectively. Measurements were continued for 1 h and consisted of (i) a sample
mixing time (each 1 min long) and (ii) a data acquisition period of 57 min. The latter
consisted of 3 cycles with waiting time before each measurement lasting for 15 min.

4.10. Statistical Analysis

Statistical analysis was performed using Statistica 10.0 software (StatSoft, Inc.; Tulsa,
OK, USA). For cell culture experiments, experiments were performed in quadruplicate
(n = 5). Levene’s test for homogeneity of variance, the Shapiro–Wilk test for normality
and one-way ANOVA followed by Tukey’s or Duncan’s post-hoc test were used to assess
differences between control and experimental cultures. Western blot and real-time PCR
analyses were repeated three times (in duplicate). The data are expressed as the mean ±
SEM. Statistical significance was established at * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.

5. Conclusions

The efforts undertaken in this study to comprehensively characterize molecular ad-
vantages of poPSCs and their potentially neoplastic cell derivatives are necessary to assess
whether cell nuclei stemming from such NDCs will not fail to be epigenetically dedifferen-
tiated in porcine SCNT-derived oocytes and resultant cloned embryos. It is noteworthy
that these efforts have been conceptualized for the purpose of somatic cell cloning in pigs
and different mammalian species for the first time. Furthermore, the approaches applied to
sustainably ameliorate/repress pro-carcinogenic activity or eliminate oncogenicity (cancero-
genicity) of ovarian MSC-like cells, the epigenomic memories and transcriptional profiles
of which have been efficiently reprogrammed in porcine nuclear-transferred embryos, have
not yet been devised. Therefore, optimizing these approaches is largely desirable for the
needs of recognizing the suitability of ovarian putative stem cells that have undergone
cancerous transformation to use them as NDCs for future studies aimed at SCNT in pigs
and other mammalian species.

For the above-indicated reasons, thoroughly identifying factors that affect augmented
epigenetic plasticity of the ovary-specific MSC-like cells and thereby enhanced repro-
grammability of these NDCs in porcine nuclear-transferred embryos appears to be highly
justified. As a consequence, this is of tremendous importance for the studies that attempt
to improve the effectiveness of somatic cell cloning in pigs and a variety of mammalian
species. The aforementioned scientific problems are also required to be widely resolved in
order to remarkably increase the potential of practically using SCNT-based investigations
for a broad spectrum of transgenic, biomedical, biopharmaceutical, and biotechnological
research.
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Abbreviations

AAS Anabolic androgenic steroids
AASoln Antibiotic/antimycotic solution
Akt A member of serine/threonine-specific protein kinase family (also known as protein

kinase B; PKB) that plays a pivotal function in controlling the molecular balance
between survival and death pathways in cells

AR Androgen receptor
ASCs Adult stem cells
Bdn Boldenone
CSCs Cancer stem cells
CD Cluster of differentiation
ECAR Extracellular acidification rate
ERK1/2 Extracellular signal-regulated protein kinases 1 and 2; also known as p44

mitogen-activated protein (MAP) kinase (a 44-kDa isoform of MAPK) and p42
mitogen-activated protein (MAP) kinase (a 42-kDa isoform of MAPK), respectively

ESCs Embryonic stem cells
GPCRC6A G protein-coupled receptor family C group 6 member A; a novel membrane

androgen receptor (mAR) related to the extranuclear action of androgens
HA Hyaluronic acid
HepG2 Human hepatocarcinoma-derived cell lines
IGF-I Insulin-like growth factor-I
Klf-4 Krüppel-like factor-4 (also called gut-enriched Krüppel-like factor or GKLF);

an evolutionarily conserved zinc finger-containing transcription factor that regulates
diverse cellular processes such as cell growth, proliferation, differentiation,
apoptosis, and somatic cell reprogramming

mARs Novel membrane androgen receptors (unrelated to nuclear androgen receptors)
that are engaged in a broad spectrum of non-classical, cell surface-initiated
androgen actions

MSCs Mesenchymal stem cells
mTOR Mechanistic target of rapamycin (previously known as mammalian target of

rapamycin) that represents a family of serine/threonine-specific protein kinases;
mammalian target of rapamycin (mTOR) kinase that has been identified as a direct
target of the rapamycin-FKBP12 (FK506-binding protein 12 kDa) complex;
mTOR kinase is also designated as FK506-binding protein 12-rapamycin
complex-associated protein 1 (FRAP1)

NANOG Homeobox-containing transcription factor whose name stems from Celtic/Irish
mythical word Tír na nÓg (i.e., Tir Na Nog; The Land of the Ever-Young)

NDCs Nuclear donor cells
Ndn Nandrolone
NF-κB Nuclear factor-κB (nuclear factor kappa-light-chain-enhancer of activated B cells);

a pleiotropic inducible transcription factor that occurs in almost all cell types and
is the endpoint of a series of signal transduction events that are initiated by a vast
array of stimuli related to many biological processes such as cytodifferentiation,
cell growth, tumorigenesis, apoptosis, inflammation, and immunity

NOD-SCID Non-obese diabetic/severe combined immunodeficient mouse model
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OCICs Ovarian cancer initiating cells
OCR Oxygen consumption rate
Oct-4 Octamer-binding transcription factor-4 (also designated as POU5F1); a member of

the family of POU (Pit-Oct-Unc)-domain and homeodomain transcription factors
oPSCs Ovarian putative stem cells
OXER1 G protein-coupled oxo-eicosanoid receptor 1; a receptor of the arachidonic acid

metabolite, i.e., 5-oxoeicosatetraenoic acid (5-oxoETE); known as a novel mAR
involved in the rapid effects of androgens

PCDs Potentially cancerous derivatives
PCNA Proliferating cell nuclear antigen
PCOS Polycystic ovary syndrome
PI3K Phosphatidylinositol 3-kinase; a downstream kinase activated by receptor tyrosine

kinases that generates a series of phosphorylated phosphoinositides,
which recruit 3-phosphoinositide-dependent protein kinase-1 (PDPK1)
activity to the plasma membrane, leading to activation of Akt

poPSCs Porcine ovarian putative stem cells
RIPA Radioimmunoprecipitation assay buffer
Rex1 Reduced expression gene 1 encoding a DNA-binding transcription factor known as

reduced expression protein 1 or zinc finger protein 42 homolog
ROS Reactive oxygen species
SCNT Somatic cell nuclear transfer
Sox2 Sex-determining region Y (SRY)-box 2; a member of the high mobility group

(HMG)-box family of DNA-binding transcription factors
ZIP9 Zinc transporter member 9; also designated as solute carrier family 39 member 9

(SLC39A9) or transmembrane zinc-influx transporter (Zrt)- and transmembrane
iron-influx transporter (Irt)-like protein (ZIP) 9; represents both zinc (Zn2+)-iron
(Fe2+) permease (ZIP) family and a novel membrane androgen receptor (mAR) family
related to the extranuclear action of androgens
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Abstract: Abnormalities in animals cloned via somatic cell nuclear transfer (SCNT) have been re-
ported. In this study, to produce bomb-sniffing dogs, we successfully cloned four healthy dogs
through SCNT using the same donor genome from the skin of a male German shepherd old dog.
Veterinary diagnosis (X-ray/3D-CT imaging) revealed that two cloned dogs showed normal phe-
notypes, whereas the others showed abnormal shortening of the mandible (brachygnathia inferior)
at 1 month after birth, even though they were cloned under the same conditions except for the
oocyte source. Therefore, we aimed to determine the genetic cause of brachygnathia inferior in
these cloned dogs. To determine the genetic defects related to brachygnathia inferior, we performed
karyotyping and whole-genome sequencing (WGS) for identifying small genetic alterations in the
genome, such as single-nucleotide variations or frameshifts. There were no chromosomal numerical
abnormalities in all cloned dogs. However, WGS analysis revealed variants of Wnt signaling pathway
initiators (WNT5B, DVL2, DACT1, ARRB2, FZD 4/8) and cadherin (CDH11, CDH1like) in cloned
dogs with brachygnathia inferior. In conclusion, this study proposes that brachygnathia inferior in
cloned dogs may be associated with variants in initiators and/or regulators of the Wnt/cadherin
signaling pathway.

Keywords: cloned dog; brachygnathia inferior; whole-genome sequencing; Wnt signaling pathway

1. Introduction

Animal cloning is a useful technology in developmental biology and genetic studies
and in the restoration of endangered species [1–3]. Since the first successful dog cloning was
reported [1], cloning has been applied not only in the commercial breeding of companion
dogs but also in the production of working dogs with various desirable abilities [4].

Dog cloning differs from cloning in other animals, such as sheep, cattle, and pigs,
owing to the different reproductive processes, such as ovulation of oocytes at the metaphase
I stage. Therefore, dog cloning is performed with in vivo-matured oocytes, after which
cloned embryos are quickly transferred into the oviduct to overcome the inadequate in vitro
culture systems [5,6]. The cloned offspring are expected to not only genetically but also
phenotypically identical to the original donor dog [7]. However, abnormal phenotypes
not present in the original dog may appear in the clones, and this is presumed to occur
during developmental events. This phenomenon has been commonly reported and studied
in detail in other animals [2,8,9], but minimally reported in cloned dogs.
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Defects in cloned animals mainly include high or low birth weight, placental abnormal-
ities, and pulmonary and cardiovascular disorders [3]. Brachygnathia inferior (also called
underbite, overshot, parrot mouth, or prognathia), an osteogenesis imperfecta presenting
as shortening of the mandible, is a common congenital anomaly in sheep and cattle [10,11].
However, brachygnathia inferior is very rarely found in dogs [12], and there have been no
reports of brachygnathia inferior in cloned dogs.

In the present study, we identified that out of four dogs cloned under the same
conditions, except for the oocytes, two exhibited abnormalities including brachygnathia
inferior. To the best of our knowledge, this is the first attempt to detect and determine
the causes of brachygnathia inferior in cloned dogs. Therefore, we aimed to determine
the genetic cause of brachygnathia inferior in these cloned dogs. Genome sequencing
is a powerful tool for discovering genes and genetic variants that cause a disease [13].
Whole-genome sequencing (WGS) can provide information on the entire DNA sequence of
the genome of an individual and serve as a tool for determining the genomic variation that
increases the risk for common and rare disorders. Using WGS and functional prediction
tools, we identified the specific genes that were upregulated only in these abnormal cloned
dogs and the signaling pathways associated with the phenotypic features of brachygnathia
inferior. We revealed mutations in the initiators and/or modulators of two important
signaling pathways related to brachygnathia inferior in the cloned dogs.

2. Results
2.1. Production of Cloned Dogs

A total of 89 nuclear transfer (NT) embryos were transferred to 10 surrogate mother
dogs. The pregnancy rate was confirmed to be 20% (2 out of 10 dogs). Surrogate mother
dogs (SMD), called SMD1 and SMD2, gave birth to one offspring (NT-1) by cesarean section
(≈60 days of gestation) and five offspring (NT-2 to -6) by natural delivery, respectively
(Figure S1A,B). Among the five offspring delivered by SMD2, three (NT-2, 3, and 4) sur-
vived, but two died: one was stillborn (NT-5), and the other died of hypothermia (NT-6) at
one day after delivery (Figure 1). The cloning efficacy ratio, calculated from the number of
live offspring per number of transferred embryos, was 5.6%.
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5-year-old male German shepherd dog (original donor). NT refers to the cloned offspring produced
via SCNT. Red colors (NT-1 and NT-2) were represented cloned dogs with brachygnathia inferior.
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To evaluate the genetic identity of the offspring, we compared canine-specific polymor-
phic microsatellites between the cloned puppies and donor cells. As shown in Table 1, the
cloned puppies and donor cells showed genetic homogeneity, confirming that the puppies
were cloned from the original dog.

Table 1. Matching of microsatellite of between donor cells and cloned offspring.

Source FH2537 FH3005 FH3372 FH3116 REN51C16 REN2770O5 FH2834 REN204K13 FH2097 FH2712 FH2998

Donor cells 146 146 224 224 154 158 190 190 255 259 333 333 265 265 248 248 284 288 174 174 208 228
NT-1 146 146 224 224 154 158 190 190 255 259 333 333 265 265 248 248 284 288 174 174 208 228
NT-2 146 146 224 224 154 158 190 190 255 259 333 333 265 265 248 248 284 288 174 174 208 228
NT-3 146 146 224 224 154 158 190 190 255 259 333 333 265 265 248 248 284 288 174 174 208 228
NT-4 146 146 224 224 154 158 190 190 255 259 333 333 265 265 248 248 284 288 174 174 208 228

Donor cells used for nuclear transfer (NT); cloned offsprings (NT-1 to NT-4) were produced by NT.

2.2. Care and Feeding of Cloned Offspring

NT-1, the first cloned puppy, was fed by bottle because the surrogate mother did not
care for her baby. During the artificial nursing period, slight pneumonia occurred, but was
completely cured within one week. NT-2, -3, and -4, who were born by the same SMD2,
were successfully breastfed by their SMD2. At the age of one month old, every puppy was
stopped from milk feeding and fed commercial feed. The weight of all cloned puppies
measured daily was in normal range, but the weight growth rates of NT-1 and -3 were
lower than those of NT-2 and -4 until one month after birth (Figure S1C). Both NT-1 and -3
showed jaw abnormalities, such as open-bite malocclusion of the mandible, starting at one
month after birth, especially NT-1 (Figure 2A). Further detailed analyses were performed
to determine the cause.

2.3. Clinical Diagnosis of Brachygnathia Inferior

First, NT-1, which presented severe jaw abnormality, was subjected to veterinary
pathological analysis. Complete blood count (CBC) and biochemical parameters were
within the reference ranges, without significant differences. CBC values were similar
between the donor dog and the cloned offspring (Table 2). There were no differences in
biochemical parameters, such as creatinine, glucose, blood urea nitrogen (BUN), gamma-
glutamyl transferase (GGT), albumin (ALB), total bilirubin (TB), total protein (TP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), creatine kinase, cholesterol, and
amylase levels, between the original dog and the clones (Table 3).
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Figure 2. Clinical diagnosis of cloned dogs. (A) Visual inspection of mandibular malocclusion
in the cloned dogs. (i) A cloned dog without brachygnathia inferior (NT-2); (ii) a cloned dog
with brachygnathia inferior (NT-1). Arrows indicate the lower jaw with (red) and without (white)
brachygnathia inferior. (B) Craniofacial radiographic images of the cloned dogs. Left column, the
original dog as a control; central column, a cloned dog without brachygnathia inferior (NT-2); right
column, a cloned dog with brachygnathia inferior (NT-1). (i,ii) are shown in the dorsoventral and
lateral view of their craniofacial profile, respectively. White dotted lines in (i) indicate the central axis
of the skull in the dorsoventral view of the craniofacial profile. The cross of white and yellow dotted
lines in (ii) indicate the craniofacial angle between the maxilla and mandible. (C) Three-dimensional
volume-rendered computed tomography images. Left, the original dog as a control; center, a cloned
dog without brachygnathia inferior (NT-2); right, a cloned dog with brachygnathia inferior (NT-1).
Red and yellow asterisks indicate the maxillary and mandible canines, respectively.
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Table 2. The values of complete blood counts for original donor and cloned dogs.

Parameters (Unit) Original Dog
(Donor Cells)

Brachygnathia Inferior

without with

NT2 NT4 NT-1

RBC (1012/L) 8.85 5.9 6.74 7.43
Hematocrit [Hct] (%) 56.7 37.7 41.2 48.1

Hemoglobin [Hb] (g/dL) 19.6 12.1 14.3 15.8
MCV (fL) 64.1 63.9 61.1 64.7
MCH (pg) 22.1 20.5 21.2 21.3

MCHC (g/dL) 34.6 32.1 34.7 32.8
PDW (%) 20.2 18.7 19.5 18.9

Reticulocyte (%) 0.2 1.8 0.5 1.1
Reticulocyte (103/uL) 18.6 108 30.3 81.7

WBC (109/L) 13.8 15.7 19.2 13.86
WBC-Neut (%) 70.6 56.9 64.6 60

WBC-Lymph (%) 15.3 29.5 24.9 25.2
WBC-Mono (%) 7.8 8.3 8.7 7

WBC-Eos (%) 6.2 5.2 1.7 7.8
WBC-Baso (%) 0.1 0.1 0.1 0

WBC-Neut (109/L) 9.75 8.94 12.4 8.32
WBC-Lymph (109/L) 2.11 4.63 4.76 3.49
WBC-Mono (109/L) 1.08 1.31 1.66 0.97

WBC-Eos (109/L) 0.85 0.81 0.33 1.08
WBC-Baso (109/L) 0.01 0.01 0.02 0

Platelet (109/L) 201 411 325 429
MPV (fL) 12.3 13.1 13.1
RDW (fL) 19.36 18.8 18.8
PCT (%) 0.5 0.56 0.56

RBC, red blood cell; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; PDW, platelet distribution width; WBC, white blood cell; MPV, mean
platelet volume; RDW, red cell distribution width; PCT, plateletcrit.

Table 3. The values of blood chemistry parameters of original donor and cloned dogs.

Parameters (Unit) Original Dog
(Donor Cells)

Brachygnathia Inferior

without with

NT2 NT4 NT-1 NT-3

Glucose (mg/dL) 68 31 104 62 90
BUN (mg/dL) 13 13 19 13 4

Creatinine (mg/dL) 1.2 1 0.7 1.1 0.3
BUN: Creatinine (Ratio) 11 13 25 11 12

Phosphorus-Inorganic (mg/dL) 3 8 8.7 5.7 8.3
Calcium (mg/dL) 10.8 11 9.9 10.9 11

Protein-Total (g/dL) 7.8 5.7 5 7.1 6.1
Albumin (g/dL) 4 2.9 2.7 3.4 2.9
Globulin (g/dL) 3.8 2.8 2.3 3.7 3.2

A/G ratio 1.1 1.1 1.2 0.9 0.9
ALT (U/L) 47 22 18 23 67

ALKP (U/L) 17 173 151 106 216
GGT (U/L) 0 0 2 0 8

Bilirubin-Total (mg/dL) 0.2 0.1 0.1 0.1 0.7
Cholesterol-Total (mg/dL) 191 119 171 170 237

Amylase (U/L) 727 539 299 863 323
Lipase (U/L) 341 331 352 322 93

Na+ (mmol/L) 153 150 147 151 140.9
K+ (mmol/L) 4.2 5 5.7 4.3 5.05
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Table 3. Cont.

Parameters (Unit) Original Dog
(Donor Cells)

Brachygnathia Inferior

without with

NT2 NT4 NT-1 NT-3

Na+:K+ (Ratio) 36 30 26 36 23.5
Cl− (mmol/L) 110 107 107 107 111.3

Osmorality 301 294 296 297
BUN, blood urea nitrogen; A/G ratio, the ratio of albumin and globulin; ALT, alanine aminotransferase; ALKP,
alkaline phosphatase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase.

The cloned dogs were diagnosed by visual inspection and X-ray/computed tomog-
raphy (CT) examinations. Mandibular malocclusion was observed in both NT-1 and -3,
whereas NT-1 presented severe mandibular malocclusion. In the case of NT-1, malalignment
of the central axis of the skull was confirmed in the dorsoventral view of the craniofacial
radiograph (Figure 2B(i)). Additionally, the craniofacial angle between the maxilla and
the mandible in the lateral view of the craniofacial region was measured by radiography
(Figure 2B(ii)). NT-1 showed an increased craniofacial angle compared to the donor dog
and NT-2. NT-1 showed normal teeth arrangement in terms of the number and order, but
its tooth morphology was irregular and denser compared with that of the donor dog and
NT-2. In NT-1, it was confirmed through three-dimensional CT images that the maxillary
canines protruded to a greater extent than the mandibular canines (Figure 2C), unlike
those in the donor dogs and NT-2. When the above findings were considered, NT-1 was
diagnosed with typical brachygnathia inferior.

2.4. Chromosomal Aberrations in the Donor and Cloned Dogs

Karyotyping was performed to analyze chromosomal abnormalities in peripheral
blood samples from all cloned dogs and the donor dog. All samples were read as normal
diploids with 78 + XY (Figure 3). It was found that cloning did not induce chromosomal
aberrations, observed as numerical and structural abnormalities, and thus brachygnathia
inferior did not occur as a result of large-scale chromosomal aberrations.

Therefore, further studies were performed to identify the cause of brachygnathia
inferior in the cloned dogs on the basis of single nucleotide variations (SNVs) or short
insertions/deletions (indels).
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WGS was performed for the donor dogs and cloned offspring, and high-quality se-
quence data were obtained. Data on variants were subjected to quality control, and the 
results are presented in Tables S1–S3. The circos plot of WGS confirmed the presence of 
genomic variations, including SNVs and indels, between the groups (Figure 4). Coexisting 
variants present in all animal subjects including the donor dog were filtered. Through 
Venn diagram analysis, we identified 10,112 variants in 3164 genes, including unique 
SNVs and indels, exclusively in the group with brachygnathia inferior (Figure 4B). These 
variants were located in the protein-coding and intergenic regions of the 3164 genes. 

Figure 3. Karyotyping in cloned dogs. Karyotyping was performed using peripheral blood samples
from the dogs. The normal diploid chromosome number for dogs is 78, with the autosomes acro-
centric, whereas the X and Y chromosomes are the large and small submetacentric chromosomes,
respectively. (A,B) Dogs with and without brachygnathia inferior, respectively. Aa and Ab represent
the original dog (as control, donor) and the cloned dog, respectively. All dogs were male and had a
normal number of chromosomes.
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2.5. Identification and Validation of Candidate Genes for Brachygnathia Inferior by
Whole-Genome Sequencing

WGS was performed for the donor dogs and cloned offspring, and high-quality
sequence data were obtained. Data on variants were subjected to quality control, and the
results are presented in Tables S1–S3. The circos plot of WGS confirmed the presence of
genomic variations, including SNVs and indels, between the groups (Figure 4). Coexisting
variants present in all animal subjects including the donor dog were filtered. Through Venn
diagram analysis, we identified 10,112 variants in 3164 genes, including unique SNVs and
indels, exclusively in the group with brachygnathia inferior (Figure 4B). These variants
were located in the protein-coding and intergenic regions of the 3164 genes.

Next, we examined whether these 3164 genes have phenotype-related functions. To
determine the biological characteristics of these candidate genes for brachygnathia inferior,
we performed Gene Ontology (GO) analysis on biological processes using the DAVID
database. Among the 3164 genes, 1471 genes were significantly enriched (p < 0.001), as
shown in Figure 5A. The biological functions of these genes are mostly related to cellular
and systemic developmental processes. Interestingly, out of the 1471 genes, 221 were
involved in anatomical structure morphogenesis (p = 0.000007).

Furthermore, functional prediction was conducted for the 3164 candidate genes us-
ing the Protein Analysis Through Evolutionary Relationships (PANTHER) annotation
system. Out of the 3164 candidate genes, 1913 were mapped on 110 pathways, and the
top 10 pathways are presented in Figure 5B. The top four enriched pathways were identi-
fied as the Wnt (47%), cadherin (31%), integrin signaling (30%), and gonadotropin-releasing
hormone receptor (27%) pathways.

A Venn diagram showing the overlapping of genes related to the four pathways re-
vealed that the Wnt (Figure 5C(ii)) and cadherin (Figure 5C(iii)) signaling pathways had
many shared genes, compared to the integrin (Figure 5C(i)) and gonadotropin (Figure 5C(iv))
signaling pathways. Thus, 50 candidate genes for brachygnathia inferior were extracted
from the 1913 genes related to the Wnt/cadherin signaling pathway (Figure 5D, de-
tailed in Table 4). Of these 50 genes, 30 were shared between the Wnt and cadherin
signaling pathway.

Detailed information on mutations in 50 candidate genes for brachygnathia inferior is
summarized as shown in Table 4. Especially, two uncharacterized proteins and six genes
(CDH8, CDH12, PCDH9, CTNND2, PCDH9, and ENSCAFG00000023180) with more than
10 variations were identified. Thus, it is presumed that these specific variants in NT-1 and
-3 cause alterations in genes related to the Wnt/cadherin signaling pathway, although the
exact mechanism is unknown.
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Figure 4. Comparative analysis of whole-genome sequences between the original dog (donor) and 
cloned dogs. (A) Circos plot comparing variants in genome sequence between the cloned dogs with 
(NT-1 and -3) and without brachygnathia inferior (original dog, NT-2 and -4). From the outside, 
each layer indicates reference chromosomes, the number of single-nucleotide variants (SNVs) (blue: 
normal, red: affected), and the number of insertions and deletions (indels) (green, normal; orange, 
affected). The black bar represents the differences between the normal and affected samples. (B) 
Venn diagram of specific variants between the dogs with (ii) and without (i) brachygnathia inferior. 

Figure 4. Comparative analysis of whole-genome sequences between the original dog (donor) and
cloned dogs. (A) Circos plot comparing variants in genome sequence between the cloned dogs with
(NT-1 and -3) and without brachygnathia inferior (original dog, NT-2 and -4). From the outside,
each layer indicates reference chromosomes, the number of single-nucleotide variants (SNVs) (blue:
normal, red: affected), and the number of insertions and deletions (indels) (green, normal; orange,
affected). The black bar represents the differences between the normal and affected samples. (B) Venn
diagram of specific variants between the dogs with (ii) and without (i) brachygnathia inferior.
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Classification of 1471 genes according to the GO biological process using Database for Annotation, 
Visualization, and Integrated Discovery (DAVID, v.6.8, 1 January 2019, http://da-
vid.abcc.ncifcrf.gov). (i,ii) The categories and bar plots of the GO biological processes, respectively. 
The red lines in “a” represent GO categories that participate in the development process. The p-
values of each process were converted to −log10 P to calculate the enrichment score. (B) Mapping of 
1913 genes via PANTHER. Relative gradient violet color represents the percentage of the enriched 
gene number relative to the total number of each pathway component gene. The bar plot displays 
the number of enriched genes. Venn diagrams in (C,D) represent the number of overlapping genes 

Figure 5. Gene ontology (GO) term enrichment analysis and Protein Analysis Through Evolution-
ary Relationships (PANTHER, v.14.0, 1 January 2019, http://pantherdb.org). The 3164 genes with
specific variants found in cloned dogs with brachygnathia inferior were included in these analyses.
(A) Classification of 1471 genes according to the GO biological process using Database for Annotation,
Visualization, and Integrated Discovery (DAVID, v.6.8, 1 January 2019, http://david.abcc.ncifcrf.gov).
(i,ii) The categories and bar plots of the GO biological processes, respectively. The red lines in “a”
represent GO categories that participate in the development process. The p-values of each process were
converted to −log10 P to calculate the enrichment score. (B) Mapping of 1913 genes via PANTHER.
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Relative gradient violet color represents the percentage of the enriched gene number relative to the
total number of each pathway component gene. The bar plot displays the number of enriched genes.
Venn diagrams in (C,D) represent the number of overlapping genes of the top-four most enriched
pathways (i–iv) and the common and different gene list between the top-two gene pathways (ii,iii),
respectively. (i–iv) Integrin (i), Wnt (ii) and cadherin (iii) signaling pathways, and the GnRH receptor
pathway (iv).

2.6. Interactive Network Analysis of Candidate Genes for Brachygnathia Inferior

To elucidate how these candidate genes for brachygnathia inferior interact with each
other, we predicted a protein–protein interaction network using the STRING database. We
found 132 interaction edges with an enrichment p-value < 10−15, as shown in Figure 6. A
total of 50 candidate genes for brachygnathia inferior were confirmed to be related to the
Wnt (yellow highlight)/cadherin (red highlight) signaling pathway. The network showed
that the genes were closely interacting with each other, with WNT5B, ARRB2, CTNNA3,
and CTNND2 at the center.
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Figure 6. Interactive network of candidate genes for brachygnathia inferior. Each edge indicates
interaction between two genes. The interaction types and their effects are described in the figure.
This analysis was performed using the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database. Yellow and red letters indicate genes involved in the Wnt and cadherin
pathways, respectively.
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3. Discussion

Many animals have been cloned via nucleus transfer from somatic cells to mature
oocytes in vitro [14–18]. However, owing to inadequate in vitro culture conditions and
different estrus cycles, dogs are typically cloned using surgically recovered mature oocytes
in vivo [5,6]. Nevertheless, the cloned dogs were also found to have many abnormalities as
in other cloned animals [19]. In cloned animals, the causes of these abnormalities include
incomplete reprogramming and imprinting, as well as inappropriate culture environ-
ment [20–22]. However, the cause has not been clearly identified. We found brachygnathia
inferior for the first time in cloned dogs and attempted to identify the cause through
analysis of genetic signals involved in embryonic fate.

The efficiency of cloning, which is calculated from the number of viable offspring
per transferred embryo, is known to be 5–15%, depending on the animal species [3]. The
cloning efficiency of the first cloned sheep, Dolly, was 3.4%. In the present study, the 5.6%
cloning efficiency was similar to that reported in previous studies. This efficiency value
indicates that 95–85% of SCNT embryos died before reaching full term [23]. In addition, a
high incidence of malformations, large offspring syndrome, placental defects, and brain
defects, as well as pulmonary, renal, and cardiovascular failure were observed in the pla-
centa, fetuses, and offspring in cloned animals [3,22]. Incomplete remodeling and abnormal
epigenetic modification of somatic nucleic acids have been identified as the cause of these
abnormalities [20–22]. In cloned dogs, cleft palate and abnormal external genitalia such as
failure of preputial closure at the ventral distal part and persistent penile frenulum have
been reported [19]. In the present study, although there were no abnormalities in hemato-
logical parameters and chromosome numbers among the four cloned dogs produced by
SCNT under the same environmental conditions, brachygnathia inferior caused by growth
failure of mandible occurred in two dogs, as determined by morphological observation,
X-ray imaging, and CT diagnosis at 1 month after birth.

Craniofacial malformations, such as cleft palate and mandibular abnormalities, have
been studied in many animals. Despite the relatively high incidence of these disorders,
their genetic cause have not been studied in detail. In cattle, trisomy 17 and 22 [24,25],
as well as mutations in GON4L [26], are related to brachygnathia inferior. In sheep,
frameshift in OBSL1 has been shown to affect brachygnathia inferior [27], and mutations in
COL1A1 and COL1A2 cause osteogenesis imperfecta [28]. In dogs, LINE-1 insertion within
DLX6 induces cleft palate and mandibular abnormalities, as reported by a genome-wide
association study in a canine model [29]. The skull shape of dogs is regulated by a missense
mutation in BMP3 [30]. In the present study, WGS analysis revealed that cloned dogs with
brachygnathia inferior had 10,112 SNVs and indels in 3164 genes, compared to normal dogs
without brachygnathia inferior. Interestingly, two variants between BMP3 and PRKG3,
n.5244256C>T and n.5248552A>G, were detected in cloned dogs with brachygnathia inferior.
However, these two single-nucleotide variants were located in the intergenic region. It was
difficult to evaluate their effect on mandibular abnormalities [31].

The Wnt signaling pathway is known to be involved in cell destiny, polarity, and
migration during embryonic development and differentiation [32,33]. The major Wnt
signaling pathways are divided into canonical pathways that start with the binding of Wnt
ligands (WNT 1, WNT 3, WNT 7, etc.), Frizzled (Fzd) receptors, and low-density lipoprotein
receptor-related protein (LRP) 5 or LRP6, as well as into non-canonical pathways that start
with the binding of WNT5a class ligand and FZD receptor. The non-canonical Wnt pathway
consists of two types: the planar cell polarity (PCP) pathway, related to cell polarity and mi-
gration, and the Wnt/Ca2+ pathway, which is involved in the activation of Ca2+-dependent
proteins (CaMK2, PKC, and calcium) related to cell differentiation, relocation, and adhesion.
In both canonical and non-canonical Wnt signaling pathways, the cascade begins through
the activation/induction of Dishevelled (Dsh) via the binding of Wnt and FZD [34–36]. In
the present study, through Wnt/cadherin signaling network analysis in cloned dogs with
brachygnathia inferior, we found that WNT5B interacted closely with FZD4, FZD8, DVL2,
β-adrrestin2 (ARBB2), and DVL binding antagonist of β-catenin (DACT1) as negative
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regulators of WNT signaling, and that these genes were closely related to initiators of
canonical and non-canonical Wnt signaling pathways [37]. Pathogenic variants of these
genes were also identified, including tumor or posterior malformation in FZD4 (c.74G>T),
ARRB2 (c.287A>C), and DACT1 (c.1561-1G>A) in humans and mice [37–39].

In the β-catenin-independent pathway, the WNT5 subfamily, including WNT5a and
WNT5b, which can combine with FZD4 or FZD8, is closely involved in osteogenesis, and
disruption of the WNT5 subfamily leads to skeletal defects [40,41]. In osteoblastic cell lines,
cadherin 11 (calcium-dependent adhesion, CDH 11) is implicated in bone development and
maintenance [42]. E-cadherin (CDH1) interacts with catenin α-δ types in the cytoplasm,
and their complexes are important for epithelial cell polarity and function [43]. Therefore,
we propose that brachygnathia inferior in cloned dogs was affected by two pathways:
(1) the non-canonical WNT pathway, such as activation by DVL2/ARRB2 or inhibition by
DVL2/DACT1 after the binding of WNT5b to FZD4/FZD8, and (2) the catenin/cadherin
pathway via the interaction of α/δ catenin (CTNNA3, CTNND2) and CDH by ARRB2. The
involvement of the catenin/cadherin pathway is supported by the discovery of LOC489647
(cadherin-1-like) [44].

Although it is not possible to precisely estimate how the Wnt and cadherin signaling
pathways are differentially expressed in dogs cloned under the same conditions, it is pre-
sumed that the use of oocytes recovered from different dogs affects the reprogramming
of donor somatic cell nuclei from the original donor dog. This hypothesis is supported
by previous reports that oocyte cytoplasm extracts such as ooplasmic factor can regu-
late the epigenetic reprogramming of somatic cell nuclei, such as the demethylation of
histones [45,46].

4. Conclusions

This study revealed that brachygnathia inferior in cloned dogs was associated with
variants in the initiators and/or regulators of the Wnt/cadherin signaling pathway, espe-
cially the non-canonical Wnt signaling pathway via WNT5b. Although the direct cause of
the abnormalities in cloned dogs, such as brachygnathia inferior, could not be determined,
it was presumed that the oocytes used for cloning altered the reprogramming of the donor
somatic cells. In order for this hypothesis to be proven, further gene editing and epigenetic
reprogramming error studies are necessary in order to identify abnormalities in cloned
offspring. However, considering that dogs are companion animals, and not laboratory
animals such as mice, future research for identifying the related genetic variants should
utilize genetic samples from dogs with brachygnathia inferior that are naturally born.

5. Materials and Methods
5.1. Animals

All experiments were authorized by the Animal Center for Biomedical Experimenta-
tion at the National Institute of Animal Science of the Rural Development Administration
(approval number 2015-143 on 21 May 2015) and followed animal care and use guidelines.

5.2. Cloning of Dogs

For dog cloning, somatic cell nuclear transfer (SCNT) and embryo transfer were
performed according to a previously described protocol [6] with minor modifications, as
shown in Figure 1. As donor cells, ear fibroblasts were collected from a 5-year-old male
German shepherd dog (original donor) via ear skin biopsy after anesthesia. The original
dog was diagnosed with a normal phenotype that was clinically healthy and without
physical disabilities. Fibroblasts at the second to third passage were stored in LN2 before
use as donor cells in SCNT. Three days prior to SCNT, the cryopreserved cells were thawed
and cultured at a seeding concentration of 5 × 104 cells per well in a 4-well dish. Cells at
the second to third passage were used for the production of cloned embryos. After SCNT,
the embryos were immediately surgically transferred into the oviduct of a surrogate mother
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using a previously described method [6]. Pregnancy rates were determined by ultrasound
diagnosis at ≈31 days after embryo transfer.

5.3. Microsatellite Analysis for Confirmation of Paternity

For confirmation of genetic identity, genomic DNA was extracted from the blood
of four cloned dogs with a Wizard Genomic DNA Purification Kit (Promega, Madison,
WI, USA) and from donor cells with PureLink™ Genomic DNA Mini Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA). Multiplex PCR was performed using the GeneAmp PCR
system 9700 (ABI) using a previously reported method (Ko et al., 2019). PCR products
were analyzed using a DNA sequencer (ABI 3730xl; Applied Biosystems, Foster City, CA,
USA), and microsatellite analysis was conducted using GeneSMapper version 4 (ABI).
Microsatellite markers, such as FH2537, FH3005, FH3372, FH3116, REN51C16, REN2770O5,
FH2834, REN204K13, FH2097, FH2712, and FH2998, were selected according to previous
studies [47,48].

5.4. Hematological and Biochemical Analysis of Blood

Blood samples were collected from each dog via jugular venipuncture. For complete
blood count (CBC) measurement, blood samples were collected into EDTA-containing
tubes, and leukocytes, erythrocytes, and thrombocyte were counted using an automated
hematology cell counter (MS9-5V; Melet Schloesing Lab, Osny France). To assess kidney,
liver, and heart functions, we performed blood chemistry analysis using a bench-top dry
chemistry analyzer (Vettest 8008 Chemistry Analyzer; IDEXX Lab, Chalfont St Peter, United
Kingdom), in which creatinine, glucose, blood urea nitrogen (BUN), gamma-glutamyl
transferase (GGT), albumin, total bilirubin, total protein (TP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatine kinase, cholesterol, and amylase levels
were determined.

5.5. X-ray and CT Imaging

X-ray and CT imaging were performed using a two-channel multi-detector row CT
scanner (Somatom Emotion, Siemens Medical System, Erlangen, Germany). For CT scan-
ning, the animals were anesthetized by inhalation of 2% isoflurane, and CT was performed
at 110 kV, 36 mAs, and 1 mm slice thickness. Datasets were transferred to a separate
workstation, and the volume and size of the vertebral window by pediculectomy for each
site were measured using the Lucion software (Infinitt Technology, Seoul, Korea).

5.6. Karyotype Analysis

For chromosome analysis, peripheral blood samples were added to RPMI media (1640;
Gibco, Rockville, MD, USA) supplemented with FBS and phytohemagglutinin, and cultured
overnight into CO2 incubator at 37 ◦C. The blood cells were arrested in metaphase by adding
0.1 µg/mL of colcemid for 1 h, and then harvested using 0.25% trypsin/EDTA solution.
The single-cell suspension was incubated in hypotonic solution buffer (0.075 M KCl) for
45 min and fixed with methanol-acetic acid (3:1). After fixation, condensed chromosomes
were spread on pre-cleaned glass slides and stained with Giemsa solution. Karyotyping of
cultured cells was performed using standard cytogenetic techniques, revealing a female
chromosomal constitution of 2n = 78, XY.

5.7. Whole-Genome Sequencing, Sequence Mapping, and Variant Calling

Blood samples were collected from the normal phenotype group (original dog, NT-2,
and NT-4) and the brachygnathia inferior group (NT-1 and NT-3), and genomic DNA was
extracted using the TruSeq Nano DNA Sample Prep Kit (Illumina, San Diego, CA, USA).
Whole-genome sequencing was performed using the Illumina HiSeq 2500 sequencing
platform (Illumina, San Diego, CA, USA). Skewer software (v0.2.2) was used for adapter
trimmer, and BWA (v0.7.15) were used for aligning the collected sequence data to the
canine reference genome (CanFam 3.1). The Genome Analysis Toolkit (GATK, v2.3.9Lite)
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was used for improvement of alignment errors and genotype calling and refining with
default parameters. SNP-calling procedure was performed to discover SNPs using SAM
tools (v.1.3.1). The detected SNPs were then annotated to functional categories using SnpEff
software (v4.3a).

5.8. Predictive Functional and Interaction Analyses of Brachygnathia Inferior Candidate Genes

To validate the basic biological function of brachygnathia inferior candidate genes, we
mapped a list of genes to the biological process (BP) of Gene Ontology (GO) in the DAVID
database (v.6.8, accessed on 1 January 2019, http://david.abcc.ncifcrf.gov). Significantly
enriched GOBP categories of brachygnathia inferior candidate genes were determined
by the enrichment p-value. Signaling pathway enrichment analysis was performed using
PANTHER pathway analysis tools (v.14.0, accessed on 1 January 2019, http://pantherdb.
org). The signaling pathway of brachygnathia inferior candidate genes was determined
by the number of genes mapped on each pathway and the percentage of enriched gene
number against the total number of each pathway component genes.

To analyze the gene-to-gene functional correlation of brachygnathia inferior candi-
date genes, we constructed an interaction network using Search Tool for the Retrieval of
Interacting Proteins (STRING, accessed on 1 January 2019, http://string-db.org).
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SCNT Somatic cell nuclear transfer
CT Computed tomography
WGS Whole-genome sequencing
Wnt Wingless-related integration site
DNA Deoxyribonucleic acid
NT Nuclear transfer
SMD Surrogate mother dogs
CBC Complete blood count
RBC Red blood cell
MCV Mean corpuscular volume
MCH Mean corpuscular hemoglobin
MCHC Mean corpuscular hemoglobin concentration
PDW Platelet distribution width
WBC White blood cell
MPV Mean platelet volume
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RDW Red cell distribution width
PCT Plateletcrit
BUN Blood urea nitrogen
GGT Gamma-glutamyl transferase
ALB Albumin
TB Total bilirubin
TP Total protein
ALT Alanine aminotransferase
AST Aspartate aminotransferase
SNVs Single nucleotide variations
Indels Insertions/deletions
GO Gene Ontology
PANTHER Protein analysis through evolutionary relationships
DAVID Database for annotation, visualization, and integrated discovery
GnRH Gonadotropin-releasing hormone
STRING Search tool for the retrieval of interacting genes/proteins
PCP Planar cell polarity
FBS Fetal bovine serum
BP Biological process
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Abstract: Thus far, the potential short- and long-term detrimental effects of a variety of environmental
chemicals designated as endocrine-active compounds (EACs) have been found to interfere with histo-
and anatomo-physiological functions of the reproductive system in humans and wildlife species. For
those reasons, this study sought to examine whether selected EACs, which encompass the fungicide
vinclozolin (Vnz), the androgenic anabolic steroid nandrolone (Ndn) and the immunosuppressant
cyclosporin A (CsA), affect the developmental competence and molecular quality (MQ) of porcine
cumulus–oocyte complexes (COCs) subjected to in vitro maturation (IVM) under 3D culture con-
ditions. The COCs underwent 3D-IVM in the presence of Vnz, Ndn or CsA for 48 h. To explore
whether the selected EACs induce internucleosomal DNA fragmentation in cumulus cells (CCs),
TUNEL-assisted detection of late apoptotic cells was performed. Additionally, for the detailed evalu-
ation of pro- and antiapoptotic pathways in COCs, apoptosis proteome profiler arrays were used. To
determine changes in intracellular metabolism in COCs, comprehensive assessments of mitochondrial
ultrastructure and activity were carried out. Moreover, the relative abundances (RAs) of mRNAs tran-
scribed from genes that are involved in scavenging reactive oxygen species (ROS), such as SIRT3 and
FOXO3, and intramitochondrial bioenergetic balance, such as ATP synthase subunit (ATP5A1), were
ascertained. Finally, to investigate the extent of progression of oocyte maturation, the intraooplasmic
levels of cAMP and the RAs of mRNA transcripts encoding regulatory and biocatalytic subunits of a
heterodimeric meiosis-promoting factor, termed cyclin B1 (CCNB1) and cyclin-dependent kinase 1
(CDC2), were also estimated. The obtained results provide, for the first time, strong evidence that both
Vnz and Ndn decrease the developmental competence of oocytes and stimulate apoptosis processes
in CCs. The present study is also the first to highlight that Vnz accelerates the maturation process in
immature oocytes due to both increased ROS production and the augmented RA of the CCNB1 gene.
Furthermore, Vnz was proven to trigger proapoptotic events in CCs by prompting the activity of the
FOXO3 transcription factor, which regulates the mitochondrial apoptosis pathway. In turn, Ndn was
shown to inhibit oocyte maturation by inducing molecular events that ultimately lead to an increase
in the intraooplasmic cAMP concentration. However, due to the simultaneous enhancement of the
expression of TNF-β and HSP27 proteins in CCs, Ndn might be responsible for the onset of their
neoplastic transformation. Finally, our current investigation is the first to clearly demonstrate that
although CsA did not interfere with the nuclear and cytoplasmic maturation of oocytes, by inducing
mitophagy in CCs, it disrupted oocyte metabolism, consequently attenuating the parameters related
to the MQ of COCs. Summing up, Vnz, Ndn and CsA reduced not only the processes of growth and
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IVM but also the MQ of porcine COCs, which might make them unsuitable for assisted reproductive
technologies (ARTs) such as in vitro fertilization by either gamete co-incubation or intracytoplasmic
sperm injection (ICSI) and cloning by somatic cell nuclear transfer (SCNT).

Keywords: pig; oocyte; cumulus cells; 3D in vitro maturation; endocrine-active compounds;
molecular quality; apoptotic cell death; mitochondria; mitophagy

1. Introduction

The presence of various industrial contaminants, pesticides and fungicides in the
environment and the frequent abuse of anabolic steroids or hormonal replacement therapy
drugs have led to the scientific interest in a group of chemicals called endocrine-active
compounds (EACs) or endocrine-disrupting chemicals (EDCs) [1]. EACs/EDCs disturb the
normal function of endocrine glands and the hormonal balance of organisms by imposing
biological effects, e.g., by binding with receptors for endogenous hormones. Not without
significance is the high bioaccumulation of these compounds in plant and animal tissues,
which indirectly, through their consumption, may influence organisms and people of both
sexes [2]. Among potent EACs/EDCs, mention should be made of: (1) a commonly used
dicarboximide fungicide designated as vinclozolin (Vnz); (2) a member of the androgenic
anabolic steroid (AAS) family, known as nandrolone (Ndn); and (3) a representative of
immunosuppressants termed cyclosporin A (CsA).

Vnz is a component of anti-gray mold preparations used in the protection of crops of
fruits and vegetables. Two major ring-opened metabolites of Vnz were detected in rodent
physiological fluids and tissue extracts following in vivo exposure [3]. Since Vnz possesses
anti-androgenic activity in both fish and mammals [4–6], exposure to it during the gonadal
sex determination period promotes a transgenerational increase in pregnancy abnormalities
and female adult-onset malformations in reproductive organs [7,8]. Our previous studies
have shown that vinclozolin at an environmentally relevant concentration might contribute
to the amplification and propagation of apoptotic cell death in the granulosa layer, leading
to the rapid removal of atretic follicles in the porcine ovary. Additionally, it seems possible
that vinclozolin activates nongenomic signaling pathways, directly modifying the androgen
receptor action [9–12].

Another interesting group of EACs is AASs, which encompass biochemical substances
synthesized from testosterone or one of their derivatives. Depending on the target tissue,
AASs exhibit anabolic or androgenic effects [13,14]. AASs are clinically indicated, for exam-
ple, for the treatment of chronic obstructive pulmonary disease, for the treatment of hepatic
or renal failure and in conditions of either acquired immunodeficiency syndrome (AIDS) or
carcinogenesis, tumor progression and metastasis [15–17]. AASs are also recommended
for androgen replacement therapy after menopause [18,19]. A cause for concern is the
increasing illegal use of AASs by athletes and amateurs [20–23]. This is unfortunately
directly caused by the dissemination of the image of strong bodies as the model for the
ideal posture in mass communication media [24]. Usually, AASs are administered at supra-
physiological doses [25], which are 5-fold to 29-fold higher than the dose recommended for
hormonal replacement therapy. Because of the abusive use of AASs by women, numerous
side effects, such as atrophy of the breasts, aggressiveness and menstrual irregularity, were
found [26,27]. The observed alterations were dose- and time-dependent [28]. Moreover,
in women abusing AASs, abnormal gonadal function, such as precocious/accelerated or
delayed puberty, anovulation or luteal phase deficiency, may occur [25]. Unfortunately,
some of these changes are irreversible even after cessation of AAS administration [29]. As
a further matter, AASs, despite regulations (the European Community banned the use of
anabolic substances in Europe by means of laws 96/22/EC and 96/23/EC), are still used
for anabolic purposes in industrial livestock breeding [30]. Among AAS derivatives, Ndn is
the most used injectable steroid [31]. Ndn, acting through androgen receptors, has a strong
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anabolic and weak androgenic effect [32]. Additionally, Ndn is a strong progestogen [32].
In medicine, Ndn is used in convalescence after debilitating diseases and to improve the
physical condition of the body [14,33]. It is also known that the pharmacological dose
of Ndn slows cell growth, inhibits mitochondrial respiration, inhibits respiratory chain
complexes I and III, and increases the production of mitochondrial reactive oxygen species
(ROS). Chronic administration of Ndn favors the maintenance of stem cells in various tis-
sues, but it may simultaneously increase the risk of their neoplastic transformation [34,35].
Several recent research results also indicate that Ndn negatively affects the functioning of
the female reproductive system [36–39].

CsA is a cyclic peptide produced by fungi belonging to the species Tolypocladium
inflatum [40]. Due to its natural immunosuppressive properties, CsA is used in transplant
medicine. Most often, it is administered orally; it is absorbed in the intestines and is
metabolized in the liver by cytochrome P450 enzymes [41]. The mechanism of action of
CsA is based on the blocking of the early stages of T cell activation. This results in a delay
in antibody production and macrophage activation [42], which reduces the risk of graft
rejection [43]. Due to its ability to interact with membrane proteins, CsA is one of the
most used compounds in studies targeting the exploration of mitochondrial function [44].
In canine cardiomyocytes, CsA has been shown to protect mitochondria by blocking the
opening of mitochondrial permeability transition pores (mPTPs). Opening even a sin-
gle mPTP can cause depolarization of the mitochondrial membrane and vacuolization
of the mitochondria; it is one of the signals that activate the processes of programmed
cell death [45]. Additionally, CsA has been found to increase the membrane potential of
mitochondria [46]. Studies aiming to analyze CsA-mediated effects on ovulation processes
in rats have demonstrated that CsA triggers a decline in the quantity of mature antral
ovarian follicles displaying the ability to ovulate and, consequently, a reduction in the
assumed number of ovulated oocytes [47]. In turn, exposure of pregnant mice to CsA at
doses of 20 and 30 mg/kg reduced the possibility of embryo implantation [48]. Although
the harmful impacts of EACs on female reproductive parameters have already been exten-
sively recognized, only a few studies have focused on the elucidation of the mechanisms
underlying the actions of the above-mentioned EACs that are exerted on oocytes and the
surrounding cumulus cells (CCs) [49,50].

Oocyte maturation is the culmination of an extended period of their growth and devel-
opment within the ovarian follicle. Fully grown oocytes become competent to undergo three
synergistic processes of maturation: nuclear, epigenomic and cytoplasmic, which should
be initiated and completed synchronously. Whereas nuclear maturation encompasses
the release of oocytes from dictyotene (i.e., germinal vesicle/GV stage)-related meiotic
arrest and the progression of meiosis from prophase I to metaphase II (MII) [51,52], their
epigenomic counterpart depends on the onset, progression and termination of epigenetic
covalent modifications in terms of the extent of methylation within genomic DNA cytosine
residues and associated alterations in deacetylation and methylation/demethylation pro-
files within histone lysine and arginine moieties of chromatin nucleosomal cores [53–55].
In turn, cytoplasmic maturation involves the accumulation of mRNA, proteins and nu-
trients and the redistribution of organelles that are cumulatively indispensable to attain
meiotic competence, efficiently finalize meiotic maturation and finally render MII-stage
oocytes able to either be successfully fertilized under in vivo or in vitro conditions [56–60]
or be effectively subjected to the procedures of cloning by somatic cell nuclear transfer
(SCNT) [61–63].

It is noteworthy that the occurrence of morphologically, ultrastructurally and cy-
tophysiologically normal ovarian follicle-derived compartments composed of CCs that
are characterized by high molecular quality seems to be extremely important for the
faithful progression and termination of oocyte maturation [64–66]. Intrafollicular compart-
ments composed of CCs and oocytes have been found to reciprocally cooperate in order
to bi-directionally exchange small molecules (e.g., adenosine triphosphate (ATP), cyclic
adenosine 3′,5′-monophosphate (cAMP) and calcium ions), which takes place through gap
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junctions [67,68]. The proper molecular function of CCs allows for maintaining oocyte
meiotic arrest, followed by participation in meiosis resumption, and supports ooplasmic
maturation. This bi-directional interplay between oocyte- and CC-specific intraovarian
compartments is crucial for perpetuating not only synergistic interrelations but also proper
coordination of the molecular network necessary for transcriptional and proteomic crosstalk
between intrafollicular female gamete- and cumulus oophorus-committed niches [69].

Another pivotal factor on which the adequate growth and maturation of oocytes
directly depend is their mitochondrial bioenergetic reserve capacity [70,71]. On the one
hand, the mitochondria represent the powerhouse of each cell, and therefore, they are
designated as so-called bioaccumulators or intracellular deposits of bioenergy arising from
ATP synthesis [72,73]. On the other hand, these organelles are also responsible for not only
regulating oxidation–reduction (redox) reactions but also retaining Ca2+ homeostasis and
controlling apoptosis processes [74,75].

Taking into account the modern strategies of assisted reproductive technologies (ARTs)
and in vitro embryo production (IVP), the absence of mitochondrion-deficient cells and the
intracellular imbalance of mitochondrial compartments, followed by the lack of chronic
cytophysiological failures/insufficiencies of mitochondria, have been shown to play a
key role in the determination of high parameters of efficiency for the processes of in vitro
maturation (IVM), in vitro fertilization (IVF), SCNT-mediated reconstruction of enucleated
oocytes and preimplantation development of embryos generated by IVF or SCNT-based
cloning [76–81]. For those reasons, the high incidence of perturbations in the quantity and
function of mitochondria in oocytes may reduce their quality and subsequently compromise
embryonic development [82–84]. Therefore, it is so important to thoroughly accomplish
the molecular characterization of intracellular niches committed to/occupied by mitochon-
dria and comprehensively unravel the transcriptional and proteomic alterations leading
to intramitochondrial dysfunctions and disturbances in intermitochondrial communica-
tion following the exposure of oocytes to the selected EACs. If such exposure to ectopic
or environmental endocrine disruptors induces ultrastructural damage and cytophysio-
logical incompetence of mitochondria, it may contribute to the rapid diminishment of
oocyte quality and consequently to the depletion of the intraovarian reserve of female
gametes and the progressive scarcity of meiotically competent oocytes retaining enhanced
fertilizability [85–89] or capability to be reconstructed by SCNT [90–92].

In light of the above, our research hypothesis assumed that in porcine cumulus oocyte–
complexes (COCs), Vnz, Ndn and CsA adversely affect the processes of growth and IVM,
which might make them unsuitable for ARTs such as standard IVF by gamete co-incubation
or microsurgical IVF by intracytoplasmic sperm injection (ICSI) and SCNT-based cloning.
Thus, the aim of this study was to investigate the impacts of the selected EACs on pa-
rameters associated with the molecular quality of COCs subjected to the IVM procedure
with the use of a three-dimensional (3D) culture model. A multi-faceted assessment of
the molecular quality of 3D-IVM-generated COCs was carried out by estimating their
transcriptional and proteomic profiles based on the induction of intracellular pro- and
antiapoptotic pathways. To the best of our knowledge, the current investigation is the first
to holistically demonstrate and exhaustively track the Vnz-, Ndn- and CsA-dependent
mechanisms by which these endocrine disruptors can evoke rapid and robust alterations in
transcriptional and proteomic signatures in porcine 3D-IVM-derived oocytes. The present
research also provides, for the first time, a collective demonstration that genome- and
proteome-wide scales of these alterations induce the strong multipath propagation of
apoptotic cell death-related signals, irreversibly leading to a drastic attenuation of the
molecular quality of pig oocytes subjected to extracorporeal meiotic maturation in the
3D model. Additionally, changes in the molecular quality of COCs undergoing IVM
under 3D culture conditions were confirmed by identifying not only alterations in the
cytosolic levels of cAMP but also the occurrence of ultrastructural transformations and late-
apoptotic symptoms of internucleosomal DNA fragmentation in TUNEL-positive oocytes
and surrounding CCs. Moreover, the current investigation sought to evaluate in detail
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the Vnz-, Ndn- and CsA-mediated effects exerted on COCs’ mitochondrial compartments,
which were reflected in increases in: (1) defects in mitochondrion-specific morphology;
(2) dysfunctions detected in mitochondrial activity and intraorganelle cytometabolic bal-
ance; (3) impairments in the distribution of mitochondria and interorganelle signal trans-
duction (i.e., organelle interactions) between mitochondrial compartments; (4) disturbances
in ATP production; and (5) dysregulations in the expression of mitophagy-related markers.

2. Results
2.1. Vinclozolin and Nandrolone Accelerate Apoptosis of Cumulus Cells

A TUNEL analysis was performed to examine genomic DNA fragmentation as an
indicator of late apoptosis in porcine COCs exposed to Vnz, Ndn or CsA during IVM
under 3D culture conditions (Figure 1). The presence of apoptotic cells (white arrows in
panel A of Figure 1) was observed in the CCs stemming from COCs that represent all three
experimental groups. However, the number of TUNEL-positive CCs increased significantly
after exposure to Ndn (4.5% ± 0.97%) and Vnz (3.67% ± 0.41%). Compared to the control
(CTR) group (1.79% ± 0.19%), these differences were statistically significant (p < 0.05 and
p < 0.01, respectively) (Figure 1B).
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Figure 1. (A): TUNEL assay-mediated identification of the localization of late-apoptotic cells in
porcine COCs subjected to the IVM procedure using a 3D culture model (alginate capsules). Repre-
sentative images of COCs stemming from control (CTR) and experimental groups of 3D-IVM: in the
presence of vinclozolin (Vnz), nandrolone (Ndn) or cyclosporin A (CsA). The contours of the oocytes
are marked with dashed lines. White arrows indicate TUNEL-positive late-apoptotic cumulus cells
(CCs) that fluoresced in bright green. A negative control was performed without active terminal de-
oxynucleotidyl transferase (TdT) enzyme (neg). O: oocyte; ZP: zona pellucida. All scale bars represent
100 µm (magnification 40×). (B): The results of the semi-quantitative TUNEL analysis. The results
represent the mean value with n = 9 ± standard deviation (SD) for all experimental groups. Statistical
analysis: homogeneity of variance—Brown–Forsythe test; normality of distribution—Bartlett’s test
and one-way ANOVA followed by Dunnett’s post hoc test, * p < 0.05, ** p < 0.01.
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2.2. Analysis of the Apoptosis Mechanism in 3D-IVM-Generated Cumulus–Oocyte Complexes
Treated with the Selected Endocrine Disruptors

To thoroughly unravel the molecular nature of the increased incidence of programmed
cell death in COCs subjected to Vnz, Ndn or CsA treatment, the Human Apoptosis Anti-
body Array kit was used to analyze the profiles of expression of apoptosis-related proteins.
The obtained data showed that there were remarkable enhancements in the expression
profiles of caspase-3 (CTR 10.9 ± 3.30, Vnz 22.9 ± 1.90, Ndn 22.8 ± 1.18, CsA 22.3 ± 1.02),
tumor necrosis factor-β (TNF-β) (CTR 18.5 ± 0.91, Vnz 26.1 ± 0.42, Ndn 31.9 ± 0.27, CsA
28.8 ± 2.02), heat shock protein (HSP) 27 (CTR 2.4 ± 0.14, Vnz 6.9 ± 0.13, Ndn 15.2 ± 0.24,
CsA 13.2 ± 1.68) and livin (CTR 7.0 ± 0.32, Vnz 32.8 ± 1.09, Ndn 11.6 ± 3.60, CsA
22.1 ± 1.42) (Figure 2A–D) in COCs derived from all of the experimental groups compared
to CTR, while the expression levels of Bcl-2 and Bcl-w proteins were either downregulated
in COCs derived from Ndn (4.7 ± 1.36 and 7.0 ± 0.84 respectively) and CsA (3.1 ± 0.14 and
5.3 ± 0.61 respectively) experimental groups or showed no significant impact (p = 0.69), as
was observed for COCs derived from the Vnz group (5.7± 0.38 and 9.4± 2.30, respectively)
(Figure 2E,F). Furthermore, the protein array analysis revealed that both Vnz (23.8 ± 1.68,
29.4 ± 5.62, 36.8 ± 4.01), Ndn (20.7 ± 0.87, 23.1 ± 1.48, 36.7 ± 3.55) and CsA (19.9 ± 0.81,
22.7 ± 1.42, 37.1 ± 0.05) brought about significant increases in p53, BIM and cytochrome c
protein levels in COCs during the 3D-IVM procedure (Figure 3A,C,D). A statistically signif-
icant increase in the expression of Bad protein after exposure to Vnz (35.6 ± 4.39) or Ndn
(28.0 ± 5.80) was also found, whereas the exposure of COCs to CsA (12.7 ± 1.59) gave rise
to a decrease in the expression of this protein (Figure 3B). Thus, the observed enhancement
of BIM protein expression with the simultaneous inhibition of Bcl-2 expression, which were
accompanied by an increase in cytochrome c release from mitochondria, provides strong
evidence for the predominant activation of the mitochondrial pathway of apoptotic cell
death in the 3D-IVM-produced COCs undergoing treatment with the selected EACs.

2.3. Gene Expression of Main Apoptosis and Autophagy Mediators

Because the main executioner caspase, caspase-3, was mediated by both Vnz, Ndn
and CsA in the protein array analysis, we next examined whether exposure of COCs to
selected EACs during 3D-IVM also triggered the modification of caspase-3 expression at
the gene level. According to the results acquired using the antibody array, we performed
qRT-PCR to detect the expression of CASP3 mRNA. The obtained results confirmed the
significant upregulation of the CASP3 gene in porcine COCs exposed to Vnz (1.4 ± 0.80)
and Ndn (2.8 ± 0.27) during IVM under 3D culture conditions (Figure 4A).

Additionally, considering the finality/irreversibility of apoptosis induction and its
consequences for proper oocyte maturation, it was beyond any doubt that these findings
must be verified by exploring whether the selected EACs could promote cell survival in the
autophagy process via potential interconnections between the apoptotic and autophagy-
dependent pathways. For those reasons, qRT-PCR analysis for a pivotal biomarker of
autophagy, the LC3 gene (MAP1LC3A), was performed. Quantitatively estimating the rela-
tive abundance (RA) of mRNA transcribed from the MAP1LC3A gene proved a statistically
significant increase (p < 0.0001) in the rates of RA of LC3 transcripts among COCs subjected
to 3D-IVM in the presence of CsA (6.9 ± 2.24) as compared to the CTR group. In turn, the
quantitative profiles that were identified for LC3 transcripts in COCs undergoing 3D-IVM
and simultaneous treatment with either Vnz (2.2 ± 0.66) or Ndn (2.3 ± 0.12) trended
upwards as compared to the control group, but this augmentation did not turn out to be
statistically significant (p = 0.51 and p = 0.42, respectively) (Figure 4B).
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specific signal after normalization against the positive control. Results represent the mean with n = 

5 ± standard deviation (SD); each “n” consisted of 200 COCs. Statistical analysis: homogeneity of 

variance—Brown–Forsythe test; normality of distribution—Bartlett’s test and one-way ANOVA 

followed by Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; 

ns-non—significant. 

Figure 2. Apoptosis array analysis at the level of total protein in porcine COCs subjected to the IVM
procedure using a 3D culture model (alginate capsules) in control cultures (CTR) or in experimental
cultures: in the presence of vinclozolin (Vnz), nandrolone (Ndn) or cyclosporin A (CsA). The graphs
show the relative content of caspase 3 (A), livin (B), TNF-β (C), HSP27 (D), Bcl-2 (E) and Bcl-w (F)
proteins obtained from measurements of the optical density of the spots representing a specific signal
after normalization against the positive control. Results represent the mean with n = 5 ± standard
deviation (SD); each “n” consisted of 200 COCs. Statistical analysis: homogeneity of variance—
Brown–Forsythe test; normality of distribution—Bartlett’s test and one-way ANOVA followed by
Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns-non—significant.
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qRT-PCR to detect the expression of CASP3 mRNA. The obtained results confirmed the 

significant upregulation of the CASP3 gene in porcine COCs exposed to Vnz (1.4 ± 0.80) 

and Ndn (2.8 ± 0.27) during IVM under 3D culture conditions (Figure 4A). 

Additionally, considering the finality/irreversibility of apoptosis induction and its 

consequences for proper oocyte maturation, it was beyond any doubt that these findings 

must be verified by exploring whether the selected EACs could promote cell survival in 

the autophagy process via potential interconnections between the apoptotic and au-

tophagy-dependent pathways. For those reasons, qRT-PCR analysis for a pivotal bi-

omarker of autophagy, the LC3 gene (MAP1LC3A), was performed. Quantitatively esti-

mating the relative abundance (RA) of mRNA transcribed from the MAP1LC3A gene 

proved a statistically significant increase (p < 0.0001) in the rates of RA of LC3 transcripts 

among COCs subjected to 3D-IVM in the presence of CsA (6.9 ± 2.24) as compared to the 

Figure 3. Analysis of the expression of proteins involved in the activation of the mitochondrial
pathway of apoptosis at the level of total protein (apoptosis antibody array kit) in porcine COCs
subjected to the IVM procedure using a 3D culture model (alginate capsules) in control cultures (CTR)
or in experimental cultures: in the presence of vinclozolin (Vnz), nandrolone (Ndn) or cyclosporin
A (CsA). The graphs show the relative content of p53 (A), bad (B), BIM (C) and cytochrome c (D)
proteins obtained from measurements of the optical density of the spots representing a specific signal
after normalization against the positive control. Results represent the mean with n = 5 ± standard
deviation (SD); each “n” consisted of 200 COCs. Statistical analysis: homogeneity of variance—
Brown–Forsythe test; normality of distribution—Bartlett’s test and one-way ANOVA followed by
Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns—nonsignificant.

The results obtained by quantitatively estimating LC3 mRNA expression were con-
firmed by COC ultrastructure analysis (TEM). Numerous late autophagosomes (LAs)
were found to occur in the cytoplasm of 3D-IVM-produced oocytes exposed to CsA. LAs
contained partially or completely degraded organelle material, which was characterized
by a higher electron density than the cytoplasm surrounding the autophagosome. The
aforementioned material was most frequently recognizable as mitochondria and perox-
isomes (Figure 4C). A lot of early autophagosomes (EAs) were also found to contain
ultrastructurally intact cytoplasm that seemed to be identical to the surrounding cytoplasm
(Figure 4D). It is noteworthy that the presence of EAs was shown in the cytoplasm of
3D-IVM-generated oocytes derived from Vnz- or Ndn-treated groups.
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confirms the lack of mitophagy induction (Figure 5B,C). 

Figure 4. Expression of genes coding for apoptosis and autophagy mediators: CASP3 (A) and LC3
(B) in porcine COCs subjected to the IVM procedure using a 3D culture model (alginate capsules) in
control cultures (CTR) or in experimental cultures: in the presence of vinclozolin (Vnz), nandrolone
(Ndn) or cyclosporin A (CsA), shown by RT-qPCR at the transcript level. The results are presented
as mean values with n = 5 ± standard deviation (SD); each “n” consisted of 50 COCs. Statistical
analysis: homogeneity of variance—Brown–Forsythe test; normality of distribution—Bartlett’s test
and one-way ANOVA followed by Dunnett’s post hoc test, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns—
nonsignificant. (C): The ultrastructure of late autophagosome (LA) in oocytes maturing in vitro in the
presence of CsA; scale bars represent 400 nm. (D): The ultrastructure of early autophagosome (EA) in
oocytes maturing in vitro in the presence of Ndn; scale bars represent 900 nm. mt: mitochondria; LD:
lipid droplets.

2.4. Cyclosporin A Induces Mitophagy in COCs Undergoing IVM under 3D Culture Conditions

As presented in Figure 5A, the fluorescent image of COCs in the CTR shows that
mitophagy was not detected, whereas mitophagy was identified in COCs exposed to CsA
during IVM under 3D culture conditions. The identification of mitophagy was reflected
in the fusion of lysosomes and the mitochondria (Figure 5D). In COCs treated with Vnz
and Ndn, there was no colocalization of mitochondria and lysosomes, which remarkably
confirms the lack of mitophagy induction (Figure 5B,C).
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Figure 5. Detection of mitophagy in porcine COCs subjected to the IVM procedure using a 3D
culture model (alginate capsules) in control cultures (A) or in experimental cultures: in the presence
of vinclozolin (B), nandrolone (C) or cyclosporin A (D). White asterisks indicate colocalization of
lysosome and mitochondrion. Scale bars represent 50 µm (magnification 40×).

2.5. Analysis of Cellular Metabolism in 3D-IVM-Generated COCs Treated with the Selected
Endocrine Disruptors

To assess the effects of the selected EACs on cellular metabolism in 3D-IVM-derived
COCs, the analysis of mitochondria distribution and activity in both CCs and oocytes
was performed. Comprehensive efforts were also undertaken to evaluate mitochondrial
ultrastructure and explore vital mitochondrial activity in oocytes undergoing exposure to
the selected EACs during 3D-IVM. Moreover, quantitative estimation of the transcriptional
activities of a panel of genes that encode the ATP synthase subunit (ATP5A1) and are
involved in the process of scavenging free radicals (SIRT3 and FOXO3) was performed.
Additionally, measurements aimed at ascertaining the intracytoplasmic levels of glutathione
(GSH) were made.

2.5.1. Analysis of the Distribution and Ultrastructure of Mitochondria in COCs Subjected
to 3D-IVM in the Presence of Selected EACs

MitoTracker™ Orange CM-H2TMRos (MtOR) fluorescence staining was used to both
visualize the distribution of mitochondria (mt) in CCs and analyze the mitochondrial
membrane potential. The results obtained from the fluorescence signal analysis for MtOR
detection were compared with the results of the mt ultrastructure analysis using the
transmission electron microscope (TEM) (Figure 6).
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capsules) in control cultures (CTR) or in experimental cultures: in the presence of vinclozolin (Vnz), 

nandrolone (Ndn) or cyclosporin A (CsA). (B): Transmission electron micrographs of ultrastructure 

in porcine oocytes subjected to the IVM procedure using a 3D culture model in CTR or in the 

presence of Vnz, Ndn or CsA. (C): A diagram summarizing the results of the ultrastructure analysis 

of the oocyte and the distribution of organelles in their ooplasm after the completion of 3D-IVM in 

the presence of selected EACs. O—oocyte; ZP—zona pellucida; LD—lipid droplets; v—vacuole; 

cg—cortical granules; nu—nucleus; red arrows—mitochondria; stars—nuclei of CCs. Scale bars 

represent 1000 nm. MtOR magnification 60×. 

Based on the observed strong intensity of the fluorescence reaction, high activities of 

mitochondria in both the cumulus cells and oocyte-specific compartments were con-

firmed among the 3D-IVM-produced COCs derived from the CTR group (Figure 6A). 

Generally, the mitochondria of the CCs representing the CTR group were evenly dis-

tributed (homogenously dispersed) throughout the cytoplasm. However, in CCs directly 

adjacent to the oocyte, polar localization of these organelles was found. A vast majority of 

mt were focused in the pole adjacent to the oocyte, in which mt were concentrated close 

to the zona pellucida and in the immediate proximity of numerous lipid droplets (Figure 

Figure 6. (A): Representative images of MitoTracker Orange CM-H2TMRos-positive mitochondrial
distribution in porcine CCs subjected to the IVM procedure using a 3D culture model (alginate
capsules) in control cultures (CTR) or in experimental cultures: in the presence of vinclozolin (Vnz),
nandrolone (Ndn) or cyclosporin A (CsA). (B): Transmission electron micrographs of ultrastructure in
porcine oocytes subjected to the IVM procedure using a 3D culture model in CTR or in the presence
of Vnz, Ndn or CsA. (C): A diagram summarizing the results of the ultrastructure analysis of the
oocyte and the distribution of organelles in their ooplasm after the completion of 3D-IVM in the
presence of selected EACs. O—oocyte; ZP—zona pellucida; LD—lipid droplets; v—vacuole; cg—
cortical granules; nu—nucleus; red arrows—mitochondria; stars—nuclei of CCs. Scale bars represent
1000 nm. MtOR magnification 60×.

Based on the observed strong intensity of the fluorescence reaction, high activities of
mitochondria in both the cumulus cells and oocyte-specific compartments were confirmed
among the 3D-IVM-produced COCs derived from the CTR group (Figure 6A). Generally,
the mitochondria of the CCs representing the CTR group were evenly distributed (ho-
mogenously dispersed) throughout the cytoplasm. However, in CCs directly adjacent to
the oocyte, polar localization of these organelles was found. A vast majority of mt were
focused in the pole adjacent to the oocyte, in which mt were concentrated close to the
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zona pellucida and in the immediate proximity of numerous lipid droplets (Figure 6B).
This provides strong evidence for the occurrence of both a cytophysiological network of
reciprocal interrelations and functional cooperation between CCs and oocytes and the
exchange of substances indispensable to achieve the developmental competence of oocytes
(Figure 6C).

In COCs undergoing 3D-IVM in the presence of Vnz, the most intense fluorescence
signals for MtOR were found as compared to the other experimental groups and CTR
(Figure 6A). In the vast majority of CCs, mitochondria were characterized by perinuclear
location; however, in a few cases, mitochondria were focused similarly to those from the
control group—at the pole facing the oocyte. Ultrastructural analysis of oocytes from the
Vnz group revealed the central location of mostly round mitochondria with a bright matrix
(Figure 6B,C).

Among 3D-IVM-derived COCs exposed to Ndn, a significantly weaker fluorescence
signal for MtOR was found, which proves the lower activity of mt (Figure 6A). In cumulus
cells, mitochondria were located unevenly in the form of single clusters within the cyto-
plasm. The oocyte mitochondria were small and round with a dark matrix. They were also
unevenly distributed between the large lipid droplets (Figure 6B,C).

Porcine COCs subjected to the 3D-IVM procedure in the presence of CsA displayed an
even, strong fluorescence signal for MtOR in the cytoplasm of cumulus cells, which proves
their high activity (Figure 6A). The distribution of mt in CCs adjacent to the oocyte was
polar: i.e., mt were concentrated on the pole facing the oocyte. Ultrastructural analysis of
oocytes originating from the CsA group revealed an even, subcortical distribution of mt,
which colocalized with numerous vacuoles. The mitochondria were round with a single
mitochondrial crest (Figure 6B,C).

2.5.2. The Live Cell-Based Analysis of Mitochondrial Activity in 3D-IVM-Derived COCs
Treated with the Selected Endocrine Disruptors

To measure the mitochondrial activity in live cells, the COCs were subjected to the
IVM procedure with Seahorse XFp PDL Cell Culture Miniplates under the influence of
selected EACs. The Seahorse XF Cell Mito Stress Test was used to analyze ATP production
and proton leak in COCs from both CTR and experimental groups (Vnz, Ndn and CsA). In
all experimental groups, there was a decline in the level of ATP production (Figure 7A) as
compared to CTR (43.0 ± 8.52). The highest decrease was observed in the subpopulations
of 3D-IVM-generated COCs exposed to Ndn (3.8 ± 2.98; p < 0.0001). At the same level of
statistical significance (17.4 ± 1.41; p < 0.0001), a diminishment in ATP production was
observed for COCs subjected to 3D-IVM in the presence of CsA. In turn, porcine COCs that
underwent 3D-IVM and simultaneous Vnz (31.3 ± 3.58) treatment exhibited a reduction in
ATP biosynthesis as compared to CTR at a significance level of p < 0.01.

A high increase in proton leak (Figure 7B) was found in COCs undergoing 3D-IVM
in the presence of Vnz (11.8 ± 1.36). Compared to the control group, this difference was
statistically significant (p < 0.001). The extent of proton leak in porcine COCs subjected to
3D-IVM and simultaneously exposed to either Ndn (3.1 ± 0.78) or CsA (3.2 ± 0.73) was
proven to be 2-fold lower than that estimated for the CTR group (8.1 ± 1.25). This decline
turned out to be statistically significant (p < 0.0001).

To confirm whether and to what extent the selected EACs bias the efficiency of the
ATP synthesis process, the quantitative profile of mRNA transcribed from the ATP5A1 gene
encoding for the ATP catalytic synthase subunit was examined. The results are depicted
in Figure 7C. Quantitatively analyzing the RA identified for ATP5A1 mRNA revealed its
7-fold increase in 3D-IVM-produced COCs treated with Vnz (6.7 ± 2.28) as compared to
CTR. This intergroup variability was statistically significant (p < 0.0001). In contrast, there
were no statistically significant differences (p = 0.63 and p = 0.24) in the levels of ATP5A1
mRNA expression in 3D-IVM-derived COCs cultured under the conditions of either Ndn
(2.1 ± 0.46) or CsA (2.7 ± 0.81) treatments as compared to the EAC-untreated group.
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Figure 7. The live cell-based analysis of mitochondrial activity in porcine COCs subjected to the IVM
procedure using a 3D culture model (alginate capsules) in control cultures (CTR) or in experimental
cultures: in the presence of vinclozolin (Vnz), nandrolone (Ndn) or cyclosporin A (CsA). (A): ATP
synthesis level analysis performed with the aid of Seahorse XF Cell Mito Stress Test; (B): proton leak
analysis performed with the aid of Seahorse XF Cell Mito Stress Test; the results represent the mean
value with n = 5 ± standard deviation (SD), and each “n” consisted of 12 COCs. Statistical analysis:
homogeneity of variance—Brown–Forsythe test; normality of distribution—Bartlett’s test and one-
way ANOVA followed by Dunnett’s post hoc test, ** p < 0.01, **** p < 0.0001. (C–E): Quantitative
profiles for expression of ATP5A1, SIRT3 and FOXO3 genes, shown by RT-qPCR at the transcript
level. The results represent the mean value with n = 5 ± standard deviation (SD), and each “n”
consisted of 50 COCs. Statistical analysis: homogeneity of variance—Brown–Forsythe test; normality
of distribution—Bartlett’s test and one-way ANOVA followed by Dunnett’s post hoc test, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001; ns—nonsignificant.
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Additionally, in order to assess whether the selected EACs used in the presented
studies activate the cell’s defense mechanisms against ROS, the rates of RA observed for
mRNA transcripts that are synthesized from genes involved in scavenging ROS were
estimated. The following genes were selected for the analyses: (1) SIRT3 encoding the
sirtuin 3 protein, which is localized in mitochondria and is responsible for the elimination of
ROS, and (2) FOXO3 encoding the FOXO transcription factor, which, together with sirtuin
3, contributes to enhancing the antioxidative activity of mitochondria. As is depicted
in Figure 7D, the analysis of the mRNA expression level for the SIRT3 gene revealed
its nearly 10-fold decrease in all experimental groups (Vnz 0.1 ± 0.09, Ndn 0.2 ± 0.01,
CsA 0.1 ± 0.03) as compared to the CTR counterpart. This difference was shown to be
statistically significant (p < 0.0001). In contrast, the analysis of the mRNA level quantified
for the FOXO3 gene (Figure 7E) showed its increase in all experimental groups as compared
to CTR. In COCs subjected to 3D-IVM in the presence of Vnz, this increase was 7 times
higher (6.8 ± 2.34) than in CTR. The difference was statistically significant (p < 0.001).
In 3D-IVM-generated COCs treated with Ndn, the determined mRNA level was 5 times
higher (4.4 ± 0.23) than in CTR, and the difference between these values turned out to
be statistically significant (p < 0.01). In COCs undergoing exposure to CsA (3.0 ± 1.00)
during 3D-IVM, the observed increase in the quantitative profile of FOXO3 transcripts was
statistically insignificant (p = 0.17).

2.5.3. Quantitative Analysis of Intracytoplasmic Glutathione Concentration in
3D-IVM-Generated COCs Treated with the Selected Endocrine Disruptors

To assess the influence of the selected EACs on the COCs’ intracytoplasmic concentra-
tion of glutathione (GSH), its abundance in the isolated total protein was measured. Based
on the obtained results, a decrease in the GSH intracytoplasmic concentration was recog-
nized in all experimental groups as compared to the level of 1.7 ± 0.24 µM/mL estimated
for the CTR group. In COCs subjected to 3D-IVM in the presence of Vnz, Ndn and CsA,
the GSH concentrations reached levels as follows: 0.4 ± 0.09 µM/mL, 0.3 ± 0.16 µM/mL
and 0.2 ± 0.02 µM/mL. The differences between the experimental and CTR groups were
found to be statistically significant (p < 0.0001) (Figure 8A).
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Figure 8. Quantitative analysis of intracytoplasmic glutathione concentration (A) and GPX4 gene (B)
shown by RT-qPCR at the transcript level in porcine COCs subjected to the IVM procedure using a 3D
culture model (alginate capsules) in control cultures (CTR) or in experimental cultures: in the presence
of vinclozolin (Vnz), nandrolone (Ndn) or cyclosporin A (CsA). The results are presented as mean
values with n = 5 ± standard deviation (SD), and each “n” consisted of 50 COCs. Statistical analysis:
homogeneity of variance—Brown–Forsythe test; normality of distribution—Bartlett’s test and one-
way ANOVA followed by Dunnett’s post hoc test, *** p < 0.001, **** p < 0.0001; ns—nonsignificant.

Additionally, to examine whether the observed decrease in the intracytoplasmic con-
centration of GSH might be a result of the intensive process of eliminating ROS, the rate
of RA was estimated for mRNA transcribed from the GPX4 gene encoding glutathione
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peroxidase 4, which is responsible for the reduction of, among others, lipid peroxides.
Ascertaining the quantitative profile of GPX4 transcripts confirmed their almost 10-fold
decrease (0.1 ± 0.07) in 3D-IVM-derived COCs exposed to CsA as compared to CTR. This
diminishment turned out to be statistically significant (p < 0.0001). No statistically signifi-
cant changes (p = 0.83 and p = 0.9) in the levels of mRNA transcripts identified for the GPX4
gene were shown in the subpopulations of COCs undergoing 3D-IVM in the presence of
Vnz (0.9 ± 0.28) or Ndn (0.9 ± 0.18) (Figure 8B).

2.6. Analyzing the Extent of Meiosis/Maturation Progression in Oocytes Treated with the Selected
Endocrine Disruptors during IVM Procedure under 3D Culture Conditions

In order to assess the influence of the selected EACs on the oocyte maturation pro-
cess, the RAs of mRNA molecules that were biosynthesized as a result of transcrip-
tional activities of genes encoding regulatory and biocatalytic subunits of a heterodimeric
meiosis/maturation-promoting factor, designated as CCNB1 (cyclin B1) and CDC2 (cyclin-
dependent kinase 1), were ascertained. The quantification of mRNA expression for the
CCNB1 gene showed its almost 15-fold increase in COCs subjected to 3D-IVM in the pres-
ence of Vnz (14.1 ± 4.59) as compared to the CTR group. This intergroup variability was
statistically significant (p < 0.0001). In turn, no statistically significant changes (p = 0.99 and
p = 0.93) within the quantitative profiles of mRNA transcripts identified for the CCNB1 gene
were observed in 3D-IVM-derived COCs exposed to Ndn (0.7± 0.31) or CsA (undetectable)
(Figure 9A). Interestingly, quantitatively analyzing the RA of CDC2 mRNAs revealed their
significant decrease in all experimental groups (Vnz = 0.002 ± 0.002, Ndn = 0.6 ± 0.14,
CsA = 0.012 ± 0.003) as compared to CTR (p < 0.0001) (Figure 9B).
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analysis: homogeneity of variance—Brown–Forsythe test; normality of distribution—Bartlett’s test
and one-way ANOVA followed by Dunnett’s post hoc test, **** p < 0.0001; ns—nonsignificant.

Additionally, to assess the effect of the selected EACs on the level of 3′,5′-cyclic
AMP (cAMP), its concentration in the isolated total protein was determined using pro-
tein extracts stemming from the 3D-IVM-generated COCs (Figure 9C). Based on the ob-
tained results, the highest concentration of cAMP of 26 ± 1.43 pM/mL was found in
3D-IVM-derived COCs cultured in the presence of Ndn. There was a statistically significant
difference (p < 0.0001) in the measured cAMP concentrations between Ndn-treated and
untreated (6.4 ± 0.88 pM/mL) subpopulations of COCs undergoing 3D-IVM. In COCs cul-
tured in the 3D-IVM model and simultaneously treated with Vnz, a cAMP concentration of
10.8 ± 1.12 pM/mL was estimated. The difference in the measured cAMP levels between
Vnz and CTR groups was statistically significant (p < 0.0001). Exposure of porcine COCs
to CsA during 3D-IVM did not cause the occurrence of statistically significant changes
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(p = 0.054) in the level of cAMP (4.7 ± 1.12 pM/mL) as compared to CsA-unexposed
subpopulations of COCs.

3. Discussion

So far, the direct consequences of long-term exposure to the EACs/EDCs tested in
the current study, which might lead to the disturbed regulation of mammalian oocyte
maturation, have not been precisely recognized. The research undertaken by our team
allowed us to obtain completely new information about the possible negative impacts of
the selected endocrine disruptors (Vnz, Ndn and CsA) on the quality of oocytes, which
determines the reproductive success of females dependent on efficiently terminating meiotic
maturation under not only in vivo physiological conditions but also ex vivo conditions
associated with experimental and applied embryology and ART strategies, including the
IVM procedure. The concentration of Vnz in the aquatic environment obviously directly
influences the fish living there. This is especially true of the disrupted development of their
reproductive system. Taking this finding into consideration, decreased egg production
and progressive degeneration of oocytes have been found in females of the Pimephales
promelas species [93]. In turn, in Oryzias latipes, the termination of oogenesis at its early
stages (i.e., pre-vitellogenesis and initial stages of vitellogenesis) was proven by the results
of investigations by Kiparissis et al. [5]. As a consequence of the increased concentration of
Vnz in the aquatic environment, both augmented concentration of testosterone in blood
plasma and a reduction in ovarian weight in relation to the total body weight in adult
Pimephales promelas females were shown by Makynen et al. [94]. Of particular interest,
an increased bioconcentration of this fungicide in the tissues of females was observed
compared to males of this species, which may be related to the different contents of lipids
in the two sexes. In mammals, the influence of Vnz on the development and functioning
of the female and male reproductive systems has also been confirmed. For example,
administration of Vnz to pregnant female rats triggered developmental disorders of the
reproductive system in male and female embryos, which was a transgenerational effect. In
male rats, an increased incidence of apoptosis in spermatogonia, together with lower sperm
counts and diminished motility, was identified [95]. On the other hand, in female rats,
Vnz determined the course of pregnancy in subsequent generations (anemia of pregnant
animals and intrauterine hemorrhage). There was also progressive feminization of male
embryos and masculinization of female ones [96]. As for the direct negative impact of
Vnz on the human body, a negative correlation has been demonstrated between the high
concentrations of pesticides, including Vnz (3000 g/ha of arable land) in surface waters,
and the reduced quality of oocytes in women living in the northern part of France in
Picardy [97].

Our present investigations carried out on 3D-IVM-derived COCs treated with Vnz
show, for the first time, that Vnz induces the apoptosis of cumulus cells by enhancing the
expression of p53, Bad and caspase 3 proteins, which gives rise to the internucleosomal
biodestruction of the nuclear genome. These findings are supported by observations
obtained previously with the use of whole porcine follicles exposed to Vnz [10]. The
p53 protein directly activates the transcription of the FOXO3 gene in response to DNA
damage and brings about the promotion and progression of apoptotic cell death [98].
This is consistent with the results achieved in our study, which were confirmed by the
increased RA of FOXO3 mRNA in COCs maturing in the presence of Vnz. In turn, FOXO3
is responsible for the induction of apoptosis through interactions with the BIM protein,
which is associated with the mitochondrial pathway of apoptosis [99]. Research undertaken
by Obexer et al. [100] and Hagenbuchner et al. [101] demonstrated that intramitochondrial
accumulation of ROS in human neuroblastoma cells contributes to the fusion of FOXO3
with the BIM protein, which, in turn, evokes mPTP opening and subsequently cytochrome
c leakage. This mechanism also appears to be prompted in response to the action of
Vnz in CCs. The intensified occurrence of late-apoptotic symptoms in CCs correlates
with a decreased fertilization rate and, consequently, attenuated quality of human IVF-
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derived embryos [102]. The use of protein microarrays showed a significant increase in
the expression of the livin protein, which belongs to the family of proteins that inhibit
apoptosis [103]. Its action is based on blocking the extrinsic apoptotic pathway, regulated by
the Fas/FasL pathway [104] and TNF-β [103]. The p53 protein, which imitates the function
of a transcription factor for the receptors involved, is also engaged in the activation of
this pathway [105]. Enhanced expression of livin in 3D-IVM-generated COCs exposed
to Vnz, which was identified in our current study, may indicate the onset of cell defense
mechanisms against apoptosis caused by the action of this fungicide.

The analysis aimed at examining the influence of Vnz on mitochondria revealed that
this endocrine disruptor induced the augmentation of the quantitative profile of mRNA
transcribed from the ATP5A1 gene encoding the ATP synthase subunit. This result is also
reflected in the level of ATP produced and in the intensity of MtOR staining. The significant
increase in the level of proton leak seems to be interesting, which indicates damage to the
mitochondrial membrane [106] and is associated with the generation of ROS [107]. The loss
of integrity within the ultrastructure of the mitochondrial membrane leads to a decrease in
the membrane potential and, consequently, to the dwindling of ATP levels [108]. Elevated
ROS concentration is one of the factors that promote the necrosis process in murine embry-
onic fibroblasts [109,110], and as has been shown in our previous studies [11], Vnz can also
induce pro-necrotic alterations in granulosa cells in porcine ovarian follicles. Additionally,
a high level of ROS in the oocyte initiates germinal vesicle breakdown (GVBD); however,
the extrusion of the polar body into perivitelline space is blocked [111]. Immediately before
GVBD, there is a sudden increase in ATP levels [112], which was observed during the
Seahorse XFp analysis. On the other hand, an elevated concentration of cyclin B accelerates
the disintegration of the germinal vesicle due to premature activation of MPF [113]. All of
these findings provide strong evidence that treatment of porcine COCs with Vnz results in
a considerable diminishment of their molecular quality by promoting proapoptotic changes
in CCs and expediting GVBD processes within oocytes.

A panel of the presented studies focused on the 3D-IVM of COCs undergoing ex-
posure to Ndn indicated the rapid increase in the intraooplasmic cAMP concentration.
Perpetuation of a high intracytosolic concentration of cAMP is a pivotal biomarker of the
inhibition of the process of nuclear maturation of the oocyte, which arises from blocking
the resumption of meiosis I [114,115]. The analysis of the oocyte ultrastructure revealed
the accumulation of large (>3 µm) lipid droplets (LDs) in the oocyte, which are irregu-
larly distributed in the cytoplasm. Even though the presence of many LDs is one of the
factors determining the increased developmental competence of the oocyte [70,116], the
occurrence of intracytoplasmic lipid droplets exhibiting such morphology and distribu-
tion is characteristic of immature oocytes [117]. The extensive and nonspecific storage of
lipid droplets in the cytoplasm of oocytes subjected to 3D-IVM in the presence of Ndn
could explain the observed low level of ATP synthesis in COCs. Taking into account the
enhanced intraooplasmic accumulation of LDs and the corresponding decline in mitochon-
drial activity that were proven in our current investigation, the results of the studies by
He et al. [118], in which LD accumulation in response to intramitochondrial metabolic
quiescence was identified, seem to be particularly interesting. Moreover, oocytes grown
in melatonin-supplemented medium also displayed intracytoplasmic accumulation of
LDs at one pole [118]. The authors of the research undertaken to empirically explore the
molecular nature of human hepatocarcinoma-derived cell lines (HepG2) hypothesized that
nandrolone, by inhibiting complex III (i.e., cytochrome complex) in the respiratory/electron
transport chain, brings about the promotion of intracellular antioxidative events. These
events give rise to the rapid elimination of ROS in HepG2 cells [34]. In turn, the drastically
dwindling of the concentration of ROS that arises from their scavenging promotes the
dormancy of healthy or cancerous stem cells [34]. For that reason, additional extensive
studies should be performed to confirm whether such a mechanism is activated in oocytes
during their IVM. Moreover, it appears to be of great importance to examine the relationship
between β-oxidation of fatty acids and glucose metabolism in COCs.
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A panel of TUNEL-based investigations demonstrated that the highest percentage
of late-apoptotic cumulus cells occurred in COCs subjected to 3D-IVM in the presence
of nandrolone. The results obtained with the use of protein microarrays confirmed the
proapoptotic effect of Ndn. Ndn has been shown to enhance the expression of caspase 3
at both mRNA and protein levels. These findings are consistent with those achieved in
the study by Bordbar et al. [119], in which the induction of apoptosis in granulosa cells
stemming from primary follicles was observed in rats treated with Ndn. Additionally,
exposure to Ndn was found to decrease blood levels of LH, FSH, estrogens and proges-
terone. Moreover, the protein microarray-mediated analysis revealed that the expression
of cytochrome c increases rapidly in COCs cultured in the 3D-IVM model associated with
Ndn treatment. Thus, long exposure of COCs to Ndn triggers damage to the mitochondria.
Therefore, the level of ATP synthesis is sharply reduced, as was evidenced by the declined
RA of mRNA transcripts synthesized from the ATP5A1 gene coding for the ATP synthase
subunit. A similar negative effect of Ndn on ATP synthesis was recognized in HepG2 cells
and nerve cells in the research by Agriesti et al. [34] and Carteri et al. [120], respectively.
In contrast, other investigators discovered the existence of a positive correlation between
increased ATP levels and high in vitro developmental competence of bovine and human
oocytes [121,122]. In turn, biodegradation of mitochondria, elevated ROS concentration and
diminished ATP production accelerate follicular atresia and contribute to the premature
extinction of ovarian function in women under the age of 40 years [123].

Especially interesting results achieved within the framework of the present explo-
ration are those identifying an increase in the expression of TNF-β (α-lymphotoxin) and
HSP27 proteins in COCs undergoing 3D-IVM and simultaneous exposure to Ndn. The
cell synthesizes HSP27 in response to stressors triggering apoptosis [124], as was also sup-
ported by the results of clinical studies focused on female patients with diagnosed ovarian
cancer [125]. On the other hand, the activation of TNF-β-related signaling pathways can
lead to neoplastic cell transformation in liver and prostate cancer development [126]. The
histological compartment of granulosa cells within the ovarian follicle represents a cell
subpopulation that is characterized by high plasticity [127,128]. Its effect is not only the
differentiation of cells within the granulosa layer into mural cells, antral cells and the
cells forming the cumulus oophorus but also their involvement in the formation of the
corpus luteum [129]. Furthermore, human granulosa cells have been shown to display
certain attributes specific to stem cells [128,130] and can exhibit capabilities to differentiate
into neurons, osteocytes, chondrocytes, hepatocytes and adipocytes under appropriate
in vitro culture conditions [127,131–133]. Moreover, studies conducted on granulosa cells
isolated from porcine ovarian follicles demonstrated their differentiability into osteoblasts
and fibroblasts [134]. In turn, bovine granulosa cells were successfully transformed into
endothelial cells under in vitro culture conditions [135]. All of the aforementioned find-
ings provide clear evidence for the enormous plasticity of granulosa cells, which also
allows them to undergo neoplastic transformation [136]. One of the types that represent
highly malignant and metastatic neoplasms originating from granulosa cells is ovarian
granulosa-cell tumor (folliculoma) [137,138]. Therefore, taking into consideration not only
the above-mentioned data justifying the potential of granulosa cells for cancer formation
but also our previous investigation [35] and the results of the present research (indicating
elevated expression of TNF-β and HSP27 in the presence of Ndn), it can be concluded that
Ndn enhances the risk of neoplastic transformation of CCs derived from COCs subjected
to IVM in a microenvironment enriched with the presence of this EDC. This scientific
judgment is consistent with the results of studies by Agriesti et al. [34], who convincingly
verified that Ndn increases the risk of oncogenic transformation in the cells by changing
their phenotype to a stem cell-like phenotype.

CsA is a frequently used immunosuppressant [139], and due to its protective effect,
it is also a factor applicable in studies focusing on the exploration of mitochondrial func-
tion [140]. A side effect of the use of CsA is a decrease in the level of GSH synthesis, which,
in turn, may increase the concentration of ROS in cells [141]. Previous studies have shown

158



Int. J. Mol. Sci. 2022, 23, 4572

that CsA induces the processes of autophagy (self-digestion) in ex vivo expanded human
tubular cells and also under in vivo conditions in the kidneys of rats. This is most likely a
protective mechanism against the cytotoxicity of CsA [142–144]. The factor that stimulates
autophagy is unfolded proteins, which are responsible for the activation of proteostatic
stress-related events in the cisternae and tubules of the endoplasmic reticulum [145,146].
Conversely, long-term stress can induce apoptosis in a model of chronic nephropathy [147].
In our current investigation, this differential response to CsA was also identified in CCs
during the IVM of porcine COCs. Protein analysis of apoptotic pathways revealed increased
expression of executioner caspase 3, and RT-qPCR analysis revealed the highest level of
LC3 mRNA in COCs undergoing 3D-IVM in the presence of CsA. The intense autophagy
occurring in oocytes subjected to 3D-IVM in the CsA-enriched medium was recognized by
the intracellular abundance of autophagosomes observed during TEM analysis of COCs.
However, despite the autophagy and apoptosis taking place in CCs, oocyte maturation
was not inhibited, as was evidenced by not only the smaller number of large lipid droplets,
whose diameter ranged from 1 to 3 µm, but also their perinuclear location, which is a
characteristic feature of meiotically matured (i.e., MII-stage) oocytes [117].

Although CsA has been previously found to exert a protective effect on mitochon-
dria [46,47], the detection of mitophagy in CCs originating from COCs subjected to 3D-IVM
in the CsA-enriched medium implies that this endocrine disruptor prompted mitochondrial
damage. In turn, the damaged mitochondria detrimentally affect intracellular metabolism
by promoting the production of ROS and ultimately triggering apoptosis [148,149]. The
harmful impact of CsA on the mitochondria within CCs is confirmed by the dwindling
of ATP synthesis, which was identified after 3D-IVM of COCs in the presence of CsA.
A similar effect was observed in breast cancer cells [150]. In addition, CsA not only re-
duced the mitochondrial membrane potential (∆Ψm) that is generated by proton pumps
(complexes I, III and IV) in the process of energy storage (i.e., respiratory biosynthesis of
ATP) during oxidative phosphorylation but also triggered the enhancement of caspase
3 activity [151,152]. On the one hand, mitochondrial transmembrane potential is a key
indicator of mitochondrial metabolic activity, because it reflects the process of electron
transport and oxidative phosphorylation, the driving force behind ATP production. On
the other hand, ∆Ψm represents an intermediate energy store used by ATP synthase to
accumulate ATP [153]. Therefore, based on the obtained results, it can be concluded that
although CsA does not interfere with the nuclear and cytoplasmic maturation of the oocyte,
it may decrease the molecular quality of oocytes by diminishing ATP biosynthesis in
COCs [154,155]. A similar effect that gave rise to the attenuation of the quality of oocytes
due to low ATP levels was observed by Groth et al. [48] in a murine model study using
CsA. These investigators demonstrated that exposure of female mice to high doses of CsA
(at levels oscillating between 20 and 30 mg/kg) contributed to lessening the incidence of
embryo implantation and postimplantation survival rates of conceptuses [48]. The reason
for such changes was a remarkable decline in the quality of oocytes, which did not display
the sufficiently abundant bioenergetic reservoirs required for the proper development
of the embryo and deposited/accumulated in the intramitochondrial ATP biomachinery
located within oxysomes (also known as F0-F1 particles) inside the folds of the cristae in
the inner mitochondrial membrane.

One of the quite new applications of CsA is anticancer therapy for non-small cell lung
cancer (NSCLC), which accounts for approximately 85–90% of all lung cancer diagnoses. In
phase I/II clinical trials, CsA was administered to patients in two doses: low (1–2 mg/kg
daily) and higher (3–6 mg/kg daily). Administration of a low dose has been found to
increase the chance of survival by two years [156]. In turn, research undertaken by Qin
and Chen [157] to explore the molecular nature of the A549 non-small cell lung cancer cell
line discovered that CsA augments the proliferative activity and metabolism of glucose
in neoplastic cells. In addition, the elevated lipid accumulation that was evidenced in
A549 non-small cell lung cancer cells brought about the enhanced production of ROS
prompted by CsA action. The aforementioned authors hypothesized that the pleiotropic
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effect of CsA is dependent on cell metabolism, and its use may induce neoplastic changes in
patients after organ transplantation [157]. The potential neoplastic activity may be demon-
strated by the enhanced expression of TNF-β, which leads to the activation of pathways
related to neoplastic transformation [126]. On the other hand, studies aimed at recognizing
tumorigenic scenarios specific to prostate cancer cells have resulted in determining the
predominant role of CsA both in attenuating/alleviating the capability of neoplastic cells
to migrate/metastasize and in suppressing tumor growth, which can be directly elucidated
by CsA-induced intensification of apoptosis occurrence [158]. Collectively, the results of a
panel of studies aimed at examining the influence of CsA on oocytes undergoing 3D-IVM
in its presence led to the conclusion that although CsA may stimulate cytoplasmic and
nuclear maturation of the oocyte, at the same time, by reducing ATP levels, it may diminish
the molecular quality of oocytes after the completion of the IVM procedure.

To sum up, recognizing the molecular mechanisms by which a triad of EACs/EDCs
(Vnz, Ndn and CsA) trigger disturbances in the intracellular bioenergetic balance dependent
on mitochondrial compartments is crucial for achieving satisfactory outcomes related to
the extracorporeal maturation of porcine oocytes. Generating a sufficiently high percentage
of porcine IVM-derived oocytes whose molecular quality has not been attenuated by EDC-
prompted impairments in intramitochondrial bioenergetic homeostasis is greatly important
from multiple points of view. One of them is the ability to perpetuate such availability of ex
vivo–matured oocytes that might ensure abundant sources of not only ova highly capable
of being fertilized by conventional IVF or ICSI but also excellent-quality nuclear recipient
cells for SCNT-based cloning in pigs. The above-mentioned requirements could be fulfilled
by developing the new strategy of 3D-IVM, which allowed us to improve the efficiency
of the ex vivo maturation of porcine oocytes in a culture microenvironment deprived of
EACs/EDCs.

The improvement of parameters related to molecular quality in recipient oocytes that
have been matured in vitro under 3D culture conditions and have subsequently received
donor somatic cell nuclei (DSCN) can result, among others, from retaining largely balanced
biogenesis, reduplication, cytophysiological functions and distribution patterns observed
for reservoirs of intraooplasmic mitochondrial compartments. The maintenance of this
dynamic balance seems to be due to a remarkably diminished incidence of mitophagic
and apoptotic events, which, in turn, can lead to a lack or only negligible occurrence of
dysregulations in sustainable intramitochondrial ATP biosynthesis. For all of the afore-
mentioned reasons, SCNT-mediated reconstruction of porcine enucleated oocytes that
display augmented molecular quality might give rise to generating cloned embryos, in the
blastomeres of which faithful and synergistic intergenomic crosstalk between nuclear and
mitochondrial DNA fractions takes place. The scenario of successful transcriptional and
proteomic communication between nuclear and mitochondrial compartments is undoubt-
edly responsible for enhancing the capabilities of DSCN to be epigenetically reprogrammed
in SCNT-derived pig embryos stemming from high-quality recipient oocytes.

Furthermore, our current research contributed to successfully devising ex vivo models
based on 3D-IVM of porcine oocytes undergoing treatments with a variety of EACs/EDCs
(Vnz, Ndn or CsA), which might also provide promising and hopeful biomedical tools
for the establishment of experimental, preclinical and clinical therapies aimed at the next-
generation nonsurgical treatment modalities of acquired subfertility and fertility cases
diagnosed in human female patients. In such sub-fertile or infertile women, ovarian
follicles can be characterized by symptomatic failures in the in vivo maturation of oocytes
due to overexposure of their reproductive systems to the selected ectopic/environmental
EDCs (Vnz, Ndn and CsA), followed by the overabundant accumulation of this triad of
endocrine disruptors in different ovarian tissue compartments.

Finally, in light of the results achieved in our present investigation, which suggest that
Ndn not only reduces the in vitro developmental competence of pig oocytes by disturbing
the metabolism of CCs, but also increases the incidence of cancerous conversion (tumorigen-
esis) in the cumulus oophorus compartment of porcine COCs cultured in the novel model of
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3D-IVM, it is particularly important to educate young people about the risk and dangerous
side effects arising from misuse of this AAS. It is worth highlighting that, according to data
presented in 2021 by the Addiction Center, 1 in 50 students aged 17–18 used steroids. In
turn, according to the Food and Drug Administration data, 375,000 boys and 175,000 girls
abuse AASs annually (https://www.addictioncenter.com/stimulants/steroids/, accessed
on 1 January 2008). The main motivation for taking AASs is the desire to improve one’s
own appearance in a short time, without physical exertion. For those reasons, develop-
ing new-generation ex vivo models designed using 3D-IVM-mediated culture systems of
porcine COCs that have been subjected to single or combined overexposure to Vnz, Ndn
and CsA might be a reliable and feasible approach to developing and optimizing anticancer
treatment modalities within the framework of targeted antioncogenic therapeutics ded-
icated to female patients afflicted with ovarian follicle-specific oncologic diseases. The
etiopathogenesis of these diseases can be related to tumorigenic transformation of cumulus
oophorus-based cytological compartments stemming from EAC/EDC-overexposed ovaries
into malignant and metastatic neoplasms.

4. Materials and Methods
4.1. Collection and In Vitro Maturation of Porcine Cumulus–Oocyte Complexes under 3D
Culture Conditions

Ovaries that displayed the absence of corpora lutea were collected from ~4–5-month-
old (i.e., prepubertal) gilts at a local abattoir under veterinarian control within 20 min
of slaughter. For isolation of COCs, approximately twenty ovaries from ten female pigs
were collected for each experiment. Ovaries were transported to the laboratory in sterile
phosphate-buffered saline (PBS; pH 7.4, 38 ◦C, PAA The Cell Culture Company, Piscataway,
NJ, USA) containing 1% (v/v) antibiotic/antimycotic solution (AASol; Thermo Fisher
Scientific, Waltham, MA, USA) within ~1 h. Afterwards, ovaries were rinsed twice with
sterile PBS and transferred to handling medium (HM). The latter comprised Tissue Culture
Medium 199 (TCM 199; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% (v/v) AASol at a temperature of
38 ◦C. COCs were aspirated from morphologically normal medium-sized follicles (4–6 mm
in diameter) using 28G needle having a size of 5/8” attached to a disposable syringe.
For each experiment, a total of 100 COCs, which exhibited a homogenous ooplasm, and
3 to 4 compact layers of cumulus cells were selected for in vitro maturation (IVM) [49].
The procedure of IVM was performed according to the technique described by Pedersen
et al. [159]. The group of COCs intended for IVM were encapsulated in fibrin-alginate
hydrogel beads (FABs) according to a previously reported protocol [160]. In detail, a
subpopulation ranging from 3 to 5 COCs along with a minimum volume (up to 5 µL)
of maturation medium were precisely transferred (with the use of micropipette) into a
drop of mixture of fibrinogen and alginate (FA: 0.5% alginate solution and 50 mg/mL
fibrinogen solution mixed in a 1:1 ratio; Sigma-Aldrich). The maturation medium (MM)
consisted of TCM 199 medium enriched with 10% (v/v) FBS, 1% (v/v) AAS, 10 IU/mL
pregnant mare serum gonadotropin (PMSG; RayBiotech Life, Inc. Peachtree Corners, GA,
USA), 5 IU/mL human chorionic gonadotrophin (hCG; Sigma-Aldrich), 0.004 mg/mL
L-glutamine (Sigma-Aldrich) and 10% porcine follicular fluid (pFF). Subsequently, 7.5 µL
volumes of thrombin/Ca2+ solution (Sigma-Aldrich) was pipetted on each FA drop. The
occurring FABs were transferred to a 5% CO2 incubator (38 ◦C, 5 to 7 min) using “in-
cubation chambers” on the Petri dish. After this time, simultaneous gelation of fibrin
and alginate was observed. In the next step, FABs with COCs inside were transferred to
96-well plates (one capsule per well, Nunc™, Thermo Fisher Scientific) containing 100 µL
of MM. After 24 h of preculture, COCs were randomly allotted to a control group (CTR)
and three experimental groups. For the first, second and third experimental groups, the
endocrine-disrupting chemicals (EDCs) vinclozolin (Vnz; at a concentration of 10−7 M/mL,
Sigma-Aldrich), nandrolone (Ndn; at a concentration of 10−5 M/mL, Sigma-Aldrich) and
cyclosporine A (CsA; at a concentration of 1 µM/mL, Sigma-Aldrich) were added to the
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MM, respectively. The experimental doses of the above-mentioned EDC agents used were
established on the basis of literature reports and our own research [9,35,158]. Cultures were
carried out for a further 48 h at 38 ◦C in an atmosphere of 5% CO2 and 95% relative humidity.
Following completion of IVM procedure, the maturation status of in vitro cultured COCs
was initially assessed by observing them under an inverted microscope at a magnification
ranging from 10× to 60× (Nikon Ti-U microscope equipped with a Nikon DS-Fi1c-U3
camera; Tokyo, Japan). The assessment of in vitro–matured COCs was accomplished not
only by identifying the extrusion of the first polar body (PB) into perivitelline space but also
by evaluating the extent of dispersion/expansion of CC layers surrounding each oocyte.
The microscopic diagnostics of the aforementioned morphological biomarkers specific
for ex vivo–matured COCs were also supported by analyzing molecular biomarkers of
meiotic maturity of oocytes encompassing highly enhanced expression profiles for genes
encoding MPF and the strongly reduced levels of cAMP, as described in Sections 4.3 and 4.6,
respectively.

4.2. Total RNA Isolation and cDNA Synthesis

Total RNA was extracted from both COCs undergoing 3D-IVM in the presence of
selected EACs and COCs cultured without addition of Vnz, Ndn or CsA. Total cellular
RNA was isolated using the EZ-10 Spin Column Total RNA Mini Preps Super Kit (Bio Basic
Canada Inc.; Markham, ON, Canada) according to the manufacturer’s protocol. The quan-
tity and quality of the total RNA were ascertained by measuring the absorbance at detection
wavelengths λ equal to 260 nm and 280 nm with a NanoDrop ND2000 Spectrophotometer
(Thermo Fisher Scientific). Moreover, RNA samples were electrophoresed on a 1% (w/v)
denaturing agarose gel to verify the RNA quality and stored frozen at −80 ◦C. First-strand
cDNA was prepared by reverse transcription (RT) using 1 mg of total RNA, random primers
and a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster City, CA,
USA) according to the manufacturer’s protocol. The 20 mL total reaction volume contained
random primers, dNTP mix, RNAse inhibitor and Multi Scribe Reverse Transcriptase. RT
was performed in a Veriti Thermal Cycler (Applied Biosystems; Foster City, CA, USA)
according to the following thermal profile: (1) 25 ◦C for 10 min, (2) 37 ◦C for 120 min and
(3) 85 ◦C for 5 min. Genomic DNA amplification contamination was checked using control
experiments, in which reverse transcriptase was omitted during the RT step. The samples
were kept at −20 ◦C until further analysis.

4.3. Quantitative Reverse Transcriptase Real-Time Polymerase Chain Reaction (qRT-PCR)

RT-qPCR was performed according to the manufacturer’s protocol. To quantitatively
assess the transcriptional activities identified for each analyzed gene, the RT-qPCR reactions
were successfully initiated and subsequently completed for each sample using a reaction
mix prepared as follows: 1 × SYBR Select Master Mix (Thermo Fisher Scientific), 2 µL of
forward and reverse primers (1 µM each) and 4 µL of 20 × diluted cDNA in a final volume
of 15 µL. No-RT control run was conducted with DNase-digested RNA to verify that the
digestion was successful and sufficient for selected samples. The amplification protocol
included an initial preheating at 50 ◦C for 2 min, initial denaturation at 95 ◦C for 2 min and
40 cycles of amplification (15 s at 95 ◦C and 60 s at 60 ◦C). A melting curve analysis was
performed at the end of each run. RT-qPCR was carried out with a Rotor-Gene Q (Qiagen,
Hilden, Germany). The sequences of all RT-qPCR primers are presented in Table 1.
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Table 1. Primers used for RT-qPCR.

Gene F/R Primer Sequence (5′→3′) Tm (◦C) Reference

GAPDH
F CCCACGAGCACACCTCAGAA 55.9 [161]

R TGCAGCCTGTACTCCCGCT 55.4 [161]

GPX4
F ATTCTCAGCCAAGGACATCG 51.8 [162]

R CCTCATTGAGAGGCCACATT 51.8 [162]

FOXO3
F GGGGAGTTTGGTCAATCAGA 51.8 [163]

R TGCATAGACTGGCTGACAGG 53.8 [163]

SIRT3
F CAGCGGCATTCCAGACTTCA 53.8 [164]

R GTCCCAACCATCAAACTTTCCA 53.0 [164]

CASP3
F GAGGCAGACTTCTTGTATGC 51.8 [162]

R CATGGACACAATACATGGAA 47.7 [162]

LC3
F CCGAACCTTCGAACAGAGAG 53.8 [162]

R AGGCTTGGTTAGCATTGAGC 51.8 [162]

CDC2
F TGGGCACTCCCAATAATGAA 49.7 [165]

R TCCAAGCCATTTTCATCCAA 47.7 [165]

CCNB1
F GCTCCAGTGCTCTGCTTCTC 55.9 [165]

R ACAAACTTTATTAAAAGTAAATAAGTG 47.6 [165]

ATP5A1
F AGTTGCTGAAGCAAGGACAGTAT 53.5 [161]

R GTGTTGGCTGATAACGTGAGAC 54.8 [161]

Alterations in the quantitative profiles (i.e., relative abundances; RAs) of relevant
mRNA transcripts that were triggered by the exposure of in vitro maturing COCs to the
selected EACs were rendered as the ratio of the target gene versus the reference GAPDH
gene (coding for glyceraldehyde-3-phosphate dehydrogenase) in relation to expression in
control samples using the method developed and optimized by Pfaffl [166] according to
the following equation:

Ratio =

(
Etarget

)nCtTarget(control−sample)

(Ereference)
nCt Reference(control−sample)

In the above-indicated algorithmic formulation, the mathematical designation E de-
notes the amplification efficiency, whereas the Ct symbol is assigned to the number of
RT-qPCR cycles needed for the signal to exceed a predetermined threshold value.

4.4. The Use of Apoptosis Proteome Profiler Arrays for Detailed Evaluation of Pro- and
Antiapoptotic Pathways in 3D-IVM-Derived COCs Treated with the Selected Endocrine Disruptors

Analysis of the molecular mechanism that underlies the proteomic networks related
to either initiation and progression or inhibition of programmed cell death in EDC-treated
COCs undergoing 3D-IVM was performed using the RayBio® Human Apoptosis Anti-
body Array Kit (RayBiotech, Inc., Norcross, GA, USA) according to previously reported
protocol [10] with additional modification. This technique detects 43 proapoptotic and
antiapoptotic proteins involved in promoting or suppressing the process of programmed
cell death. The COCs were washed in sterile PBS. Total protein was extracted using the
cell lysis buffer contained within the kit. After lysis by freeze–thawing and subsequent
homogenization, lysates were centrifuged at 14,000 rpm for 10 min at 4 ◦C, and super-
natants were stored at −70 ◦C until further analyses. The protein concentration of each
sample was quantified using the NanoDrop ND2000 Spectrophotometer (Thermo Fisher
Scientific). Protein array membranes were immersed in the blocking buffer and incubated
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with 600 mg of proteins overnight at 4 ◦C. After washing with the kit buffers, samples were
incubated overnight with biotinylated detection antibodies at 4 ◦C, and after further wash-
ing, they were exposed to Alexa Fluor 555 dye-conjugated streptavidin overnight. Signals
in the array membranes were detected and quantitated on a ChemiDoc chemiluminescence
imaging system (Bio-Rad Laboratories Inc., GmbH, Munchen, Germany). For each protein
signal, absorbance was determined using the Antibody Array Analysis Tool (RayBiotech
Life, Inc., Peachtree Corners, GA, USA). Intensities of individual spots were normalized
to an internal positive control (standardized amounts of biotinylated immunoglobulin G)
printed directly onto the array, according to an algorithm specified by the manufacturer.
The measurement for each protein was repeated twice in two independent trials (n = 5
for each protein in one experimental group) in each of the experimental groups. From the
obtained values for each of the detected proteins, the mean value and standard deviation
were obtained for each experimental group. Only the expression data of proteins that are
directly involved in apoptosis and had a statistically significant increase after treatment
are shown.

4.5. TUNEL-Assisted Detection of Late-Apoptotic Cells in COCs Undergoing Exposure to the
Selected EACs during 3D-IVM

The In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) was used to per-
form a terminal deoxynucleotidyl transferase (TdT)-mediated 2′-deoxyuridine-5′-triphos-
phate (dUTP) nick-end labeling (TUNEL) assay that was dependent on fluorescein-5-
isothiocyanate (FITC) tags conjugated with dUTP nucleotides. The TUNEL assay provides
a method that enables us to identify and ascertain the extent of internucleosomal DNA
fragmentation arising due to the progression of apoptotic cell death to its final destructive
phase. After terminating the 3D-IVM of COCs, the MM was removed from plates, and
COCs were rinsed twice with sterile Ca2+ -and Mg2+-depleted PBS (PAA The Cell Culture
Company). In the next step, COCs were incubated in fixation solution composed of 4%
paraformaldehyde (PFA; Santa Cruz Biotechnology Inc. Dallas, TX, USA) in PBS for 1 h at
room temperature. Then, COCs were subjected to three-step washing with PBS (each step
for 10 min) followed by permeabilization in 0.1% sodium citrate (Sigma-Aldrich) for 2 min
on ice. Afterwards, TUNEL assay was performed according to the previously reported
protocol [167]. Firstly, the COCs were treated with proteinase K (Promega Corporation,
Madison, WI, USA) in a humidity chamber for 15 min at 37 ◦C. Secondly, COCs were rinsed
twice with PBS and subsequently exposed to 3% hydrogen peroxide (H2O2; Sigma-Aldrich)
in methanol for 10 min to block endogenous peroxidase activity. Thirdly, COCs were
washed twice with PBS and deposited into the medium supplemented with 5% bovine
serum albumin (fraction V; BSA-V, Sigma-Aldrich) for 20 min to block nonspecific binding.
The COCs were then rinsed twice with PBS, followed by treatment with TUNEL mixture
composed of TdT and FITC-tagged dUTP in a humidity chamber for 1 h at 37 ◦C in the
dark. After the TUNEL reaction was completed, the COCs were washed thrice with PBS
and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) diluted in VECTASHIELD
Antifade Mounting Medium (Vector Laboratories, Burlingame, CA, USA). Finally, the
COCs were visually assessed, photographed and analyzed using an OLYMPUS FV1200
FLUOVIEW scanning confocal laser microscope (OLYMPUS, Tokyo, Japan) at an excitation
wavelength λex equal to 540 nm and an emission wavelength λem equal to 580 nm. Sections
from each COC were evaluated under both 20× and 40× objective lenses and scored by an
observer blinded to the treatment groups. For each COC section, all cross-sectional CCs
profiles (n = 100) were counted, and the number of TUNEL-positive cells was ascertained.

4.6. Determination of cAMP Concentration in EAC-Treated COCs Subjected to 3D-IVM

The concentration of cAMP was measured using Cyclic AMP Direct ELISA (DRG
MEDTek, Warsaw, Poland) in compliance with the manufacturer’s protocol. Following
termination of 3D-IVM and simultaneous exposure to selected endocrine disruptors, FAB-
encapsulated COCs derived from all groups were washed twice with CaCl2- and MgCl2-
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deprived PBS and placed in alginate-dissolving buffer comprising 0.055 M sodium citrate
and 0.15 M NaCl for 30 min at 37 ◦C. Subsequently, COCs were centrifuged at 1100 rpm
at 4 ◦C for 10 min. Supernatant was removed, and COCs were rinsed twice with PBS and
centrifuged again. For protein isolation, all collected COCs (~46 COCs per experimental
group) were lysed with the provided Sample Diluent. After 10 min incubation at room
temperature, the suspension was sonicated. Samples were centrifuged at 1100 rpm at
4 ◦C for 10 min, and the supernatant was assayed directly. First Standard (150 pM/mL)
was prepared by the addition of 30 µL of cAMP stock solution to 270 µL of Sample
Diluent. Standards 2–6 (50, 16.67, 5.56, 1.85 and 0.617 pM/mL) were prepared by serial
dilutions. The regular format of the assay protocol was used to quantitatively estimate
the intracytoplasmic cAMP concentration. Prior to carrying out an assay, the Plate Primer
was added to all wells that were used. Nonspecific binding (NSB) wells and Zero standard
were filled with Sample Diluent (75 µL and 50 µL). All samples were run in duplicate
and, before initiating an assay, were diluted four times. Afterwards, cAMP Conjugate
and cAMP Antibody were added to all wells (except for NBS wells). To mix all reagents,
the sides of the plate were gently tapped, and the plate was shaken at room temperature
for 2 h. In the next step, all reagents were aspirated, and each well was washed four
times with ELISA Wash Buffer. Then, the plate was incubated at room temperature for
30 min with 3,3′,5,5′-Tetramethylbenzidine (TMB) Substrate. To stop the reaction, to each
well, Stop Solution was added. All analyses were performed in duplicate using Labtech
LT-4500 Microplate Reader (Labtech International Ltd., Heathfield, East Sussex, UK) at
a detection wavelength λ equal to 450 nm. Free ELISA software (elisaanalysis.com) was
used to calculate cAMP concentration using built-in 4-Parameter Logistic Regression. All
obtained results were multiplied by the dilution factor.

4.7. Quantitatively Ascertaining the Intracytoplasmic Glutathione Concentration in
3D-IVM-Produced COCs Exposed to the Selected Endocrine Disruptors

The Glutathione Colorimetric Detection Kit (Invitrogen™, Thermo Fisher Scientific)
was used to quantify the intracellular concentration of glutathione (GSH) in Vnz-, Ndn-
and CsA-treated or untreated COCs. All necessary reagents were provided by the manu-
facturer. To obtain the cell lysate, the pools of COCs derived from all experimental groups
(at a quantity of approximately 42 COCs per group) were transferred to 1.5 mL Eppen-
dorf tubes filled with 5% 5-sulfosalicylic acid dihydrate (SSA; Sigma-Aldrich). They were
subsequently sonicated thrice for 5 s at 50 V, followed by incubation for 10 min at 4 ◦C.
Afterwards, all samples were centrifuged at 14,000 × g at a temperature of 4 ◦C for 10 min,
and the supernatants were used for further analysis. All samples were diluted 4 times
in Assay Buffer, followed by de novo quadruple dilution in Sample Diluent. Standards
were prepared according to the manufacturer’s instructions. A total of 50 µL of the test
sample or standard was consecutively added to the wells of a 96-well plate, followed by
addition of 25 µL of Colorimetric Detection Reagent to each well. In the final step, 25 µL
volumes of the reaction mixture, which was composed of NADPH (reduced/hydrogenated
isoform of nicotinamide adenine dinucleotide phosphate) Concentrate, Glutathione Re-
ductase Concentrate and Assay Buffer, were added. The plate was incubated for 20 min
at room temperature. Measurement of intracytoplasmic GSH concentration was achieved
at a detection wavelength λ equal to 405 nm using a Labtech LT-4500 Microplate Reader
(Labtech International Ltd.).

4.8. Transmission Electron Microscope Analysis of Porcine COCs Undergoing 3D-IVM and
Simultaneous EDC Treatment

Ultrastructural alterations in COCs were detected by transmission electron microscopy
(TEM) as described previously [168]. Briefly, control, Vnz-, Ndn-, and CsA-treated COC
samples were fixed with 2.5% glutaraldehyde (Polysciences Inc., Warrington, PA, USA),
0.067 M cacodylate buffer (pH 7.3) and 3 mM calcium chloride for 2 h at 4 ◦C. Samples were
then washed in cacodylate buffer with calcium chloride at 4 ◦C for 2 h and post-fixed in 2%
osmium tetroxide (Sigma-Aldrich) with 0.8% potassium ferrocyanide (Chempur®, Piekary
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Śląskie, Poland) in the same buffer for 1 h at 4 ◦C. After dehydration in a series of ethanol
and finally in propylene oxide, the material was embedded in PolyBed 812 epoxy resin
(Polysciences Inc., Warrington, PA, USA). Ultrathin (80 nm thick) sections were contrasted
with uranyl acetate and lead citrate according to standard protocols and analyzed with a
Jeol JEM 2100 transmission electron microscope (TEM) (JEOL, Tokyo, Japan) at a maximum
voltage output of 80 kV.

4.9. The Live Cell-Based Assay of Mitochondrial Metabolic Activity Assisted by the Seahorse
XFp Analyzer

The COC bioenergetics were determined using the Seahorse XFp Analyzer (Agilent,
Boston, MA, USA) kindly provided by Perlan Technologies (Poland). All assays were
programmed (designed) in XF data acquisition Wave 2.6.1 software (Agilent, Boston, MA,
USA). In each experiment, 3 baseline measurements were taken prior to the addition of
any compound/substrate/inhibitor, and at least 3 response measurements were taken after
the addition of each compound. The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) are reported as absolute rates (pM/min for OCR and mpH/min
for ECAR). While sensor cartridges were hydrated (overnight) and calibrated (XF Calibrant),
cell plates were incubated at 37 ◦C for 30 min prior to starting an assay. All experiments
were performed at 37 ◦C in non-CO2 conditions. Detailed protocols and their justification
can be found at https://www.agilent.com/en/product/cell-analysis/how-torun-an-assay
(accessed from 1 June 2020 to 1 May 2021). Additionally, detailed protocols were previously
published [35,169,170].

Seahorse XF Measurement of ECAR and OCR Using Seahorse XF Cell Mito Stress Test

Following 3D-IVM under the conditions of Vnz, Ndn or CsA exposure, COCs were sus-
pended in sterile (i.e., 0.2 µm syringe strainer-filtered) sodium bicarbonate-depleted Hank’s
Balanced Salt Solution (NaHCO3-free HBSS; Gibco, Waltham, MA, USA). The NaHCO3-
free HBSS medium was enriched with 1 mM sodium pyruvate (Sigma-Aldrich), 2 mM
L-Glutamine (Sigma-Aldrich), 10 mM D-glucose (Lonza Bioscience, Basel, Switzerland) and
5 mM HEPES (Sigma-Aldrich) and adjusted to pH 7.4 with 0.1 N NaOH (Sigma-Aldrich).
The buffer factor of assay media was validated prior to experiments and was equal to
2.9 mM/pH. In the next step, COCs were plated (6 COCs/well) in 180 µL on Agilent Sea-
horse 8-well XFp Cell Culture Miniplate and allowed to settle/adhere for 30 min at 37 ◦C.
The performance of Seahorse XF Cell Mito Stress Test resulted in real-time and noninvasive
measurements of ECAR and OCR that were positively correlated with the levels of acidifi-
cation stemming, to the largest extent, from such intramitochondrial metabolic activities as
biochemical reactions of glycolysis and ATP biosynthesis, respectively. Measurements were
continued for 1 h and consisted of (i) a sample mixing time (each 1 min long) and (ii) a data
acquisition period of 57 min. The latter consisted of 3 cycles, with a waiting time before
each measurement lasting for 15 min.

4.10. Assessment of Mitochondrial Distribution Pattern in 3D-IVM-Generated COCs Exposed to
the Selected EDCs

MitoTracker™ Orange CM-H2TMRos (MtOR-CM; Invitrogen™, Thermo Fisher Sci-
entific) was used to visualize mitochondria in COCs according to the method developed
by Romek et al. [171]. Briefly, a 0.5 mM MtOR-CM working solution was prepared on the
basis of TCM 199 medium. The MM was removed from the culture plate of COCs and
replaced with 0.5 mM MtOR-CM solution. Following 30 min incubation at a temperature of
38 ◦C and in an atmosphere of 5% CO2 in humidified air, COCs were washed twice in Ca2+-
and Mg2+-deprived PBS and subsequently fixed in 4% PFA for 5 min at room temperature.
Afterwards, the COCs were de novo rinsed twice with PBS and counterstained with DAPI
diluted in VECTASHIELD Antifade Mounting Medium (Vector Laboratories). The images
were visualized under a 60× oil objective on an OLYMPUS FV1200 FLUOVIEW confocal
laser microscope with the use of an excitation wavelength of λex = 554 nm and an emission
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wavelength of λem = 576 nm. The quantification of the cell fluorescence intensity was
conducted with the NIH ImageJ software.

4.11. Detection of Mitophagy Incidence in COCs Subjected to 3D-IVM and Simultaneously
Treated with the Selected EACs

A Mitophagy Detection Kit® (Dojindo, Kumamoto, Japan), which was composed
of Mtphagy Dye® and Lyso Dye®, was used to confirm the occurrence of mitophagy-
dependent processes that were induced by exposing in vitro maturing COCs to the selected
endocrine disruptors. The procedure was conducted according to the previously reported
protocol [172] with an additional modification. Briefly, after 24 h preculture of porcine
COCs, 100 nM Mtphagy Dye was added to the maturation medium. Following 30 min
incubation (in the dark), COCs were washed twice with TCM 199 medium. Subsequently,
the medium intended for 3D-IVM culture of COCs was supplemented with either Vnz, Ndn
or CsA. After 3D-IVM culture for a further 48 h was terminated, the COCs were washed
with TCM 199 medium, followed by treatment of ex vivo–matured COCs with the addition
of 1 M Lyso Dye to each well. In the next step, the multi-well plate filled with meiotically
matured COCs was incubated for an additional 30 min followed by washing with HBSS
(Thermo Fisher Scientific). The oocytes and CCs that stemmed from COCs undergoing
IVM under 3D culture conditions were imaged using an OLYMPUS FV1200 FLUOVIEW
scanning confocal laser microscope at an emission wavelength λem equal to 650 nm, as
prescribed by the manufacturer. The fluorescence intensity was quantified using the NIH
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

4.12. Statistical Analysis

Statistical analysis was performed using Statistica v.13.1 software (Stat-Soft, Inc., Tulsa,
OK, USA). The experiments aimed at the 3D-IVM culture of porcine COCs exposed or not
exposed to the selected EDCs were carried out in quintuplicate (n = 5). Brown–Forsythe test
for homogeneity of variance, Bartlett’s test for normality and one-way ANOVA followed
by Dunnett’s post hoc test were used to estimate intergroup variability not only among
experimental EDC treatments but also between experimental EDC treatments and their
control counterparts. All data are presented as the overall mean ± standard error of the
mean (SEM), and intergroup differences were considered to be statistically significant at
the 95% confidence level (* p < 0.05).

5. Conclusions

The objective of our current investigation was to verify an overarching research hy-
pothesis. The results highlighted the negative impact of the selected endocrine-active
compounds, which encompassed a pesticide (Vnz), an anabolic steroid (Ndn) and an
immunosuppressant (CsA), on not only the developmental competences of oocytes and
viability of CCs but also the molecular quality and mitochondrial metabolic activity of
porcine COCs. The obtained results provide strong scientific evidence that both Vnz and
Ndn decrease the developmental competence of oocytes and activate the processes of
apoptosis in CCs. Furthermore, it is noteworthy that Vnz accelerates the maturation pro-
cess in immature oocytes through both increased ROS production and the augmented
transcriptional activity of the CCNB1 gene encoding cyclin B1. It also triggers the onset and
progression of proapoptotic events in CCs by activating the transcription factor FOXO3,
which regulates the mitochondrial apoptosis pathway. In turn, Ndn inhibits the maturation
of oocytes by prompting the molecular scenarios responsible for: (1) lessening the ATP
synthase-mediated generation of ATP within the mitochondria; (2) enhancing the accumu-
lation of lipid droplets and subsequently (3) intensifying the adenylate cyclase-mediated
biosynthesis of cAMP from ATP and finally (4) increasing the intraooplasmic cAMP con-
centration. However, due to the simultaneous increase in the expression of TNF-β and
HSP27 proteins in CCs, Ndn may induce the processes of their neoplastic transformation,
which brings about the disruption of intercellular communication within the whole COC.
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Finally, our research robustly supports that CsA does not interfere with the nuclear and
cytoplasmic maturation of the oocytes. Nonetheless, the oocytes exposed to CsA are not
supplied with the appropriate abundance of ATP, which would ensure the proper develop-
ment of the embryo. This finding arises from a powerful scientific assessment confirmed
by the high incidence of mitophagy in CCs, the direct consequence of which is insufficient
ATP biogenesis within the intramitochondrial oxysomes in porcine COCs undergoing CsA
treatment under 3D-IVM conditions.

Cumulatively, extensive efforts were undertaken in our present study to thoroughly
decipher and quantitatively estimate a wide spectrum of molecular determinants affecting
Vnz/Ndn/CsA-evoked impairments of mitochondrial activity in porcine 3D-IVM-derived
oocytes intended to be used as not only meiotically matured ova able to be fertilized by
standard IVF or ICSI but also nuclear recipient cells for SCNT. These efforts might allow
for devising reliable and feasible approaches applied to either precisely identify or felici-
tously predict biomarkers correlated with the complete synchronization of the processes of
meiotic, epigenomic and cytoplasmic maturation in oocytes originating from COCs grown
extracorporeally in the innovative 3D culture model developed in the present research.
Development and optimization of the 3D-IVM model mimicking in vivo maturation con-
ditions that are characterized by a totally coordinated scenario of nuclear, epigenomic
and ooplasmic maturation of nuclear recipient oocytes might contribute to a considerable
increase in the efficiency of somatic cell cloning in pigs and other mammalian species.
Furthermore, the ex vivo models designed based on 3D-IVM of porcine oocytes exposed to
Vnz, Ndn or CsA might create empirical foundations to devise a panel of novel preclinical
and clinical therapies aimed at ovary-specific regenerative medicine and ovarian tissue en-
gineering strategies. The latter might be dedicated to sub-fertile or infertile female patients,
whose oocytes display severe acquired insufficiency in the processes of meiotic maturation.
This insufficiency can arise not only from the separate or combined intensive exposure of
human ovarian follicles to Vnz, Ndn and CsA but also from the strong cytotoxic properties
of these potent EACs/EDCs.
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Abbreviations
∆Ψm Mitochondrial membrane/transmembrane potential
3D Three-dimensional
3D-IVM Three-dimensional in vitro maturation
AAS Anabolic androgenic steroids
ARTs Assisted reproductive technologies
ATP Adenosine-5′-triphosphate
ATP5A1 ATP synthase F1 subunit α
bad Bcl2-associated agonist of cell death
Bcl-2 B-cell lymphoma 2
BIM Bcl2-interacting mediator of cell death
cAMP Cyclic adenosine 3′,5′-monophosphate
CCNB1 Cyclin B1 gene
CCs Cumulus cells
CDC2 Cell division cycle 2
Cdc25 Cell division cycle 25
CDK1 Cyclin-dependent kinase 1
cg Cortical granule
COCs Cumulus–oocyte complexes
CsA Cyclosporin A
DSCN Donor somatic cell nuclei
DAPI 4′,6-Diamidino-2-phenylindole
dUTP 2′-Deoxyuridine-5′-triphosphate
EA Early autophagosome
EACs Endocrine-active compounds
ECAR Extracellular acidification rate
EDCs Endocrine-disrupting chemicals
FAB Fibrin-alginate hydrogel bead
FasL Fas ligand
FasR Fas receptor
FBS Fetal bovine serum
FITC Fluorescein-5-isothiocyanate
FOXO3a Forkhead box O3a
FSH Follicle-stimulating hormone
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GSH Glutathione
GV Germinal vesicle
GVBD Germinal vesicle breakdown
hCG Human chorionic gonadotropin
HepG2 Human hepatocarcinoma-derived cell lines
HSP27 Heat shock protein 27
ICSI Intracytoplasmic sperm injection
IVF In vitro fertilization
IVM In vitro maturation
IVP In vitro embryo production
LA Late autophagosome
LC3 Microtubule-associated protein 1A/1B light chain 3β
LD Lipid droplets
LH Luteinizing hormone
MII Metaphase II
MM Maturation medium
MPF Maturation/meiosis-promoting factor
mPTP Mitochondrial permeability transition pore
MQ Molecular quality
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mRNA Messenger RNA
mt Mitochondria
MtOR MitoTracker Orange
NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
Ndn Nandrolone
NSCLC Non-small cell lung cancer
OCR Oxygen consumption rate
PB Polar body
pFF Porcine follicular fluid
PMSG Pregnant mare serum gonadotropin
RA Relative abundance
qRT-PCR Quantitative reverse transcriptase real-time polymerase chain reaction
ROS Reactive oxygen species
RT Reverse transcription
SCNT Somatic cell nuclear transfer
SIRT3 Sirtuin 3
TNF-β Tumor necrosis factor-β
TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling
Vnz Vinclozolin
ZP Zona pellucida
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Abstract: The equine sarcoid is one of the most common neoplasias in the Equidae family. Despite the
association of this tumor with the presence of bovine papillomavirus (BPV), the molecular mechanism
of this lesion has not been fully understood. The transgenization of equine adult cutaneous fibroblast
cells (ACFCs) was accomplished by nucleofection, followed by detection of molecular modifications
using high-throughput NGS transcriptome sequencing. The results of the present study confirm that
BPV-E4- and BPV-E1ˆE4-mediated nucleofection strategy significantly affected the transcriptomic
alterations, leading to sarcoid-like neoplastic transformation of equine ACFCs. Furthermore, the
results of the current investigation might contribute to the creation of in vitro biomedical models
suitable for estimating the fates of molecular dedifferentiability and the epigenomic reprogramma-
bility of BPV-E4 and BPV-E4ˆE1 transgenic equine ACFC-derived sarcoid-like cell nuclei in equine
somatic cell-cloned embryos. Additionally, these in vitro models seem to be reliable for thoroughly
recognizing molecular mechanisms that underlie not only oncogenic alterations in transcriptomic
signatures, but also the etiopathogenesis of epidermal and dermal sarcoid-dependent neoplastic
transformations in horses and other equids. For those reasons, the aforementioned transgenic models
might be useful for devising clinical treatments in horses afflicted with sarcoid-related neoplasia of
cutaneous and subcutaneous tissues.

Keywords: equine; dermal fibroblast cell; sarcoid; nucleofection; oncogenic/neoplastic transforma-
tion; RNA-Seq; NGS; transcriptome

1. Introduction

Sarcoid is one of the most common skin tumor types in equids. It does not belong to
the metastasizing tumors but is considered to be locally invasive [1–3]. Moreover, the high
severity rates that have been found to result from sarcoid-dependent oncogenic transfor-
mation of epidermal and dermal tissues seem to be low. However, sarcoids contribute to
lowering the value of the animal and the overall deterioration of the animal’s welfare by
occurring mainly in places exposed to movement [2]. This location exposes the possibility
of mechanical damage, which can lead to transformations of minor forms into severe forms
characterized by ulceration [2].

So far, it has been possible to link the presence of sarcoids with the infection of bovine
papillomavirus types 1 and 2 (BPV-1, BPV-2) and, less frequently, type 13 (BPV-13), which
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has been confirmed at the DNA, miRNA, and protein levels [3–5]. These viruses belong
to a species-specific family of Papillomaviridae, which means they can only infect specific
species of animals. BPV is so far the only documented case of a natural species barrier
breach [6]. In cattle, it typically attacks the differentiated cells stemming from epithelial and
connective tissues such as epidermal keratinocytes and dermal fibroblasts [6,7], causing
mainly skin lesions in the form of papillomas, warts, and various neoplasms [8]. In the
family Equidae, the infection does not produce new virus particles [9], but leads to changes
in the level of gene expression, leading to neoplastic changes.

The genome of Papillomaviridae is highly conserved. It consists of seven early genes
(E1–E7), two late genes (L1 and L2), and a noncoding region (NCR, also known as the
upstream regulatory region or URR) containing regions that control viral replication.
The early genes are responsible for the replication activities of the virus (E1), the reg-
ulation of transcription (E2), and the coding of individual viral proteins (cytoplasmic—
E3, and transforming—E4–E7). Late genes encode viral capsid proteins [10,11]. Among
the transforming proteins, the E5–E7 proteins are found in the genomes of all known
carcinogenic viruses [12].

There are many known treatment methods for dealing with sarcoids. Unfortunately,
some of them are only effective for a specific type of sarcoid and only for a specific tumor
site (such as the BCG vaccine) [13]. Surgical methods have a high probability (up to 30%) of
the disease’s recurrence in a more aggressive form [14]. There are also methods with good
prognosis, but due to the need to apply them directly to the skin lesion, they can be very
painful; also some sites, like ears, are more sensitive, which requires general anesthesia in
certain cases [15]. For this reason, further efforts are needed to develop new treatments for
this condition, which could be amended by the development of new models that can study
that neoplasm at the molecular level.

The molecular mechanisms underlying sarcoid-dependent neoplastic transformation
are not yet fully understood. Previous studies have focused on the analysis of differences
in gene expression between sarcoid and normal skin tissues, comparing the transcriptional
activities of genes in the cell lines established from these tissues [16,17]. Some studies have
aimed to devise in vitro models of murine fibroblast-derived cancerous cell lines generated
by transfection with BPV transgenes or to create mouse models of dermal sarcoid-related
neoplasia [18]. However, so far there have been no studies that target the development of
an ex vivo model of sarcoid-dependent tumorigenesis in equine adult cutaneous fibroblasts
cell (ACFC) lines, whose oncogenic transformation has been accomplished by transfection
with BPV fusion genes. Moreover, there has been a lack of data confirming which virus
genes are responsible for the neoplastic transformation of ACFCs into dermal sarcoid-like
cells. That model could contribute to a more comprehensive understanding of the molecular
changes in equine ACFCs undergoing sarcoid-related cancerogenesis due to viral infection.

Multifaceted transcriptomic characterization of mitotically stable cancerous cell lines
stemming from BPV-E4 and BPV-E4ˆE1 transgenic equine ACFCs that have undergone
nucleofection-mediated neoplastic transformation into nonmalignant sarcoid-like tumor
cells is a sine qua non for accomplishing somatic cell cloning. The use of ACFC-derived
sarcoid-like cells as a completely new source of nuclear donor cells (NDCs) to create equine
cloned embryos and progeny by somatic cell nuclear transfer (SCNT) has not yet been
realized. On the other hand, efforts by Li et al. [19] and Shao et al. [20] have confirmed
that successful transcriptional reprogramming and molecular dedifferentiation of genomes
inherited from NDCs that originated, respectively, from such highly metastatic neoplasms
as cerebellum-specific medulloblastoma and breast cancer have sustainably contributed to
promoting the epigenetically controlled remission of their typically cancerous markers and
malignancy-related attributes in cloned mouse embryos.

To the best of our knowledge, transgenization and simultaneous co-transfection of the
ex vivo expanded equine ACFCs that have been created by nucleofection according to the
approaches formerly devised and adapted by Skrzyszowska et al. [21] and Samiec et al. [22]
to generate genetically modified cloned pig embryos have not yet been reported. Addi-
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tionally, the aforementioned strategies have been applied, for the first time, to research
targeted at not only cell culture engineering but also experimental and preclinical attempts,
with the use of in vitro transgenic models designed to examine the molecular nature of
sarcoid-dependent oncogenic transformation (carcinogenesis) of equine ACFCs. These
extracorporeal models have also been developed to explore the genetic and epigenetic
determinants of procancerous tumorigenesis of epidermal and dermal provenance in horses
and phylogenetically consanguineous taxa (i.e., other equids).

Furthermore, it is also noteworthy that, thus far, approaches focused on utilizing
BPV-E4 and BPV-E4ˆE1 transgenic ACFC derivatives, which have undergone oncogenic
transformation into sarcoid-like cells as a result of nucleofection, have been conceptualized
for the needs of SCNT-based cloning in horses and a variety of members of Equidae family
for the first time. For all these reasons, elaborating the abovementioned approaches seems to
be strongly justified by the scientific thesis assuming profound amelioration of epigenomic
plasticity in the ex vivo immortalized nonmalignant cancerous derivatives of ACFCs, which
are characterized by an unlimited lifespan. This, in turn, might result in the enhanced
susceptibility of genetically modulated ACFC-derived sarcoid-like cell nuclei to being
epigenomically dedifferentiated and transcriptionally reprogrammed in equine cloned
embryos generated by SCNT-mediated assisted reproductive technologies (ARTs).

Therefore, in our current investigation, efforts were undertaken to generate equine
ACFC lines that had been genetically transformed into sarcoid-like cells as a result of
their nucleofection with BPV transgenes encoding recombinant representatives of the
transforming protein family, designated as either BPV-E4 or BPV-E1ˆE4. Our study also
sought to thoroughly unravel the modifications arising in genomic signatures that have
incurred sarcoid-dependent alterations in transcriptomic profiles of horse ACFC-derived
neoplastic cells.

2. Results
2.1. Preliminary Validation of the Samples Used

All the harvested horse skin tissues were tested for the presence of BPV DNA. The
presence of the viral DNA amplicon in samples intended for further procedures showed
the absence of products unique for BPV genetic material.

2.2. Comparative Statistical Estimations Resulting from Next-Generation Sequencing (NGS)
among BPV-E4 and BPV-E1ˆE4 Transgenic Equine ACFC-Derived Neoplastic Cells

After NGS sequencing, an average of 13 million raw reads were obtained per sample,
from which 99.6% passed the quality filters. The mapping rate to reference genome ranged
from 73.6% to 89.1% (average: 86.8%), which was about 11.3 million reads mapped per
sample. The PCA clustering that was performed for both comparisons confirmed the group
homogeneity (Figure S1). The average percent of reads mapped to genes per sample was
65.5. The data have been submitted to the Gene Expression Omnibus (GEO) database and
received the accession number GSE193906.

2.3. Analysis of Differentially Expressed Genes (DEGs) in Oncogenically Transformed Equine
ACFCs Expressing BPV-E4 and BPV-E1ˆE4 Transgenes

Transcriptome profiling allowed us to perform a comparison of the whole expression
profile between the control and the BPV-E4 and BPV-E1ˆE4 groups. After the comparison of
control and BPV-E4 groups, 1640 DEGs were identified, of which 624 were upregulated and
1016 downregulated in the BPV-E4 group. The highest numbers of 3328 DEGs were identi-
fied due to the comparison of the control and BPV-E1ˆE4 groups. Among them, 1626 genes
were shown to be upregulated and 1602 genes were recognized to be downregulated in the
BPV-E1ˆE4 group as compared to the control samples.

To establish the differences between the impacts of BPV-E4 and BPV-E1ˆE4 transgenes,
the DEG sets obtained for both comparisons were combined and 910 common genes
were identified. Moreover, 2318 and 730 unique DEGs were detected following sarcoid-
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dependent neoplastic transformation of equine ACFCs via nucleofection with BPV-E1ˆE4
and BPV-E4 transgenes, respectively (Figure 1).
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Figure 1. The Venn diagram of common and unique differentially expressed genes (DEGs) following
the comparisons of BPV-E4 (A) vs. control (C) groups, and BPV-E1ˆE4 (B) vs. control (C) groups
(Venny 2.1 BioinfoGP).

Among the DEGs identified for cells nucleofected with the BPV-E4 transgene, six gene
families were found, for which the expression of 10 or more genes was altered, and they
accounted for 6% of all DEGs (Figure 2A). In the case of BPV-E1ˆE4 transgene-mediated
nucleofection, there were three times as many such families, and they accounted for 10%
of all DEGs (Figure 2B). Only one family encompassing the genes encoding centromere
proteins identified for BPV-E4 transgenic samples did not occur among the gene families
identified for BPV-E1ˆE4 transgenic cell counterparts.

2.4. Gene Ontology (GO) Enrichment Analysis of BPV-E4 and BPV-E1ˆE4 Transgenic Equine
ACFC-Derived Neoplastic Cells

The GO enrichment analysis performed for DEGs between control and BPV-E4 groups
allowed us to detect several significant Gene Ontology terms (Table 1). Most of those GO
terms were over-represented as follows: 34 DEGs correlated to negative regulation of cell
proliferation (FDR < 0.002); 24 DEGs responsible for positive regulation of cell migration
(FDR < 0.0001); and 21 DEGs related to both cell adhesion and cell migration (FDR < 0.003
and FDR < 0.0005, respectively). Additionally, the overabundance of DEGs that has been
shown to be significant was noticed for GOs characteristic of cell–matrix adhesion and actin
cytoskeleton organization. In identified GO terms, the genes that represented two families
have been found to occur frequently, as has been indicated below: the genes coding for
different isotypes of integrins (ITGs) such as ITGB6, ITGB3, ITGA6, ITGA1, ITGA8, and
ITGB4, and the genes coding for kinesin superfamily proteins (KIFs) such as KIFC1, KIF23,
KIF11, KIF20A, and KIF3B.
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Figure 2. Pie charts that depict the contribution of families with 10 or more genes undergoing
expression changes identified following the sarcoid-dependent oncogenic transformation of equine
ACFCs triggered by nucleofection with either BPV-E4 (A) or BPV-E1ˆE4 (B) transgenes.

The enrichment analysis performed for the comparison of the incidence of DEGs
between control and BPV-E1ˆE4 samples revealed that the focal adhesion GO terms were
over-represented by 99 DEGs, 65 of which were upregulated; their 34 counterparts were
downregulated (FDR < 0.0001) (Table 2). The GOs, for which most of the genes were
recognized as upregulated, have been shown to be related to negative regulation of ex-
trinsic apoptotic signaling, transforming growth factor-β receptor signaling, and collagen
fibril organization.

2.5. Pathway Enrichment Analysis among Oncogenically Transformed Equine ACFCs Expressing
BPV-E4 and BPV-E4ˆE1 Transgenes

The results confirmed almost the same significantly over-represented molecular path-
ways, not only between BPV-E4 and control intergroup comparisons (Table 3), but also
between BPV-E1ˆE4 and control intergroup comparisons (Table 4). The PI3K-Akt signaling
pathways were identified with the highest numbers of DEGs–44 for BPV-E4 and 73 for
BPV-E4ˆE4 transgenic cell subpopulations, respectively. In both cases, the genes encoding
integrins (ITGs) and fibroblast growth factors (FGFs) were detected.
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Table 1. The significant enrichment in Gene Ontology terms detected on the basis of comparative
analysis of DEGs set between BPV-E4 and the control group.

Gene Ontology Nall Nu Upregulated Genes Nd Downregulated Genes FDR

positive regulation of
cell migration 24 14

SEMA4D, CORO1A,
INSR, F2R, DAB2,

PDGFD, MMP14, SDCBP,
CDH13, PIK3R1

10

ATP8A1, COL18A1,
ARHGEF39, CCL26, HAS2,
SEMA7A, BMP2, SNAI1,

EGFR, TRIP6

<0.001

negative regulation of
cell proliferation 34 17

IFIT3, SKAP2, IRF1, F2R,
SMAD1, KAT2B, ZEB1,

TESC, GLI3, CDH13
17

EREG, CER1, FEZF2, WNK2,
AXIN2, HMGA1, RBPJ,
PTPN14, SPRY2, BMP2

<0.001

cell-matrix adhesion 15 5 VCAM1, SNED1, ITGB4,
CL2L11, ITGA8 10

EPDR1, ITGB6, TECTA, OTOA,
FREM1, TNN, STRC, ITGB3,

ITGA6, ITGA1
<0.001

cell migration 21 9

SDC4, ASAP3,
RASGEF1A, JAK2,

LIMD1, MMP14, CLN3,
JAK1, NDE1

12
TNS3, DEPDC1B, TNN, HES1,
CSPG4, ELMO1, SDC1, SNAI1,

ABL2, FSCN1
<0.001

mitotic spindle assembly 9 3 KIF3B, WRAP73,
ARHGEF10, 6 BIRC5, NEK2, MYBL2, KIFC1,

KIF11, RAB11A 0.002

mitotic cytokinesis 8 0 - 8
NUSAP1, KIF20A, CEP55,
KIF23, RACGAP1, ANLN,

CKAP2, PLK1,
0.002

chromosome segregation 11 2 NDE1, NEK3 9
NEK2, HJURP, CENPT, SPC25,

CENPN, KIF11, CENPW,
CDCA2, RCC1

0.002

actin cytoskeleton organization 15 8
CDC42, EP2, CORO1A,
RHOJ, SDCBP, NISCH,
CLN3, WASF2, BCL6

7 ARHGAP26, ELMO1, DIAPH3,
NUAK2, ABL2, PFN1, TMSB4X 0.002

cell adhesion 21 5
GPNMB, ITGA8,

CERCAM, EPHB4,
TNFAIP6

16

POSTN, TNC, TGFBI,
COL18A1, NINJ1, HES1,
SUSD5, HAS2, ITGA6,

COL15A1

0.003

Nall—Number of all detected DEGs; Nu—Number of upregulated DEGs; Nd—Number of downregulated DEGs;
FDR—False Discovery Rate in DAVID software.

Furthermore, as has been revealed by the pathway enrichment analysis, modifications
observed in the cell cycle (Figure 3), regulation of actin cytoskeleton (Figure 4), and ECM
remodeling (reflected in the alterations recognized for focal adhesion and ECM-receptor
interaction) have been proven among neoplastically transformed equine ACFCs exhibiting
expression of either BPV-E4 or BPV-E1ˆE4 transgenes.

The DEGs associated with such processes as focal adhesion, regulation of actin cy-
toskeleton, and ECM-receptor interaction were represented mainly by integrins, lamins,
collagens, and FGF genes (Tables 3 and 4). Taking into account these pathways, for cells
transformed oncogenically via nucleofection with BPV-E4 and BPV-E1ˆE4 gene constructs,
the most upregulated genes detected are ITGA8 (Integrin Subunit Alpha 8), XIAP (X-Linked
Inhibitor Of Apoptosis), ROCK2 (Rho Associated Coiled-Coil Containing Protein Kinase 2), and
LAMA3 (Laminin Subunit α3), while such genes as FGF12 (Fibroblast Growth Factor 12),
FGFR3 (Fibroblast Growth Factor Receptor 3), ITGA6 (Integrin Subunit α6), CCND1 (Cyclin D1),
CCND2 (Cyclin D2); COL6A6 (Collagen Type VI α6 Chain), and BAD (BCL2-Associated Agonist
Of Cell Death) have been allotted to their downregulated counterparts (Figure 5A,B).
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Table 2. The significant enrichment in Gene Ontology terms detected on the basis of comparative
analysis of DEGs set between BPV-E1ˆE4 and control group.

Gene Ontology Nall Nu Upregulated Genes Nd Downregulated Genes FDR

negative regulation of canonical
Wnt signaling pathway 33 21

EGR1, WNT5A, DKK2,
SOX9, LIMD1, GREM1,

BICC1, GLI3,
STK4, LATS1

12
NOTUM, WNT11, GPC3,

DRAXIN, AXIN2, CAV1, LRP4,
NPHP4, MLLT3, MAD2L2

0.009

focal adhesion 99 65

ITGA8, SORBS1, CNN1,
MCAM, ITGA11,

SYNPO2, FBLN7, NEXN,
LPP, PHLDB2

34
CSPG4, PROCR, FLRT2,

HMGA1, TNS4, TSPAN4,
CAV1, FHL1, KIF22, PLAU

negative regulation of extrinsic
apoptotic signaling pathway 15 13

TGFBR1, COL11A1,
COL1A1, LOX, COL5A1,
GREM1, P4HA1, LOXL2,

COL1A2, NF1

2 FMOD, ANXA2 <0.001

transforming growth factor beta
receptor signaling pathway 19 12

TGFBR1, FOS, SKIL,
SMAD4, SMURF1,
COL1A2, SMAD9

FERMT2,
TGFBR3, MTMR4,

7 HPGD, SMAD6, PTPRK,
SMURF2, TAB1, PXN, TGFB3 <0.001

collagen fibril organization 15 13

TGFBR1, COL11A1,
COL1A1, LOX, COL5A1,
GREM1, P4HA1, LOXL2,

COL1A2, NF1

2 FMOD, ANXA2 <0.001

Nall—Number of all detected DEGs; Nu—Number of upregulated DEGs; Nd—Number of downregulated DEGs;
FD—False Discovery Rate in DAVID software.

Table 3. The significant enrichment in molecular KEGG pathways detected on the basis of compara-
tive analysis of DEGs set between BPV-E4 and control group.

KEGG Pathways Nall Nu Nd FDR
Most Deregulated Genes

Up Down

Focal adhesion (ecb04510) 31 11 20 0.051
ITGB4, LAMA3, XIAP, ITGA8,

PDGFD, PIK3R1, SOS2,
ROCK2, LAMB2, ERBB2

TNC, ITGB6, CCND2, TNN,
CCND1, COL6A6, SHC3,

ACTN3, ITGB3, BAD

Regulation of actin
cytoskeleton (ecb04810) 34 13 21 0.008

FGF18, ITGB4, F2R, ITGA8,
ARHGEF6, PDGFD, DIAPH2,

PIK3R1, SOS2, ROCK2

ITGB6, FGF12, BDKRB2,
IQGAP3, FGFR3, ACTN3,

ITGB3, DIAPH3, ITGB7, ITGA6

ECM-receptor interaction (ecb04512) 19 5 14 0.010 ITGB4, LAMA3, SDC4,
ITGA8, LAMB2

TNC, ITGB6, TNN, COL6A6,
HMMR, ITGB3, ITGB7, ITGA6,

SDC1, ITGA1

PI3K-Akt signaling
pathway (ecb04151) 44 20 24 0.051

FGF18, ITGB4, LAMA3, INSR,
CREB3L1, BCL2L11, F2R,

TGA8, NR4A1, JAK2

TNC, ITGB6, FGF12, CCND2,
TNN, CCND1, ANGPT1,
COL6A6, FGFR3, ITGB3

Cell cycle (ecb04110) 28 9 18 0.001
CDC14A, RB1, STAG1,

CDC25B, E2F5, SMC3, RBL1,
RBL2, RAD21

CCND2, CDC45, CCND1,
MCM5, CCNB2, CCNB1,

CDC20, E2F1, CDK1, BUB1

Steroid biosynthesis (ecb00100) 9 1 8 0.008 SOAT1
HSD17B7, TM7SF2, LSS, SQLE,

FDFT1, SQLE, FDFT1,
FAXDC2, EBP, SC5D

Pathways in cancer (ecb05200) 52 23 29 0.010
FGF18, LAMA3, FOS, XIAP,

F2R, TGFBR2, ADCY9, MITF,
RB1, ADCY3

CTNNA2, WNT7B, FGF12,
MMP1, CXCL8, BDKRB2,

TCF7, BIRC5, CCND1, AXIN2

Nall—Number of all detected DEGs; Nu—Number of upregulated DEGs; Nd—Number of downregulated DEGs;
FD—False Discovery Rate in DAVID software.
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Table 4. The significant enrichment in molecular KEGG pathways detected on the basis of compara-
tive analysis of DEGs set between BPV-E1ˆE4 and control group.

KEGG Pathways Nall Nu Nd FDR
Most Deregulated Genes

Up Down

Focal adhesion (ecb04510) 63 42 21 <0.001

ITGA8, THBS1, ITGA11,
OL11A1, XIAP, PDPK1,

LAMA3, MYLK3,
ROCK2, PP1R12A

LAMC3, SHC3, COL5A3,
COL4A1, CCND1, CCND2,

COL6A6, BAD, VEGFD,
COL6A3

Regulation of actin
cytoskeleton (ecb04810) 57 43 14 <0.001

FGF21, ITGA8, FGF5, ITGA11,
MYLK3, ROCK2, PPP1R12A,

PFN2, FGFR2, ARHGEF6

BDKRB2, FGFR3, ITGAX,
FGF12, IQGAP2, DIAPH3,

ITGA6, GSN, ITGAE, EGFR

ECM-receptor
interaction (ecb04512) 30 18 12 0.001

ITGA8, THBS1, ITGA11,
COL11A1, LAMA3, LAMA5,

COL1A1, COL5A, ITGB7, FN1,

LAMC3, COL5A3, COL4A1,
COL6A6, COL6A3, ITGA6,
SDC1 CD44, AGRN, TNN,

PI3K-Akt signaling
pathway (ecb04151) 73 47 26 0.019

FGF21, ITGA8, FGF5, THBS1
ITGA11, COL11A1, CREB3L1,

INSR, EFNA1, DPK1

IL6LAMC3, FGFR3, COL5A3,
COL4A1, CCND1, FGF12,

CCND2 IL7, COL6A6,

Cell cycle (ecb04110) 32 10 22 0.047
GADD45B, RBL1, SMAD4,

STAG1, EP300, CDC27, AD21,
YWHAG, STAG2, E2F5

CCND1, CCND2, CCNB2,
CDC20, MCM5, CCNB1, CDK1,

CDC45 PKMYT1, PLK1,

FoxO signaling
pathway (ecb04068) 38 22 16 0.003

TGFBR1, INSR, PDPK1,
PRKAB2, AKT3, FBXO32, IRS2,
GADD45B, SMAD4, PRKAG3

IL6, CCND1, CCND2, CCNB2,
CCNB1, TNFSF10, S1PR1,
PLK1, CDKN2B, G6PC3,

Proteoglycans in
cancer (ecb05205) 48 27 21 0.019

ITPR1, THBS1, WNT5A,
PDPK1, ROCK2, PPP1R12A,

AKT3, FN1, CAMK2D, PIK3R1

WNT11, ERBB3, GPC3,
CCND1, WNT7B, HPSE,

MMP9, TIMP3 CAV1, IGF2,

Rap1 signaling
pathway (ecb04015) 49 34 15 0.035

FGF21, FGF5, THBS1, INSR,
ADCY5, EFNA1, AKT3,
SIPA1L2, PFN2, ADCY9

RAP1GAP, FGFR3, FGF12, ID1,
ADORA2A, VEGFD, ANGPT1,

ANGPT4, HGF, MAP2K3,

TNF signaling
pathway (ecb04668) 29 16 13 0.047

MAP3K8, EDN1, CREB3L1,
FOS, AKT3, CREB3L2, TAB3,

PIK3R1, ITCH, MAP3K5

CSF2, IL6, CXCL1, VCAM1,
MMP9, IL15, CREB3L4,

MAP2K3, CCL2, TRADD

Nall—Nu—Number of upregulated DEGs; Nd—Number of downregulated DEGs; FDR—False Discovery Rate in
Number of all detected DEGs; DAVID software.

The onset of pathways related to cancerous transformation was identified uniquely
for genetically transformed cells that had been nucleofected with BPV-E4 gene construct
(Table 3). The significant overabundance in initiating of pathways associated with neo-
plasia has been empirically justified by the detection of 52 DEGs in BPV-E4 transgenic
equine ACFCs oncogenically transformed into sarcoid-like cells (Table 3). Only BPV-E1ˆE4
transgenic cells were characterized by promoting and rewiring molecular programs based
on the FoxO-, Rap1-, and TNF-mediated signaling pathways and molecular mechanisms
dependent on proteoglycans actively functioning in cancer cells (Table 4). The switching
on of procancerous mechanisms prompted by Rap1 signaling pathway and activation of
proteoglycans is reflected in the presence of 49 and 48 DEGs, respectively. Crosstalk be-
tween these molecular regulatory networks in BPV-E1ˆE4 transgenic equine ACFC-derived
neoplastic cells remains under control and requires the reciprocal cooperation of the panel
of genes linked to Wnt signaling pathway and coding for such proteins as fibroblast growth
factors, matrix metalloproteinases (MMPs), and interleukins (Table 4).
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Figure 3. Cell cycle pathway (ecb 04110) over-represented following two strategies of sarcoid-
dependent neoplastic transformation triggered by either BPV-E4 or BPV-E1ˆE4 transgenes. The red
squares denote genes modified by BPV-E4 insert, while the blue circles indicate BPV-E1ˆE4 transgene-
induced modifications; arrows present molecular interaction or relation, while dotted arrows show
indirect link or unknown reaction.

2.6. Enrichment Analysis for Identification of DEGs in BPV-E4 and BPV-E1ˆE4 Transgenic
ACFCs Undergoing Sarcoid-Dependent Oncogenic Transformation

The 910 genes identified as differentially expressed in both BPV-E4 and BPV-E1ˆE4
genetically transformed groups as compared to the control were analyzed in terms of en-
richment pathways and GO terms. The results confirmed the significant incidence of DEGs
associated with cell cycle control (FDR < 0.0001, 21 DEGs), regulation of actin cytoskeleton
(FDR < 0.0007; 21 DEGs), and focal adhesion (FDR < 0.0009; 21 DEGs). The genes involved
in these molecular networks displayed close interactions and were simultaneously char-
acterized by the occurrence of two clusters dependent on gene association and direction
of modifying/diversifying their transcriptional activities (Figure 6A). The genes with the
highest number of interactions with other DEGs were either downregulated as follows:
CDK1 (Cyclin-Dependent Kinase 1), EGFR (Epidermal Growth Factor Receptor), CCND1 (Cyclin
D1), and CCND2 (Cyclin D2); or upregulated as follows: ITGA8 (Integrin Subunit Alpha 8)
and RLB1 gene (Figure 6B).

2.7. qPCR-Assisted Validation Accomplished for Transcriptional Activity Levels of Genes in
Neoplastically Transformed Equine ACFCs Expressing BPV-E4 and BPV-E1ˆE4 Transgenes

The qPCR validation confirmed a high and significant correlation between RNA-
seq data and relative quantities/abundances of gene transcripts estimated using real-
time PCR methods (Table 5). The highest correlation coefficients have been identified for
TIMP1, MMP2, MMP14, and MMP24 genes (R2 from 0.814 to 0.989). The occurrence of a
nonsignificant correlation coefficient between RNA-seq- and qPCR-mediated expression
profiles was noticed for only one gene, MMP17.
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Table 5. The correlation coefficients and their corresponding p-value for qPCR validation.

Gene Accession Number Correlation Coefficient

MMP2 ENSECAG00000000953 0.839 ***
MMP14 ENSECAG00000008351 0.887 *
MMP9 ENSECAG00000013081 0.662 *

MMP15 ENSECAG00000000196 0.897 **
MMP17 ENSECAG00000013201 0.440 ns

MMP24 ENSECAG00000024778 0.814 *
PTGER2 ENSECAG00000009713 0.686 *
TIMP1 ENSECAG00000014259 0.989 ***
FGF10 ENSECAG00000014361 0.748 *
RECK ENSECAG00000010426 0.688 *

* p-value < 0.05; ** p-value < 0.001; *** p-value < 0.0001; ns—nonsignificant.
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3. Discussion

To date, there is still limited information about equine sarcoid genetics as well as
about the etiology of sarcoids’ occurrence at the molecular level. The identification of such
mechanisms related with neoplasia formation seems to be critical for prophylaxis or future
treatment. Little research has been done comparing the sarcoid cell transcript with that
of healthy horse skin cells. These studies were mainly performed on microarrays, so they
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were limited by the selected panel of genes [16]. Transfected horse skin cells are proposed
as a new model to conduct research on the effect of individual viral genes on changes
inside the cell. In this study, we compared the overall transcriptome using the RNA-seq
technique, which enabled the detection of DEGs on a much larger scale. We tried to answer
the question of which viral genes affect the cell transcriptome, directing changes toward
neoplastic transformations, and how. So far, a model of transfected skin cells has been
developed in sarcoid research, but it included transfected mouse skin cells [18]. Moreover,
this model was not conducted fully in vitro due to the introduction of altered cells into
living organisms. An additional advantage of the present research was using two variants
of the studied transcript. Such an approach made it possible to approximate the functions
performed by the added fragment of the E1 protein. So far, it has been argued that the effect
of the papillomavirus E4 protein is mainly related to viral replication by controlling cellular
processes towards the return of differentiated cells to the cell cycle [25–27]. Our research
has demonstrated that the presence of the BPV-E1ˆE4 protein also influences changes in the
expression of other host cell genes and may play a role in carcinogenesis.

Following BPV-E4 transgene-mediated nucleofection of equine ACFCs, a total of
1640 DEGs were identified, out of which 62% were found to be downregulated and 38%
upregulated. In contrast, after BPV-E1ˆE4 transgene-dependent neoplastic transformation
of ACFCs into sarcoid-like cells, 3328 genes were detected, out of which 51% were shown to
be downregulated and 49% upregulated. This confirms the ratio of downregulated genes to
upregulated genes obtained in the microarray studies performed by Semik et al. [16] and in
other cancers such as pancreatic cancer, cervical cancer, and renal cancer [28–30]. Attention
should be paid to the differences in deregulated genes depending on the type of insert intro-
duced. In the case of the fragment encoding the BPV-E4 protein alone, genes deregulated
also by the splicing protein BPV-E1ˆE4 accounted for 55%, while genes common to both
inserts accounted for 27% of all deregulated genes. Therefore, the conclusion is drawn that
the presence of the BPV-E1 protein fragment strongly influences the change of the protein
function in the process of neoplasia formation, not only by enabling modification of the
expression level of new genes but also by inhibiting the deregulation of gene expression
occurring in the case of the direct product of the BPV-E4 gene.

The distribution of gene families that are differentially expressed between nontrans-
fected and transfected cells depends on the type of gene introduced. In our studies, gene
families were selected in which at least 10 genes were subject to altered expression. In
the case of the introduction of the BPV-E4 gene alone, six gene families were observed to
be differentially expressed (cell division cycle, centromere protein, family with sequence
similarity, solute carrier family, transmembrane protein, and zinc finger protein), while for
the spliced insert, three times as many families were detected (ADAM metallopeptidase,
Rho GTPase-activating protein, phospholipid-transporting ATPase, cyclin, CD molecule,
cell division cycle, collagen, cytochrome c oxidase, family with sequence similarity, kinesin
family member, leucine-rich repeat-containing protein, NADH:ubiquinone oxidoreduc-
tase subunit, member of RAS oncogene family, ring finger protein, solute carrier family,
transmembrane protein, ubiquitin-specific peptidase, and zinc finger protein). Moreover,
all families (with the exception of centromere proteins) designated for the BPV-E4 insert
were also among the families designated for the BPV-E1ˆE4 insert. This may indicate that,
despite the differences in DEGs, the major pathways regulated by this protein are not
altered by the introduction of the BPV-E1 protein fragment to cells, but the number of such
families is increasing.

Interesting results were obtained based on the Gene Ontology analysis. The function of
the BP virus E4 protein is related to the reintroduction of the host cells into the cell cycle [27].
For the BPV-E4 insert, 34 DEGs were identified for GO regulation of cell proliferation, 11
DEGs for chromosome segregation, nine DEGs for the mitotic spindle assembly, and eight
DEGs for the mitotic cytokinesis that can be associated with this function. However, we can-
not unequivocally determine whether the differences noticed in the transcriptomic profiles
exert a negative or positive effect on the host cell cycle. Our research also showed that a
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similar number of statistically significant changes in GO were seen for the DEGs associated
with cell migration processes such as positive regulation of cell migration (24 DEGs), cell
adhesion and cell migration (21 DEGs respectively), and cell–matrix adhesion (15 DEGs).
This may indicate that the reasons for the nonmetastatic nature of the sarcoid [2] can be
found in the analyzed gene. Among the DEGs belonging to the changed GOs, the protein
families of integrins and kinesin superfamily proteins had the largest share. The high
proportion of integrins may indicate the neoplasmic nature of the BPV-E4 protein. Changes
in the expression level of integrins have been associated with various cancers. They act as
a factor controlling the migration capacity of altered cells via extracellular matrix (ECM)
remodeling and modification of cell–ECM interaction [31–33]. It has been established that
integrin also plays a key role in the regulation of cancer progression through involvement
in the regulation of cancer stem cells, metastasis, tumor angiogenesis, and metabolism [33].
In turn, kinesin superfamily proteins are involved in transporting many intracellular com-
ponents. Additionally, they are involved in cell division and are responsible, among other
things, for the assembly of microtubule spindles and the separation of chromosomes. Their
expression is tightly regulated and its disturbance can lead to increased (in the case of
upregulation) or decreased (downregulation) cell proliferation [34].

In the case of the BPV-E1ˆE4 insert, the largest number of DEGs were involved in focal
adhesion, with 99 genes in total, and nearly twice as many genes were upregulated. This
may indicate a high involvement of the BPV-E1ˆE4 fusion protein in the processes related
to cells migration. Another significant GO was the negative regulation of the canonical
Wnt signaling pathway. Deregulation of this pathway is associated with the formation
and metastasis of numerous cancers, such as colorectal cancer, breast cancer, and ovarian
cancer [35]. An example that can be drawn from our present study is the overexpression
of the SOX9 gene, which is considered a tumor progression factor [36]. The results of
the research by Aldaz et al. [36] proved that an increased level of SOX9 can promote
tumor cell proliferation in both in vitro and in vivo models throughout BMI1 activation
and p21 inhibition. The study by Xue et al. [37] pinpointed the strong influence of the
overexpression of SOX9 on breast cancer stem cells, while in the report by Ma et al. [38],
SOX9 was designated as a “master regulator” of the processes encompassing the survival
and metastasis of breast cancer cells [38].

Additionally, GOs, whose deregulation is associated with carcinogenic processes, such
as apoptosis, and which are classified as related to hallmarks of cancer [39], and the TGF-β
(transforming growth factor-β) receptor (TGFBR) signaling pathway, have been shown to
be significant. The TGF-β gene is considered to be one of the most potent regulators of cell
proliferation (usually negative), and it can also function as a promoter of the metastasis of
TGF-β-resistant tumor cells [40]. Several previous reports indicated that upregulation of
the TGFβ1 gene is characteristic during tumorigenesis and can promote cell motility and
migration [41,42]. Moreover, in vitro studies by Zhou et al. [43] have confirmed that the
transfection of neoplastic (adenocarcinoma) cells derived from colonic and rectal epithelial
cells (enterocytes) with the use of a pCMV5-TGFBR1*6A-HA gene construct brings about
TGFBR1*6A (type 1 transforming growth factor β receptor)-induced activation of the p38
MAPK pathway, followed by expedited and highly malignant oncogenic modulation of
these colorectal tumor cells. This, in turn, gives rise to an enhancement of the ex vivo
capabilities of colorectal cancer cells to grow unchecked, invade less invasive or noninvasive
subpopulations of intestinal adenocarcinoma cells, and metastasize from primary malignant
lesions (i.e., primary tumor sites) to other locations (the so-called metastatic foci) of the
transgenic cell culture engineering model [43]. The upregulation of the TGFBR gene,
which was observed in our study due to the BPV-E1ˆE4 transgene-mediated oncogenic
transformation of equine ACFCs into sarcoid-like cells, may also indicate a pivotal role of
TGF-β receptors in the onset and progression of the processes responsible for the migration
and metastasis of neoplastic cells. The other upregulated gene, which represents the GOs
related to TGF-β receptors, is the c-Fos proto-oncogene, widely recognized as one of the
most important predictors determining carcinoma’s progression [44]. The exact role of the
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FOS gene in tumorigenesis and metastasis is still unclear, but the overexpression of this
gene has been hypothesized to trigger tumorigenesis and, thereby, has been potentially
found to be a poor prognostic factor for oncology patients. The increased expression of the
FOS gene can trigger the VEGF (vascular endothelial growth factor) and enhance NANOG
and c-myc genes in head and neck squamous cell carcinoma [45]. On the other hand,
downregulation of the Fos proto-oncogene can be related to tumor suppression [46].

The whole transcriptome’s modification under both transfection types showed the
significant overexpression of genes involved in pathways related to cytoskeleton and ECM–
matrix remodeling: regulation of actin cytoskeleton, focal adhesion, and ECM–receptor
interaction. These results confirmed previous findings that in cancer the ECM matrix is
subject to dynamic changes that reflect progression and metastasis [47,48]. Together with
collagens and laminins, ECM matrix modification stimulated cancer cell activity and tumor
progression [49,50]. The present study allowed us to identify the differential expression
of collagens, laminin, and integrins. The detected significantly enriched GO was due to
the collagen fibril organization. The collagen family is the most exposed DEG family in
this analysis, in contrast to the analysis performed for the BPV-E4 protein. The integrin
and kinesin superfamily proteins had the largest share. Moreover, both BPV-E4- and BPV-
E1ˆE4-mediated nucleofection of equine ACFCs brought about the upregulation of FGFR3
and FGF12 (fibroblast growth factor receptor 3 and fibroblast growth factor 12), which are
known as factors promoting tumor growth and metastasis [51].

Surprisingly, we have also observed differential expression of the F2R gene (encoding
coagulation factor II thrombin receptor), which, according to the literature, can stimulate
the migration and invasion of cancer cells under SOX9 influence [52]. The other gene up-
regulated in nucleofected equine ACFCs was ROCK2 (Rho associated coiled-coil containing
protein kinase 2). Kaczorowski et al. [53] indicated that both ROCK1 and ROCK2 genes can
be critical for controlling cellular motility and cancer invasiveness, while the inhibition of
ROCK2 decreased the tumor growth based on the osteosarcoma model [54].

The equine ACFCs nucleofected with the BPV-E1ˆE4 gene construct displayed signifi-
cant deregulation of s higher number of pathways than BPV-E4 transgenic ACFCs, such as
the FoxO signaling pathway, the PI3K-Akt and TNF signaling pathways, and Proteoglycans
in cancer. The study by Semik et al. [16], which was focused on transcriptome differences
between sarcoid and healthy skin tissues, showed significant over-representation of genes
belonging to the PI3K-Akt signaling pathway, pathways in cancer, and cytokine–cytokine
receptor interaction. Moreover, the abovementioned authors have observed differences
in the expression of genes involved in actin cytoskeleton regulation, tight junction, and
cell adhesion. Genes with differential expression such as FGFR2 and FGF10 have been
identified in healthy and sarcoid-related tissues [16] and, analogously, in both BPV-E1ˆE4
transgenic ACFCs and their control, nontransgenic counterparts. Similar to in the present
study, healthy skin and sarcoids were characterized by differences with regard to colla-
gens, integrins, and tubulin genes, which can affect the cytoskeleton arrangement and
cell mobility [16].

Interestingly, in the current in vitro study, we noticed the significant downregulation
of the IGF2 (insulin-like growth factor 2) and EGFR1 (epidermal growth factor receptor
1) genes. Such results are in contrast to the literature data, which showed overexpression
of both genes in different types of cancers. The increased expression of the IGF2 gene is
strongly associated with a poor prognosis via stimulating cell proliferation [55]. Similarly,
upregulation of the EGFR1 gene, which is closely related to the tumor stage [56], and
its overexpression means a poor prognosis of clinical outcome [57]. The low expression
of both genes is characteristic for normal cells, but not for their neoplastic counterparts.
Nonetheless, EGFR1 can be downregulated by different factors such as decorin [58] or
ubiquitin-specific peptidase 8 (UBPY) [59]. Such a mechanism aims to terminate cell
proliferation and stop uncontrolled cell growth, which contributes to carcinogenesis. On
the other hand, we observed the significant upregulation of the insulin receptor gene
(ISNR), which is responsible for stimulation of tumor cell proliferation, migration, and
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invasion [60], and can be co-expressed with the EGFR gene in tumors [61]. Overexpression
of INSR is correlated with a poor prognosis for oncology patients [62] and can be used as
an early tumor-related marker [63]. However, it should be highlighted that, in this study,
the effect of only one gene of the BP virus is investigated. The aforementioned differences
in the achieved gene expression levels may result from the lack of interaction with other
viral proteins. Thus, neoplastic changes may occur differently.

To sum up, the results of the current investigation have confirmed that BPV-E4- and
BPV-E1ˆE4-mediated nucleofection significantly affected transcriptomic alterations, leading
to sarcoid-like neoplastic transformation of equine ACFCs. Nevertheless, the changes in
transcriptomic signatures arising in the cells nucleofected with BPV-E1ˆE4 fusion genes
increasingly tended to resemble those that occurred in vivo in equine sarcoids. This finding
may be justified by the onset and progression of modifications in crucial signaling pathways
such as PI3K-Akt-mediated signal transduction pathway and a variety of closely related
pathways. For this reason, we propose the strategy based on transgenically induced
expression of BPV-E1ˆE4 fusion protein as a completely new ex vivo model of sarcoid-
dependent oncogenic transformation in equine ACFCs. This biomedical model can be used
not only to more comprehensively explore and decipher the molecular nature of dermal
sarcoid-like neoplasia, but also to preclinically or clinically predict the directions and targets
of anticancer therapies in specimens afflicted with epidermal and dermal sarcoids.

4. Materials and Methods
4.1. Experimental Schedule

The experimental protocol (as depicted in Figure 7) was divided into three main steps:
(1) designing and preparing the transgene sequences to be expressed in equine ACFCs;
(2) nucleofection-mediated neoplastic transformation of ACFCs prompted by BPV-E4 and
BPV-E1ˆE4 transgenes; and (3) analysis of transcriptome changes in BPV-E4 and BPV-E1ˆE4
transgenic cells.
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the molecular nature of dermal sarcoid-like neoplasia, but also to preclinically or clinically 
predict the directions and targets of anticancer therapies in specimens afflicted with 
epidermal and dermal sarcoids. 

4. Materials and Methods 
4.1. Experimental Schedule 

The experimental protocol (as depicted in Figure 7) was divided into three main 
steps: (1) designing and preparing the transgene sequences to be expressed in equine 
ACFCs; (2) nucleofection-mediated neoplastic transformation of ACFCs prompted by 
BPV-E4 and BPV-E1^E4 transgenes; and (3) analysis of transcriptome changes in BPV-E4 
and BPV-E1^E4 transgenic cells. 

 
Figure 7. Experimental schedule. Created with BioRender.com [64]. Figure 7. Experimental schedule. Created with BioRender.com [64].

In the first series of experiments, the gene sequences were designed based on in-
formation available in the biological database PaVe [65]. The sequences were cloned by
the manufacturer (GeneArt Gene Synthesis, Thermo Scientific, Waltham, MA, USA) into
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pMA-T plasmids, from which they were cut out with appropriately selected restriction
enzymes. The excised sequences were cloned into expression plasmids (T-REx System,
Invitrogen, Waltham, MA, USA, Thermo Scientific). The plasmids were propagated in
competent Escherichia coli bacteria (strain DH5α; Invitrogen).

In the second series of experiments, the sarcoid-dependent genetic transformation of
ACFCs was induced by nucleofection with the use of BPV-E4 and BPV-E1ˆE4 transgenes.
Positively transformed nucleofectants that had acquired combined immune resistance to a
cocktail of select antibiotics were expanded ex vivo and subsequently assigned to a further
series of experiments.

In the third series of experiments, in order to perform a transcriptome analysis, RNA
samples were isolated from the control (nontransgenic) and BPV-E4 and BPV-E1ˆE4 trans-
genic cell lines, from which cDNA libraries were then derived. The assessment of tran-
scriptomic profiles was accomplished by next-generation sequencing (NGS) on an Illumina
apparatus (Illumina, San Diego, CA, USA).

4.2. Designing Gene Inserts for Further Experiments Aimed at Nucleofection of Equine ACFCs

The inserted sequence of the BPV-E4 gene was designed on the basis of the information
available in the papillomavirus database, PaVe [65]. The sequence of the analyzed gene
was designed with two variants. The first variant was based on the amino acid sequence
of the BPV1-E4 protein (gi 60965.E4) transcribed into the sequence encoding a given gene.
The second variant was based on the amino acid sequence of the BPV-E4 protein, including
the amino acid sequence of the BPV-E1 protein fragment (gi 60965), which more closely
corresponds to the actual structure of the BPV-E4 protein in vivo. In addition, the sequences
were flanked with amino acid sequences characteristic of restriction enzymes (two different
enzymes for each insert) enabling the creation of sticky ends. The enzymes were selected
based on the MCS sequence of the plasmids of the target inserts (pcDNA4/TO/myc-his/B;
T-REx System; Invitrogen) in such a way that the sequence ends they formed were not com-
plementary. Such selection of enzymes prevented the formation of circular structures inside
the enzymatic digestion products and also ensured that the insert sequence was placed in
the correct direction concerning the target plasmid sequence. Additionally, the sequences
of the inserts were enriched with the consensus KOZAK sequence (gccgccaccatgg).

4.3. The Reactions of Enzymatic Restriction and Ligation

The insert sequences provided by the manufacturer were cloned into pMA-T plasmids,
from which they were excised using the restriction enzymes included in the design process.
The reaction mixture contained a DNA template in the form of a plasmid containing the
appropriate gene and a set of specific enzymes along with a buffer matched to them (for
the gene: BPV-E4-AflII, KpnI, buffer 2.1; BPV-E1ˆE4-SacII, AflII, Cut Smart buffer; New
England BioLabs, Ipswich, MA, USA), and digestion was carried out overnight. In addition,
pcDNA plasmids from the T-REx system set (pcDNA4/TO/myc-His/B; Invitrogen) were also
digested by restriction enzymes corresponding to the individual sequences of the inserts.
The amount of template DNA was estimated to obtain 400 ng of the actual product (cut
insert sequence or linear plasmid), which corresponds to the maximum amount of DNA
that could be used in one sample during the gel purification method, made in the next step.

Digestion products were separated with agarose gel electrophoresis (0.8% low melting
point agarose in TBE buffer, 80 V, until DNA band separation). The DNA band containing
the viral gene sequence (BPV-E4 or BPV-E1ˆE4) or a linear form of the digested plasmid
was cut from the gel (ethidium bromide-mediated staining) and purified with a High Pure
PCR Product Purification Kit (Roche, Warsaw, Poland). Purified DNA was eluted in the
manufacturer’s buffer, heated to 56 ◦C.

The obtained fragments of the corresponding gene variants were combined with
the pcDNA 4/TO/myc-His/B plasmid in a mass ratio of 3:1. The required volumes of indi-
vidual DNA were calculated using an online calculator [66]. According to the manufac-
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turer’s guidelines, the reaction was performed with a Rapid DNA Ligation Kit (Roche,
Basel, Switzerland).

4.4. Molecular Cloning of DNA Plasmid Constructs with Inserted BPV-E4 or BPV-E1ˆE4
Gene Sequences

Plasmids were cloned with Subcloning Efficiency DH5α Competent Cells (Invitrogen).
Ten nanograms of plasmid DNA were introduced into bacteria by the heat-shock method.
After the addition of DNA, the bacteria were held at 42 ◦C for 20 s after 30 min of incubation
on ice, and then the bacteria were put on ice again for 2 min. Transformed bacteria
were incubated in 1 mL low-salt Luria-Bertani Broth (Sigma-Aldrich, Merck Life Sciences,
Poznań, Poland) for 1 h at 225 rpm and 37 ◦C. The bacteria were seeded on a low-salt
LB broth with the addition of agarose (Sigma-Aldrich) and 120 µg/mL ampicillin (Gibco,
Thermo Scientific), which served as a selective antibiotic, and incubated overnight at
37 ◦C. The genetically transformed bacterial cells that had been found to display immune
resistance to ampicillin were positive for the occurrence of plasmid DNA. Obtained bacterial
colonies were tested for positive recombination with Quick Screen PCR. Fragments of
picked bacterial colonies were suspended in 15 µL of 0.1% Triton X-100 (Sigma-Aldrich)
in TE buffer, then incubated in 100 ◦C for 5 min and centrifuged (13,000× g; 10 min). The
supernatant was sequenced (Sanger method; Genetic Analyzer XL, Applied Biosystems,
Thermo Fisher Scientific) to confirm the presence and quality of plasmids. Bacterial colonies
that were positive for plasmid presence were grown for 14 h at 37 ◦C (250 rpm) in 100 mL of
low-salt LB broth (Sigma-Aldrich) enriched with 120 µg/mL ampicillin. Suspended bacteria
were centrifuged (4500× g; 20 min; 4 ◦C) followed by removal of supernatants. Plasmid
DNA was isolated with a Qiagen Plasmid Midi Kit (Qiagen, Wroclaw, Poland), according
to the manufacturer’s protocol. Plasmid DNA was eluted in 50 mL of TC-treated water.

4.5. Establishment of Primary Cultures and Mitotically Stable Lines of Equine Adult Cutaneous
Fibroblast Cells (ACFCs)

Adult skin tissue-derived biopsies (n = 4) were collected postmortem from the lower
eyelid regions of horses slaughtered in the local abattoir. Dermal tissue samples were
deposited into tubes filled with Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), HEPES (Gibco) and primocin
(InvivoGen, Alab, Warsaw, Poland). Tubes were stored at 4 ◦C for no longer than 24 h after
the recovery of cutaneous tissue explants.

Primary cell cultures were generated according to the modified procedures described
in the study by Tomasek et al. [67]. Briefly, dermal tissue samples were disinfected with 70%
ethanol and washed thrice in a 1× solution of Dulbecco’s phosphate-buffered saline (DPBS;
pH 7.2; Gibco), followed by cutting into smaller pieces (approximately 2 mm × 2 mm),
which were placed into cell culture flasks containing DMEM (Gibco) enriched with 10% FBS
and primocin. Cutaneous tissue fragments were incubated at 37 ◦C in an atmosphere of 5%
CO2 and 100% humidity for two weeks, until the cells spontaneously migrated from the
tissue explants. The culture medium was changed two times per week and passages were
performed immediately after the ex vivo proliferating cells had reached 90% confluence.
The first passages were characterized by the presence of epidermal keratinocytes in culture.
Therefore, during the passaging procedure, the cells were trypsinized until the adherent
equine adult cutaneous fibroblast cells (ACFCs) were efficiently detached. Keratinocytes, as
less detachable epidermal cells [68], were still attached to the bottom of the culture dishes.
For that reason, these cell subpopulations have not been replated. The homogenous ACFC
lines, in the subpopulations of which the disappearance of epidermal keratinocytes was
clearly confirmed, were successfully established at the third passage.

4.6. Genetic Transformation of Equine ACFCs Mediated by Nucleofection

The approaches that were applied both to prepare the equine ACFCs prior to nucleo-
fection and to nucleofect them were accomplished according to the methods used for the
transgenization of porcine dermal fibroblast cells (NDCs for SCNT), as comprehensively
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described in studies by Skrzyszowska et al. [21] and Samiec et al. [22]. Briefly, the ex vivo
expanded equine ACFCs that had previously reached approximately 90% confluence were
prepared for the nuclefection procedure by trypsinization and subsequent resuspension
in HEPES-buffered Tissue Culture Medium 199 (TCM 199; Sigma-Aldrich) supplemented
with 5% FBS (Sigma-Aldrich), followed by centrifugation at 200× g for 10 min. Afterwards,
the centrifugation pools of cells (each at a concentration ranging from 4 × 105 to 5 × 105)
were subjected to co-transfection nucleofection using the AmaxaTM Normal Human Dermal
Fibroblast– Adult (NHDF-Adult) NucleofectorTM Kit (Lonza, CELLLAB, Warsaw, Poland)
and a mixture of two pcDNA plasmids included in the T-REx kit (Invitrogen). The afore-
mentioned mixture of two plasmids (a total amount of 2.8 µg and in a mass ratio of 6:1) was
comprised of pcDNA™ 6/TR and pcDNA™ 4/TO/myc-His/B with the appropriate transgene
variant inserted (either BPV-E4 or BPV-E1ˆE4). The co-transfection of equine ACFCs was
carried out within the Amaxa nucleofection cuvettes inserted into the holder of the Amaxa
NucleofectorTM II Device (Amaxa Biosystems, Lonza, Medianus, Kraków, Poland). The
nucleofection process was triggered by the U-023 program intended for transgenization of
human dermal fibroblasts and resulted in high transfection efficiency. The U-023 program
was delivered by Amaxa NucleofectorTM Technology (Amaxa Biosystems).

4.7. Treatment of Cell Nucleofectants Leading to Positive Antibiotic-Dependent Selection of
BPV-E4 or BPV-E1ˆE4 Transgenic Equine ACFCs and Their Subsequent Tetracycline-Induced
Neoplastic Transformation into Sarcoid-like Cells

After nucleofection, the equine ACFCs were seeded into collagen-coated culture dishes
(Greiner Bio-One GmbH, BIOKOM Systems, Janki near Warsaw, Poland) and incubated for
48 h in DMEM enriched with recombinant human basic fibroblast growth factor (rh-bFGF;
Sigma-Aldrich). The culture medium was subsequently changed to a medium supple-
mented with 200 µg/mL zeocin (Invitrogen) and 6 µg/mL blasticidin S (Thermo Scientific,
Waltham, MA, USA). As a consequence of zeocin- and blasticidin S-dependent negative
selection, the nontransgenic (TG–) cells that had not effectively undergone BPV-E4- or
BPV-E1ˆE4-induced oncogenic transformation were eliminated from subpopulations en-
compassing cell nucleofectants due to the lack of immune resistance to selective antibiotics
(i.e., combined resistance to zeocin and blasticidin S). The ACFCs that had undergone
efficient transgenization were found to display antibiotic resistance. Seven days later, the
selection was complete and the remaining positively selected transgenic (TG+) cells were
cultured under standard conditions in the medium supplemented with 10% Tet-System
Approved FBS (Gibco). Plasmid expression was induced by the addition of 1 µg/mL tetra-
cycline (Invitrogen) to the culture medium 24 h before accomplishing further procedures.

The concentrations of the individual antibiotics were selected by establishing the low-
est concentrations of the antibiotics that destroyed the cell culture within a week. For this
purpose, media with different concentrations of individual antibiotics were introduced into
the cultures, carried out in 96-well culture plates with 100% confluence. The concentrations
were 2, 4, 6, 8, 9, 10, 11, 12, and 14 µg/mL for blasticidin S and 50, 100, 200, 400, 600,
800, 1000, 1100, and 1300 µg/mL for zeocin. One week later, the number of vial cells was
measured using CellTiter Blue dye (Promega, Walldorf, Germany). The culture medium
was removed from each well, and then 100 µL of culture medium with dye was added to it
(in a 5:1 ratio). The cultures were then incubated for 5.5 h in an incubator (37 ◦C, 5% CO2,
100% humidity), protected from light. The measurement was performed on a PlateReader
2200 (Eppendorf, Warsaw, Poland) (excitation: 535 nm, emission: 595 nm). The lowest
concentrations of antibiotics were selected as those for which the fluorescence level did not
differ significantly from the fluorescence of empty wells.

4.8. Detection of BPV DNA in Equine ACFCs Subjected to Oncogenic Transformation with the
Aid of Nucleofection

DNA was isolated with a NucleoMag Vet Kit (Macherey-Nagel, Bionovo, Legnica,
Poland) according to the manufacturer’s protocol. DNA was dissolved in DEPC-treated
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water (Life Technologies, Ambion, Thermo Scientific, Waltham, MA, USA). The quality of
isolated DNA was checked with NanoDrop 2000 (Life Technologies).

Polymerase chain reaction (PCR) was performed with AmpliTaq Gold 360 Master Mix
polymerase (Applied Biosystems) with primers specific for the BPV1 and BPV2 consensus
region [69]. The temperature profile was set with respect to the polymerase supplier’s pro-
tocol and with a primer annealing temperature of 57–58 ◦C. PCR products were separated
in agarose gel electrophoresis (3% agarose in TBE).

4.9. Isolation of RNA Samples from BPV-E4 and BPV-E1ˆE4 Transgenic Equine ACFC-Derived
Neoplastic Cells

According to the producer’s protocol, RNA was directly isolated from adherent cul-
tures of BPV-E4 and BPV-E1ˆE4 transgenic equine ACFC-derived neoplastic cell lines that
were expanded ex vivo on the bottom of culture dishes. To extract RNA samples, a Pure-
Link™ RNA mini kit (Invitrogen) was used. The procedure was maintained, with the
addition of a DNase treatment step (PureLink™ DNase Set, Invitrogen). RNA was eluted
with DEPC-treated water (Thermo Fisher Scientific, Waltham, MA, USA).

The quality and quantity of RNA were measured with a 2200 TapeStation Automated
Electrophoresis System (Agilent Technologies, Santa Clara, CA, USA), as well as a nan-
odrop 2000 spectrophotometer (Thermo Scientific) and agarose gel (2% agarose in TBE
buffer) electrophoresis.

4.10. NGS Sequencing among Oncogenically Transformed Equine ACFCs Expressing BPV-E4 and
BPV-E4ˆE1 Transgenes

All samples were sequenced using the NGS approach. High-quality RNA (RIN value
from 9.3 to 9.8) was used for cDNA libraries preparation with the TruSeq RNA Kit v2 kit
(Illumina, San Diego, CA, USA) according to the attached protocol. The individual cDNA
libraries were ligated with different indexes to be able to pool samples during the NGS
sequencing procedure. The quality and quantity of obtained libraries were assessed using
Qubit 2.0 (Qubit™ dsDNA BR AssayKit, Invitrogen, Waltham, MA, USA) and TapeStation
2200 (D100 ScreenTapes, Agilent Technologies, Santa Clara, CA, USA). In the next step,
the cDNA libraries were sequenced on the NextSeq 500 Illumina platform (Illumina) and
NextSeq 500/550 High Output KIT v 2.5 (75 cycles) according to the protocol.

The raw data were first checked for quality with FastQC v0.11.7 software, followed
by the removal of adapters and low-quality reads (Phred quality of 20 and read length of
36). Then, the filtered reads were mapped to the EquCab3 genome with STAR software.
Afterwards, the mapped reads were annotated and counted to specific gene thresholds
with the usage of Ensembl GTF file version 100 (via htseq-count software). Differential
expression analysis was performed with the use of Deseq2 software v3.14.

Gene Ontology enrichment and over-represented Pathways analyses (KEGG, GO)
were performed using David software (version 6.8) [70] based on the Equus caballus refer-
ence. The significance was based on the False Discovery Rate (FDR), calculated as a p-value
after Benjamin multiple testing correction [71]. For the visualization of gene interaction,
String software v11.5 [24] was applied with Equus caballus as a reference.

4.11. qPCR-Assisted Validation Accomplished for Transcriptional Activity Levels of Genes in
Neoplastically Transformed Equine ACFCs Expressing BPV-E4 and BPV-E1ˆE4 Transgenes

RNA-seq validation was performed using real-time PCR. The exact transcript levels
were estimated for 10 DEGs for which specific primers were designed based on Ensemble
reference (Primer3 Input (version 0.4.0) software; [72]) (Table S1). The cDNA samples
were synthesized from 300 ng of total RNA using a High-Capacity RNA-to-cDNA™ Kit
(Applied Biosystems). The qPCR reaction was carried out in triplicate for each sample with
Sensitive RT HS-PCR EvaGreen Mix (A&A Biotechnology, Gdynia, Poland) according to the
manufacturer’s protocol and using QuantStudio7Flex platform (Applied Biosystems). The
expression was calculated using the delta–delta CT method, according to Pfaffl et al. [73],
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and based on two endogenous controls, i.e., ACTB and UBB genes that encode β-actin and
ubiquitin B, respectively [74].

The NGS data (normalized counts) and relative quantity (RQ) were compared using
the Pearson correlation (SAS software, version 8.02).

5. Conclusions

Our research sought to unravel the transcriptomic signatures of in vitro proliferating
BPV-E4 and BPV-E4ˆE1 transgenic equine ACFCs that have undergone sarcoid-dependent
oncogenic transformation. It might contribute to further investigations focused on somatic
cell cloning in domestic horses and other equids. The goal of these investigations might be
determining the suitability of nonmalignant sarcoid-like derivatives of ACFCs to be used
as an epigenomically plastic and dedifferentiable source of NDCs for generating equine
cloned embryos and offspring by SCNT-mediated ARTs. This might be of importance for
both empirically and preclinically developing novel ex vivo biomedical models. The latter
will attempt to track and decipher the molecular pathways of the processes responsible for
the epigenomic reprogrammability of transcriptional profiles within the nuclear DNA of
transgenic equine ACFC-derived sarcoid-like cells. On the one hand, the formerly indicated
processes have been found to incur at the onset and progression of sarcoid-dependent
neoplasia due to nucleofection-mediated cancerous transformation under extracorporeal
conditions. On the other hand, these processes might trigger the irreversible attenuation of
neoplastic transformation into dermal sarcoid-like tumors and subsequent initiation of the
anticancer conversion of neoplastic ACFCs as a result of SCNT-based cloning, not only in
horses but also in other taxonomic representatives of the Equidae family.
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Abbreviations

ACFC Adult cutaneous fibroblast cell
ACTB Actin β

ADAM Disintegrin and metalloproteinase domain
Akt Serine/threonine kinase
ART Assisted reproductive technology
BAD Bcl2-associated agonist of cell death
BCG Bacillus Calmette–Guérin
BMI Polycomb ring finger
BPV Bovine Papillomavirus
CCND Cyclin D
CD Cluster of differentiation
CDK Cyclin-dependent kinase
COL Collagen
DAVID Database for Annotation, Visualization, and Integrated Discovery
DEG Differentially expressed gene
DMEM Dulbecco’s Modified Eagle’s Medium
DPBS Dulbecco’s phosphate-buffered saline
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
F2R Coagulation factor II thrombin receptor
FBS Fetal bovine serum
FDR False discovery rate
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FOS Fos proto-oncogene
FoxO Forkhead box O
GEO Gene Expression Omnibus
GO Gene Ontology
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IGF Insulin-like growth factor
ISNR Insulin receptor
ITG Integrin
ITGA Integrin subunit α
KEGG Kyoto Encyclopedia of Genes and Genomes
KIF Kinesin superfamily protein
LAMA Laminin subunit α
LB Luria–Bertani
MAPK Mitogen-activated protein kinase
MCS Multiple cloning site
MMP Matrix metalloproteinase
NANOG Nanog homeobox
NCR Noncoding region
NDC Nuclear donor cell
NGS Next generation sequencing
PCA Principal component analysis
PCR Polymerase chain reaction
PI3K Phosphoinositide 3-kinase
PTGER Prostaglandin E receptor
Rap Ras-related protein
RECK Reversion inducing cysteine rich protein with kazal motifs
Rho Rhodopsin
ROCK Rho-associated coiled-coil containing protein kinase
SCNT Somatic cell nuclear transfer
SOX SRY-box transcription
TBE Tris/borate/EDTA
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TCM Tissue culture medium
TE Tris-EDTA
TGFB Transforming growth factor β
TGFBR Transforming growth factor β receptor
TIMP Tissue inhibitor of metalloproteinase
TNF Tumor necrosis factor
UB Ubiquitin
UBP Ubiquitin-specific peptidase
URR Upstream regulatory region
VEGF Vascular endothelial growth factor
Wnt Wingless-type MMTV integration site family
XIAP X-linked inhibitor of apoptosis
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22. Samiec, M.; Skrzyszowska, M.; Lipiński, D. Pseudophysiological transcomplementary activation of reconstructed oocytes as a
highly efficient method used for producing nuclear-transferred pig embryos originating from transgenic foetal fibroblast cells.
Pol. J. Vet. Sci. 2012, 15, 509–516. [CrossRef] [PubMed]

23. R: The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 21 January 2022).
24. STRING: Functional Protein Association Networks. Available online: https://string-db.org/ (accessed on 21 January 2022).

198



Int. J. Mol. Sci. 2022, 23, 1970

25. Doorbar, J.; Foo, C.; Coleman, N.; Medcalf, L.; Hartley, O.; Prospero, T.; Napthine, S.; Sterling, J.; Winter, G.; Griffin, H.
Characterization of Events during the Late Stages of HPV16 Infectionin VivoUsing High-Affinity Synthetic Fabs to E4. Virology
1997, 238, 40–52. [CrossRef] [PubMed]

26. Pray, T.R.; Laimins, L.A. Differentiation-Dependent Expression of E1ˆE4 Proteins in Cell Lines Maintaining Episomes of Human
Papillomavirus Type 31b. Virology 1995, 206, 679–685. [CrossRef]

27. Wilson, R.; Fehrmann, F.; Laimins, L.A. Role of the E1–E4 Protein in the Differentiation-Dependent Life Cycle of Human
Papillomavirus Type 31. J. Virol. 2005, 79, 6732–6740. [CrossRef]

28. Boer, J.M.; Huber, W.K.; Sültmann, H.; Wilmer, F.; von Heydebreck, A.; Haas, S.; Korn, B.; Gunawan, B.; Vente, A.; Füzesi, L.; et al.
Identification and Classification of Differentially Expressed Genes in Renal Cell Carcinoma by Expression Profiling on a Global
Human 31,500-Element CDNA Array. Genome Res. 2001, 11, 1861–1870. [CrossRef] [PubMed]

29. Nakamura, T.; Furukawa, Y.; Nakagawa, H.; Tsunoda, T.; Ohigashi, H.; Murata, K.; Ishikawa, O.; Ohgaki, K.; Kashimura,
N.; Miyamoto, M.; et al. Genome-Wide CDNA Microarray Analysis of Gene Expression Profiles in Pancreatic Cancers Using
Populations of Tumor Cells and Normal Ductal Epithelial Cells Selected for Purity by Laser Microdissection. Oncogene 2004, 23,
2385–2400. [CrossRef] [PubMed]

30. Yoon, J.; Lee, J.; Namkoong, S.; Bae, S.; Kim, Y.W.; Han, S.; Cho, Y.; Nam, G.; Kim, C.-K.; Seo, J.-S.; et al. cDNA Microarray
Analysis of Gene Expression Profiles Associated with Cervical Cancer. Cancer Res. Treat. 2003, 35, 451–459. [CrossRef]

31. Desgrosellier, J.S.; Cheresh, D.A. Integrins in Cancer: Biological Implications and Therapeutic Opportunities. Nat. Rev. Cancer
2010, 10, 9–22. [CrossRef]

32. Hamidi, H.; Ivaska, J. Every Step of the Way: Integrins in Cancer Progression and Metastasis. Nat. Rev. Cancer 2018, 18, 533–548.
[CrossRef]

33. Valdembri, D.; Serini, G. The Roles of Integrins in Cancer. Fac. Rev. 2021, 10, 45. [CrossRef]
34. Lucanus, A.J.; Yip, G.W. Kinesin Superfamily: Roles in Breast Cancer, Patient Prognosis and Therapeutics. Oncogene 2018, 37,

833–838. [CrossRef] [PubMed]
35. Koni, M.; Pinnarò, V.; Brizzi, M.F. The Wnt Signalling Pathway: A Tailored Target in Cancer. Int. J. Mol. Sci. 2020, 21, 7697.

[CrossRef] [PubMed]
36. Aldaz, P.; Otaegi-Ugartemendia, M.; Saenz-Antoñanzas, A.; Garcia-Puga, M.; Moreno-Valladares, M.; Flores, J.M.; Gerovska, D.;

Arauzo-Bravo, M.J.; Samprón, N.; Matheu, A.; et al. SOX9 Promotes Tumor Progression through the Axis BMI1-P21CIP. Sci. Rep.
2020, 10, 357. [CrossRef] [PubMed]

37. Xue, Y.; Lai, L.; Lian, W.; Tu, X.; Zhou, J.; Dong, P.; Su, D.; Wang, X.; Cao, X.; Chen, Y.; et al. SOX9/FXYD3/Src Axis Is Critical for
ER+ Breast Cancer Stem Cell Function. Mol. Cancer Res. MCR 2019, 17, 238–249. [CrossRef] [PubMed]

38. Ma, Y.; Shepherd, J.; Zhao, D.; Bollu, L.R.; Tahaney, W.M.; Hill, J.; Zhang, Y.; Mazumdar, A.; Brown, P.H. SOX9 Is Essential for
Triple-Negative Breast Cancer Cell Survival and Metastasis. Mol. Cancer Res. MCR 2020, 18, 1825–1838. [CrossRef]

39. Hanahan, D.; Weinberg, R.A. The Hallmarks of Cancer. Cell 2000, 100, 57–70. [CrossRef]
40. Jakowlew, S.B. Transforming Growth Factor-β in Cancer and Metastasis. Cancer Metastasis Rev. 2006, 25, 435. [CrossRef]
41. Kim, W.; Kim, E.; Lee, S.; Kim, D.; Chun, J.; Park, K.H.; Youn, H.; Youn, B. TFAP2C-Mediated Upregulation of TGFBR1 Promotes

Lung Tumorigenesis and Epithelial–Mesenchymal Transition. Exp. Mol. Med. 2016, 48, e273. [CrossRef]
42. Zeng, Q.; Phukan, S.; Xu, Y.; Sadim, M.; Rosman, D.S.; Pennison, M.; Liao, J.; Yang, G.-Y.; Huang, C.-C.; Valle, L.; et al. Tgfbr1

Haploinsufficiency Is a Potent Modifier of Colorectal Cancer Development. Cancer Res. 2009, 69, 678–686. [CrossRef]
43. Zhou, R.; Huang, Y.; Cheng, B.; Wang, Y.; Xiong, B. TGFBR1*6A Is a Potential Modifier of Migration and Invasion in Colorectal

Cancer Cells. Oncol. Lett. 2018, 15, 3971–3976. [CrossRef]
44. Mahner, S.; Baasch, C.; Schwarz, J.; Hein, S.; Wölber, L.; Jänicke, F.; Milde-Langosch, K. C-Fos Expression Is a Molecular Predictor

of Progression and Survival in Epithelial Ovarian Carcinoma. Br. J. Cancer 2008, 99, 1269–1275. [CrossRef]
45. Muhammad, N.; Bhattacharya, S.; Steele, R.; Phillips, N.; Ray, R.B. Involvement of C-Fos in the Promotion of Cancer Stem-like

Cell Properties in Head and Neck Squamous Cell Carcinoma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 3120–3128.
[CrossRef]

46. Gao, F.; Zhou, L.; Li, M.; Liu, W.; Yang, S.; Li, W. Inhibition of ERKs/Akt-Mediated c-Fos Expression Is Required for
Piperlongumine-Induced Cyclin D1 Downregulation and Tumor Suppression in Colorectal Cancer Cells. OncoTargets Ther.
2020, 13, 5591–5603. [CrossRef]

47. Nallanthighal, S.; Heiserman, J.P.; Cheon, D.-J. The Role of the Extracellular Matrix in Cancer Stemness. Front. Cell Dev. Biol. 2019,
7, 86. [CrossRef] [PubMed]

48. Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K.J.; Werb, Z. Concepts of Extracellular Matrix Remodelling in Tumour Progression
and Metastasis. Nat. Commun. 2020, 11, 5120. [CrossRef] [PubMed]

49. Walker, C.; Mojares, E.; del Río Hernández, A. Role of Extracellular Matrix in Development and Cancer Progression. Int. J. Mol.
Sci. 2018, 19, 3028. [CrossRef] [PubMed]

50. Xu, S.; Xu, H.; Wang, W.; Li, S.; Li, H.; Li, T.; Zhang, W.; Yu, X.; Liu, L. The Role of Collagen in Cancer: From Bench to Bedside. J.
Transl. Med. 2019, 17, 309. [CrossRef] [PubMed]

51. Li, L.; Zhang, S.; Li, H.; Chou, H. FGFR3 Promotes the Growth and Malignancy of Melanoma by Influencing EMT and the
Phosphorylation of ERK, AKT, and EGFR. BMC Cancer 2019, 19, 963. [CrossRef]

199



Int. J. Mol. Sci. 2022, 23, 1970

52. Gao, G.; Yang, M.; Wang, F.; Dang, G.; Zhang, X.; Zhao, J.; Wang, X.; Jin, B. Coagulation Factor 2 Thrombin Receptor Promotes
Malignancy in Glioma under SOX2 Regulation. Aging 2020, 12, 10594–10613. [CrossRef] [PubMed]
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Abstract: An important component of tissues is the extracellular matrix (ECM), which not only forms
a tissue scaffold, but also provides the environment for numerous biochemical reactions. Its com-
position is strictly regulated, and any irregularities can result in the development of many diseases,
including cancer. Sarcoid is the most common skin cancer in equids. Its formation results from the
presence of the genetic material of the bovine papillomavirus (BPV). In addition, it is assumed that
sarcoid-dependent oncogenic transformation arises from a disturbed wound healing process, which
may be due to the incorrect functioning of the ECM. Moreover, sarcoid is characterized by a failure
to metastasize. Therefore, in this study we decided to investigate the differences in the expression
profiles of genes related not only to ECM remodeling, but also to the cell adhesion pathway, in order to
estimate the influence of disturbances within the ECM on the sarcoid formation process. Furthermore,
we conducted comparative research not only between equine sarcoid tissue bioptates and healthy
skin-derived explants, but also between dermal fibroblast cell lines transfected and non-transfected
with a construct encoding the E4 protein of the BP virus, in order to determine its effect on ECM
disorders. The obtained results strongly support the hypothesis that ECM-related genes are correlated
with sarcoid formation. The deregulated expression of selected genes was shown in both equine
sarcoid tissue bioptates and adult cutaneous fibroblast cell (ACFC) lines neoplastically transformed by
nucleofection with gene constructs encoding BPV1-E1ˆE4 protein. The identified genes (CD99, ITGB1,
JAM3 and CADM1) were up- or down-regulated, which pinpointed the phenotypic differences from
the backgrounds noticed for adequate expression profiles in other cancerous or noncancerous tumors
as reported in the available literature data. Unravelling the molecular pathways of ECM remodeling
and cell adhesion in the in vivo and ex vivo models of epidermal/dermal sarcoid-related cancerogen-
esis might provide powerful tools for further investigations of genetic and epigenetic biomarkers
for both silencing and re-initiating the processes of sarcoid-dependent neoplasia. Recognizing those
biomarkers might insightfully explain the relatively high capacity of sarcoid-descended cancerous
cell derivatives to epigenomically reprogram their nonmalignant neoplastic status in domestic horse
cloned embryos produced by somatic cell nuclear transfer (SCNT).
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1. Introduction

The extracellular matrix (ECM) is an important component of every tissue, which
apart from forming its scaffold, also provides an appropriate environment for a number of
biochemical processes, thus enabling the maintenance of homeostasis of the organism [1,2].
Each tissue has its own ECM composition, but its basic components are water, proteins
and polysaccharides [1]. These components enable the control of their behavior through
their continuous interaction with cells in several processes, such as migration, adhesion,
proliferation, differentiation, and survival [2,3]. In addition, the components of the ECM
are tightly organized and constantly change as a result of biochemical processes within
the ECM that must be carefully controlled. Any uncontrolled changes in the composition
of these components may lead to disturbances in the functioning of the whole organism,
thus leading to the development of disease [2,3]. In humans, these changes in the ECM
are associated with many diseases, such as osteogenesis imperfecta, Marfan syndrome,
coronary heart disease, hypertension, and asthma, as well as diseases of other systems
(liver cirrhosis, inflammatory bowel diseases, chronic kidney diseases) [3]. Moreover,
pathological changes in the composition of the ECM are considered to be one of the most
important factors leading to cancer.

In equines, the most common skin tumor is the sarcoid. This neoplasia is characterized
by a lack of metastatic capacity, although it may disturb the well-being of the affected
animal through induced discomfort or soreness. Moreover, there is no single effective
treatment for this tumor, and it has a high recurrence probability [4–7]. It has been shown
that the presence of the sarcoid is associated with the presence of genetic material of bovine
papillomavirus types 1 and 2 and, less frequently, 13 (BPV-1, -2 or -13) [5,8,9]. This virus
belongs to a species-specific family of viruses attacking skin cells, Papillomaviridae, and
the sarcoid is the only documented case of infection of an organism other than its default
host [10,11]. The genome of BPV consists of double-stranded DNA in which the late genes
(L1 and L2) and early genes (E1–E7) can be specified. Late genes are responsible for the
production of capsid proteins, while early genes are related to replication, transcription
control and encode individual viral proteins, including transforming proteins [12].

The exact mechanism responsible for the formation of the sarcoid is not fully under-
stood. It has been shown that the mere presence of viral genetic material in skin cells is not
sufficient to generate a sarcoid [9,13]. However, it has been observed that sarcoids are most
often formed in places where the skin has been previously traumatized [8]. On this basis,
it has been hypothesized that the sarcoid forms as a consequence of an incorrect wound
healing process, which may result from disturbances in the proper ECM composition of
the skin tissue due to the presence of viral DNA [14]. Therefore, in the present study, we
decided to analyze selected genes related to the ECM rearrangements and affecting the
process of cell adhesion, which is dependent on the alterations of ECM properties. The
current investigation also broadens mechanistic insights into the molecular basis of the
lack of metastatic capacity pinpointed for this neoplasia. To the best of our knowledge,
thoroughly elucidating the genetic background of multifaceted etiopathogenesis of epi-
dermal and dermal sarcoid-related neoplasia in both equine in vivo and ex vivo models
has provided, for the first time, strong empirical evidence for profound alterations in
the molecular phenotypes determining intracellular pathways of ECM remodeling and
cell adhesion. This might be tremendously helpful for future studies that aim to exten-
sively exploring the epigenetic mechanisms underlying either the suppression/repression
or restoration/recapitulation of molecular traits positively correlated with the sarcoid-
dependent tumorigenic transformation of skin-derived cells in domestic horses. Such a
collection of further studies might be especially suitable for assessing the capabilities of
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nuclear genomes inherited from neoplastic skin cell derivatives that can be epigenetically
reprogrammed in equine somatic cell-cloned embryos and progeny. In turn, research
focused on somatic cell nuclear transfer (SCNT)-based cloning might contribute to the
development and optimization of the preclinical and clinical modalities of oncological
treatments in domestic horses, as well as other equids afflicted with sarcoid-mediated
cancerogenesis diagnosed within cutaneous and subcutaneous tissue compartments. For
all the above-mentioned reasons, the present investigation sought to comprehensively
compare the differences in gene expression patterns and their resultant impacts on the
changes in ECM structure, not only between healthy skin tissue bioptates and the sarcoid
tissue samples, but also between non-transfected dermal fibroblast cell lines and dermal
fibroblast cell lines transfected with the gene encoding the BPV1-E1ˆE4 protein.

2. Results
2.1. Identified DEGs Belonged to ECM Remodeling and Cell Adhesion Pathways

The pathway enrichment analysis of set of differentially expressed genes (DEGs),
which occurred between dermal fibroblast cell lines transfected with gene construct coding
for the BPV1-E1ˆE4 protein and control (i.e., non-transfected) fibroblast cell lines, allowed
for the identification of 30 DEGs (p-value < 0.05) that belong to ECM remodeling pathway
(as indicated by the false discovery rate; FDR < 0.000012) and 27 that belong to cell adhesion
pathway (FDR < 0.03). The same analysis performed for the comparison of the sarcoid tissue
samples and healthy skin showed a significant involvement of 29 DEGs in ECM remodeling
(FDR < 0.001) and 44 DEGs in cell adhesion (FDR < 0.0001) pathways (Figures 1–3).
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2.2. Selection of DEGs Potentially Involved in Sarcoids Occurrence

The most numerous DEGs detected within both pathways were genes coding collagens,
integrins, laminins and claudins (Table 1). In order to identify deregulated genes common
for both in vivo and in vitro comparisons, a Venn diagram was used (Figure 4). Four panels
of genes were compared, and we observed DEGs that were unique to each analysis and
common gene set, modified regardless of in vitro or in vivo approaches. Seven DEGs
involved in the cell adhesion pathway (CADM1, CD99, CNTNAP1, JAM3, MPZL1, SDC2,
VCAM1) were detected as significant, regardless of the analyzed model.

Similarly, six DEGs belonging to the ECM matrix remodeling pathway (COL1A1,
COL1A2, COL4A2, COL6A2, COL6A3, FN1) were frequently identified in sarcoid tissue
explants as compared to healthy skin samples, groups of dermal fibroblast cell lines trans-
fected with BPV1-E1ˆE4 gene constructs, and control (i.e., non-transfected) dermal fibroblast
cell lines (Figure 4). Moreover, ITGA6, ITGA8 and ITGB7 genes were detected as signifi-
cantly differentially expressed and belonged to the ECM matrix and cell adhesion pathways.
Interestingly, three genes (ITGA4, ITGB1 and SDC1), whose expressions were significantly
modified in both pathways, were detected in both in vivo and in vitro models of sarcoid-
related tumorigenesis.

Based on the aforementioned findings, nine DEGs (CADM1, CD99, CNTNAP1, FN1,
JAM3, MPZL1, SDC1, SDC2, VCAM1) were selected for a further analysis using real-
time PCR.
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Table 1. Identified differentially expressed genes (DEGs) related to ECM remodeling and cell adhe-
sion pathways.

ECM Remodeling Cell Adhesion

cell lines transfected with
BPV1-E1ˆE4 gene and

control lines

sarcoid tissue and
healthy skin

cell lines transfected
with BPV1-E1ˆE4 gene

and control lines

sarcoid tissue and
healthy skin

Collagens

COL11A1; COL1A1; COL1A2;
COL4A1; COL5A1; COL5A2;
COL5A3; COL6A2; COL6A3;

COL6A6

COL1A1; COL1A2;
COL2A1; COL4A1;
COL4A2; COL6A1;
COL6A2; COL6A3;
COL9A1; COL9A2;

COL9A3

- -
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Table 1. Cont.

ECM Remodeling Cell Adhesion

Integrins ITGA1; ITGA11; ITGA4;
ITGA6; ITGA8; ITGB1; ITGB7

ITGA2; ITGA2B; ITGA4;
ITGA5; ITGB1

ITGA4; ITGA6; ITGA8;
ITGB1; ITGB7 ITGA4; ITGB1

Laminins LAMA3; LAMA4; LAMA5;
LAMC3

LAMA2; LAMB1;
LAMB3; LAMB4;

LAMC1
- -

Claudins - - -

CLDN14; CLDN16;
CLDN17; CLDN2;
CLDN34; CLDN4;

CLDN9
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Figure 4. Venn diagram of common and unique differentially expressed genes (DEGs) following the
comparisons of dermal fibroblast cell lines transfected with BPV1-E1ˆE4 gene constructs and sarcoid
tissue vs. control groups for ECM remodeling pathway (ECM in vitro and ECM in vivo, respectively);
dermal fibroblast cell lines transfected with BPV1-E1ˆE4 gene constructs and sarcoid tissue vs. their
control groups for cell adhesion pathway (Cell ad in vitro and Cell ad in vivo, respectively) (Venny
2.1 BioinfoGP [16]).

2.3. Expression Patterns of Selected DEGs Evaluated Using qPCR
2.3.1. The Genes Up-Regulated in Sarcoids and BPV1-E1ˆE4 Transgenic Dermal Fibroblast
Cell Lines

The qPCR analysis confirmed a significant up-regulation of several genes in the sarcoid
samples compared to healthy skin tissue. An increased expression level was observed
for CD99 (p-value < 0.0495); FN1 (p-value < 0.0002); ITGB1 (p-value < 0.0109); and JAM3
(p-value < 0.0224). The greatest differences between the analyzed groups were detected for
FN1, CD99 and JAM3 genes, as indicated by fold change (FC) at the levels of 7.43, 3.05 and
3.06, respectively (Figure 5).
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Figure 5. The differences in DEGs expression levels between analyzed groups of equine sarcoids
(SAR), skin (SK) samples, control dermal fibroblast cell lines nucleofected with empty vectors (C),
and dermal fibroblast cell lines nucleofected with BPV-E4ˆE1 transgene (BPV) (R software v4.1 [17]).

2.3.2. The Genes Down-Regulated in Sarcoids and BPV1-E1ˆE4 Transgenic Dermal
Fibroblast Cell Lines

Four genes—CADM1; CNTNAP1; SCD1; and VCAM1—were significantly down-
regulated in sarcoid tumors (Figure 5). The lowest transcript level in sarcoids compared
to healthy tissue was identified for VCAM1 (p-value < 0.0010; FC −2.41) and CNTNA1
(p-value < 0.0109; FC −2.10). For the two other genes, FC values were as follows: −1.83 for
SDC1 and −1.64 for CADM1.

For the FN1 gene, a significant down-regulation of the expression level was detected
in BPV1-E1ˆE4 transgenic cell lines compared to control cell lines (p-value < 0.0040). The
obtained difference was a −2.04-fold change. Similarly, the expression level in control cell
lines was significantly higher for the ITGA4 gene as compared to BPV1-E1ˆE4 transgenic
cells (p-value < 0.0161).

2.4. The Functional Enrichment Analysis of the Obtained Network

The gene ontology (GO) analysis of genes that showed differential expressions con-
firmed their involvement in the anchoring junction (FDR < 0.0001), integrin complex
(FDR < 0.0001) and protein complex involved in cell adhesion (FDR < 0.0001), as well as the
paranodal junction (FDR < 0.0016), cell–cell junction (FDR < 0.0089) and integrin binding
(FDR < 0.0360) (Figure 6). Among the genes involved in the most numerous GO terms were
those identified as up-regulated (JAM3 and ITGB1) and those identified as down-regulated
(CNTNAP1), while FN1 and ITGB1 exhibited the highest number of interactions between
genes. The analysis of the closest connections with other genes involved in the processes
and not included in our analyzes indicated that CD63, CD9, ITGA8 and FLNA genes can be
candidate genes related to the ECM remodeling and cell adhesion during sarcoid growth
and development. The ITGA4 gene was also identified as strongly related to the majority
of GO terms, but its differential expression was confirmed only in the in vitro model.
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Figure 6. The gene ontology (GO) terms and interactions between set of chosen differentially ex-
pressed genes (DEGs) and their closest connected genes (String software [18] Equus caballus reference).
The GO terms are marked in color, as shown in the figure legend (GOs are presented with their
corresponding false discovery rates; FDRs). The blue and red areolas show fold change (blue—up-
regulation; red—down-regulation).

3. Discussion

ECM and cell adhesion molecules remodeling are considered as essential factors that
lead to the formation, growth, and development of cancer cells. Therefore, both molecular
pathways/extracellular matrix remodeling and cell adhesion were the subjects of our
interest in equine sarcoid occurrence. High-throughput NGS data allowed us to narrow
the searching area of candidate genes associated with molecular remodeling in horse skin
cells leading to sarcoid formation. Among all identified DEGs, selected genes were either
involved in both investigated pathways or belonged to one pathway. Nonetheless, they
were detected not only in sarcoid tissue bioptates, but also in the ex vivo-expanded dermal
fibroblast cells transfected with BPV1-E4ˆE1 gene construct.

The detected genes with the greatest changes in expression levels were FN1 (Fi-
bronectin 1); CD99 (Cluster of differentiation 99) and JAM3 (Junctional Adhesion Molecule
3), which were all significantly up-regulated in sarcoid tissue compared to healthy skin.
Fibronectin is a multifunctional extracellular matrix (ECM) glycoprotein that plays a key
role in tissue repair via involvement in early and the late wound-healing responses [19].
Fibronectin, as a part of the extracellular matrix, binds a broad spectrum of other ECM pro-
teins, including collagens, laminins, fibrinogen and fibrillins, syndecans and tenascin [20].
Thus, fibronectin regulates the composition of the extracellular matrix as well as attaching
to other ECM molecules [21]. Moreover, the fibronectin matrix separates selected growth
factors and related proteins, e.g., BMP1, VEGF and LTBP in order to control the cell sig-
naling [22]. On the one hand, due to such a broad spectrum of molecular dependencies,
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fibronectin plays a critical role in cell growth, adhesion, migration and differentiation.
On the other hand, the disruptions of the structure or function of fibronectin can lead to
remarkable changes in ECM organization and result in a number of disorders in organisms,
including cancer [23]. The increased expression of FN1 gene has been reported in many
types of cancer, including gastric [24], breast [25], thyroid [26], renal [27] and ovarian [28]
cancers. Furthermore, in many cases, the up-regulation of FN1 indicates a poor prognosis
for patients [24,26,28]. The elevated expression level of fibronectin 1 is strongly related to
modifications of extracellular space, and it contributes and promotes the spread, migration,
proliferation and differentiation of cells [29]. It has been confirmed that the over-expression
of the FN1 gene inhibited apoptosis processes and promoted cell migration by regulating
the NF-κB pathway [30]. During tumorigenesis, cell migration is activated by the increased
expression of FN1, which up-regulates both MMP9 and MMP2 genes [30]. In the present
report, more than a 7-fold increase in FN1 gene expression in the sarcoid tissue compared
to healthy skin was observed. Such high differences can indicate that ECM remodeling
occurs, as in both human cancers and equine sarcoids. Interestingly, the previous study
performed on sarcoids confirmed the significant over-expression of both MMP2 and MMP9
genes in the tumor tissue and in cell lines transfected with BPV-1 gene construct [31].
These findings strengthen the hypothesis that one of the main mechanisms responsible for
sarcoid formation can be the FN1–matrix metalloproteinase axis. The increased transcript
level of FN1 and both MMP9 and MMP2 genes can be considered as biological markers of
sarcoid formation.

The up-regulation of the expression level of CD99 gene, which encodes cell surface
glycoprotein belonging to ECM matrix and is responsible for cell–cell adhesion, was also
observed in sarcoids. CD99 protein is responsible for cell migration, differentiation and
apoptosis [32], but its exact function is not fully understood. In some cancers, the over-
expression of CD99 increases migration and invasion [33], while in most cases, CD99
up-regulation enhances cell–cell adhesion and apoptosis inhibiting tumor cell migration
and metastasis [34]. The second mechanism of CD99 regulation may occur during sarcoid
development, which may explain its non-metastasizing nature.

In turn, the JAM3 protein, which regulates cells adhesion and communication between
cells and ECM [35], is up-regulated in variety of cancers [36,37]. The over-expression
of JAM3 promotes migration and suppresses apoptosis. The study performed on renal
cell carcinoma showed that the JAM3 gene is critical for its tumor migration ability via
the regulation of genes coding for N-cadherin, integrin β1 (ITGB1) and MMP2 [36]. The
presented study confirmed the sarcoid-specific increase in the expression of not only the
JAM3 gene, but also the ITGB1 gene, whose expression is considered to be a poor outcome
marker during cancer prognosis [38]. It is contrary to the nature of sarcoids, which is a non-
metastasizing tumor. However, the expression patterns pinpointed for ITGB1 and JAM3
genes may suggest that, although these genes are over-expressed, their overall expression
level may be not high enough to affect sarcoid tissue or their effect may be altered by
co-expression patterns of another genes.

It is noteworthy that the VCAM1 gene experienced the greatest down-regulation in
sarcoid tissue as compared to the healthy skin control group. This gene encodes vascular
cell adhesion molecule-1, whose expression is specific for epithelial cells, but under such
conditions as high level inflammation or chronic diseases, its expression is also found on
the surfaces of other cell types, including cancer cells [39,40]. The VCAM1 protein plays an
important role in the recruitment of leukocytes and their migration to various tissues, which
has numerous applications in chronic inflammation and cancerous tumorigenesis [39]. Var-
ious studies indicate a strong association of the VCAM-1 gene with the tumor development
process, where it plays a key role in angiogenesis and supports metastasis [39,40]. Its
influence on metastasis has been observed in numerous neoplasms. An example is the
positive correlation identified in the up-regulation of the VCAM-1 gene with breast cancer
metastases in lungs. In epithelium ovarian cancer patients, the high expression of this
gene was associated with a low chance of survival. This situation is similar in the case
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of colorectal cancer, where the over-expression of the VCAM-1 gene is associated with
metastasis and progression of this cancer [40]. Moreover, the over-expression of this gene
has been also observed in other malignant neoplasms, such as gastric cancer, melanoma and
lung cancer [39]. These data strongly facilitate the justification of our findings, revealing
that the low expression profiles identified for the VCAM-1 gene in sarcoid tissue samples
are responsible for the failure of this non-malignant (benign) neoplasm to metastasize. This
can be explained by the lack of activation of transcription of this important biomarker of
the carcinogenesis process.

The second-most down-regulated gene is the CNTNAP1 gene encoding the contyactin-
associated protein 1 (caspr-1). This protein is an important component of paranodal
junctions, and its mutations are mainly associated with neuropathies [41]. However, there
are reports that this gene is related to clear-cell renal carcinoma. In this tumor, the expression
of the CNTNAP1 gene was positively associated with cancer-associated fibroblasts [42]. The
detection of the deregulated expression of this gene in sarcoid tissue samples, as compared
to healthy skin-derived explants, may provide the empirical evidence and mechanistic
insights that, despite its mainly neurological connections, the CNTNAP1 gene may be a
valuable source of information on the molecular basis of sarcoid formation. However, the
lack of more detailed studies of this gene in the context of tumors do not allow such broad
conclusions to be drawn.

The SCD1 gene that encodes the enzymatic protein designated as stearoyl CoA desat-
urase 1 is proven to be associated with the lipid metabolism of the cell by biocatalyzing the
synthesis of monosaturated fatty acids (MUFAs) from precursors that are saturated fatty
acids (SFAs) [43]. This contributes to the synthesis of the basic components of biological
membranes, and signaling molecules and provides a source of energy needed for the func-
tioning of the cell [43]. Research also shows that the SCD1 gene is related to the positive
regulation of autophagy. This gene also plays an important role in the development of
various cancers. The deregulated expression of the SCD1 gene is associated with many
human neoplasms, which indicates its important role in the process of carcinogenesis [44].
It has been shown that its overexpression is related to the proliferation of neoplastic cells
and metastasis. Furthermore, the positive regulation of the autophagy process does not
occur in all types of neoplasms [43]. For example, the transcriptional repression of the SCD1
gene in human hepatocellular carcinoma (HCC) cells was brought about the activation of
the apoptosis processes induced by autophagy [43], and this increased the expression of
SCD1 gene in these cells, leading to a worse prognosis for patients. The differentiation of
influences on the process of autophagy is explained by the heterogeneous structure of the
neoplastic tissue [43]. The involvement of this gene in lipid metabolism is largely associ-
ated with the process of carcinogenesis. The participation of SCD1 gene in the synthesis
of MUFAs suggests that it has a function supporting the proliferation of cancer cells by
supplying them with the energy and building components that they need. Research that
was conducted on human breast cancer and murine Lewis lung carcinoma confirmed that
the silencing the transcriptional activity of SCD1 gene was related to a reduction in tumor
cell proliferation [45]. The inhibition of the MUFAs synthesis process and the resulting
reduction in cell proliferation may explain why sarcoids do not exhibit metastasis.

The last gene observed to have a decreased expression in sarcoid tissues relative to the
control was CADM1. The low expression of this gene was detected in many neoplasms,
with the exception of hematological tumors, in which the overexpression of this gene was
observed [46,47]. It is assumed that the reduction in the expression of this gene takes
place through the methylation of its promoter [46]. On this basis, it can be concluded that
a similar mechanism occurs in skin cells infected with BPV. It was shown that the low
level of expression of this gene is associated with the development of neoplasms, and can
function as an indicator of poor prognosis in patients suffering from numerous neoplasms,
such as those of the respiratory system, hepatocellular cancer, glioblastoma and neurob-
lastoma [46,48]. Moreover, it is noteworthy that, as a result of expediting/intensifying
the onset and progression of proapoptotic pathways, the overexpression of the CADM1
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gene was found to inhibit migration and metastasis in gastric cancer, colon, prostate, and
ovarian cancers, as well as different skin cancers, such as malignant melanoma or cutaneous
squamous cell carcinoma [46–48]. Therefore, it can be concluded that, in the process of
sarcoid formation, which is characterized by a low metastasis, the level of deregulation of
this gene is not high enough to lead to the migration of its cells into the body.

The last analyzed gene was integrin α4β1 (ITGA4), which was found to be down-
regulated in dermal fibroblast cell lines oncogenically transformed via nucleofection with
the BPV1-E1ˆE4 gene construct. Its over-expression is correlated with increased metastasis
in ovarian and colon cancers. Furthermore, the abundant expression of the ITGA4 gene
has been found in melanoma cells characterized by its high capabilities to metastasize.
Additionally, the transcriptional suppression noticed for this gene can lead to the inhibition
of metastasis [49]. Low quantitative profiles estimated in the expression of the ITGA4 gene
in BPV1-E1ˆE4 transgenic dermal fibroblast cells support these data and could be one of
the reasons for the lack of metastasis in sarcoid tissue.

To sum up, in the present study, we analyzed a panel of genes that were responsible
for ECM remodeling and cell adhesion pathways. Our findings strongly support the
hypothesis that ECM-related genes are correlated with sarcoid formation. The deregulated
expression of selected genes was found in both equine sarcoid tissue bioptates and adult
cutaneous fibroblast cell (ACFC) lines, neoplastically transformed by nucleofection with
a gene construct encoding the BPV1-E1ˆE4 protein. These genes were up- and down-
regulated and, in some cases (CD99, ITGB1, JAM3 and CADM1), the pinpointed phenotypic
background differed from the backgrounds noticed for similar expression patterns in other
cancerous (malignant) or noncancerous (benign) neoplasms, as indicated according to the
available literature data.

4. Materials and Methods
4.1. The Use of High-Throughput Data to Establish Genes Involved in ECM Remodeling and Cell
Adhesion Pathways

To establish DEGs involved in ECM remodeling and cell adhesion pathways, two sets of
data obtained from our previous investigations were used (GSE193906 and GSE83430) [31,50].
The raw data annotated as GSE193906 were generated via NGS sequencing of two groups
encompassing ACFC lines transfected with the BPV1-E1ˆE4 gene construct and control
(i.e., non-transfected) ACFC lines. The raw reads were mapped to the reference genome
(EquCab3; assembly 102 Ensembl) using STAR software v2.7.8. The inter-group compara-
tive analysis of identified DEGs was accomplished with the aid of Deseq2 software v3.14.
According to this statistical software, the levels of significant differences occurring between
experimental groups were adjusted to p-values < 0.05 after multiple testing corrections.

In order to obtain full insights into the transcriptomic modifications that can take place
during sarcoid formation, a second set of data was used: GSE83430 [50]. The data denoted
as significantly different (p-value < 0.05) were analyzed in a way similar to the previous
work [50]; however, without a final filtering of genes by fold change (FC). Specifically,
quality control was performed by normalizing the signal strength distribution followed by
a correlation analysis and principal component analysis with the aid of the GeneSpring
GX software, version 14.9 (Agilent Technologies, Santa Clara, CA, USA). The presence of
inter-group significant diversity in the expression of genes between each pair of sarcoid
bioptates and control skin tissue explants was confirmed by both Student’s t-test and FC
estimation, which enables DEGs to be identified. Subsequently, the Benjamini–Hochberg
procedure was used to calculate the adjusted p-values (false discovery rates; FDRs). The
criteria of statistical significance were p-value < 0.05 and FC > 1.

The occurrence of significant variability between identified DEGs (at the levels of
p-value < 0.05), which was proven for both comparisons (sarcoid bioptates vs. healthy skin
explants and ACFC lines transfected with gene construct coding for BPV1-E1ˆE4 protein vs.
control ACFC lines), was also thoroughly evaluated depending on the commitment of DEGs
to and their over-representation in either ECM remodeling or cell adhesion pathways. This
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statistical evaluation of inter-group variability (at the levels of FDR < 0.05) was achieved by
using David software (version 6.8) [51] based on the Equus caballus reference and KEGG
database (Fisher’s exact test with Benjamini correction) [15]. String software v11.5 [18] with
the Equus caballus reference was applied to identify protein interactions.

4.2. Collection of Tissue Samples

Skin tissue samples were collected post mortem from horses (near eye region) in
a slaughter facility (n = 8). Tissue bioptates were collected in tubes filled with either
RNAlater solution (Ambion; Thermo Scientific, Waltham, MA, USA) (for the purposes of
RNA isolation) or cell culture medium comprised of Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Thermo Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, Thermo Scientific, Waltham, MA, USA) (for the purposes of
establishing the primary cultures and resultant ACFC lines). Sarcoid tissues (n = 10) were
collected during standard veterinary removal procedures. All procedures were approved by
Polish law (The Polish Act on the Protection of Animals Used for Scientific or Educational
Purposes of 15 January 2015, which implements Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes), and further approval
by the Animal Ethics Committee was not mandatory.

4.3. Establishment of Primary Cultures and Nucleofection of Equine ACFCs

The procedures encompassing the ex vivo establishment and nucleofection of ACFC
lines were comprehensively described in the study by Podstawski et al. [52]. Briefly, the
primary cultures of horse skin-derived fibroblast cells followed by mitotically stable ACFC
lines were established in compliance with the method developed and optimized by Tomasek
et al. [53]. According to this method, the small pieces of dermal tissue explants were placed
at the bottom of the culture dish filled with DMEM (Gibco, Thermo Scientific, Waltham,
MA, USA) enriched with 10% FBS (Gibco, Thermo Scientific, Waltham, MA, USA) and
incubated until the fibroblast cells outgrew the skin bioptates, started to spontaneously and
vigorously migrate, and formed cell colonies at the bottom of the culture dish. Subsequently,
the fibroblast cell lines were cultured under the conditions of 37 ◦C, 5% CO2 and 100%
humidity until they reached 90% confluence followed by several passages leading to cell
population doublings.

As thoroughly specified in our previous investigation [52], immediately after ACFC
lines had reached 90% confluence, they were trypsinized, centrifuged in Tissue Culture
Medium 199 (TCM 199; Sigma-Aldrich, Merck Life Sciences, Poznań, Poland), supple-
mented with 5% FBS (Gibco, Thermo Scientific, Waltham, MA, USA) and then subjected
to in vitro transgenization by nucleofection using the T-REx system (Invitrogen, Thermo
Scientific, Waltham, MA, USA) and BPV1-E1ˆE4 gene construct. The cell transfection was
performed with the aid of the Amaxa Nucleofector™ II Device (Amaxa Biosystems, Lonza,
Medianus, Kraków, Poland) and by using a dedicated reagent kit as follows: Amaxa™
Normal Human Dermal Fibroblast-Adult (NHDF-Adult) and Nucleofector™ Kit (Lonza,
CELLLAB, Warsaw, Poland). Positive selection of transgenic (i.e., efficiently nucleofected)
ACFC lines was achieved by 7-day verification of their resistance to a cocktail of antibiotics
composed of 200 µg/mL zeocin (Invitrogen, Thermo Scientific, Waltham, MA, USA) and 6
µg/mL blasticidin S (Thermo Scientific, Waltham, MA, USA). The cell nucleofectants that
survived the zeocin/blasticidin S-dependent selection were classified as transgenic and
used for further procedures.

4.4. Gene Expression Measurements Using Real-Time PCR Approach

RNA was isolated (skin samples n = 8; sarcoids n = 10) with the PureLink™ RNA
mini kit (Invitrogen, Thermo Scientific, Waltham, MA, USA) using an additional DNase
treatment on the columns (PureLink™ DNase Set; Invitrogen, Thermo Scientific, Waltham,
MA, USA). The quality and quantity of the obtained genetic material were validated by
electrophoretic separation (2% agarose gel) and with the Nanodrop 2000 spectrophotometer
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(Thermo Scientific, Waltham, MA, USA). The RIN values were estimated using TapeStation
200 (Agilent Technologies, Santa Clara, CA, USA) and scores for RINs ranged from 8.5
to 9.5. Next, 300 ng of total RNA was used to synthesize cDNA using the High-Capacity
RNA-to-cDNA™ Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
Then, a real-time PCR reaction was performed. Each reaction was carried out in triplicate.
The reactions were performed on the QuantStudio7Flex platform (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA), and the Sensitive RT HS-PCR EvaGreen
Mix kit (A&A Biotechnology, Gdynia, Poland) was used according to the manufacturer’s
protocol. Two genes were used as endogenous controls: β-actin (ACTB) and ubiquitin B
(UBB) [54]. The obtained results were calculated by the ∆∆CT method [55]. The real-time
PCR primer sequences that were used are presented in Supplementary Table S1.

5. Conclusions and Future Goals

For further investigations, a comprehensive deciphering of the molecular scenarios
that are responsible for the onset and progression of ECM remodeling and cell adhesion, in
both in vivo and in vitro research models of sarcoid-dependent tumorigenic transforma-
tion, might be a useful tool. These investigations might create the biological foundations
to identify a desirable source of highly reprogrammable and dedifferentiable neoplastic
derivatives of dermal tissue cells. These skin-derived sarcoid cells might provide donor cell
nuclei, which display a strong capability to epigenomically reprogram their transcriptomic
signatures in equine embryos generated by somatic cell cloning. The production of such
cloned horse embryos, which are able to develop into conceptuses and progeny, might be
a powerful strategy for designing in vivo and ex vivo biomedical models. These models
can be used for the preclinical and clinical exploration of genetic and epigenetic mecha-
nisms, which underly the processes of either remission or resumption of procancerous
tumorigenesis of cutaneous and subcutaneous tissue compartments into sarcoids.
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Abstract: Epigenetic mechanisms of gene regulation are important for the proper differentiation of
cells used for therapeutic and regenerative purposes. The primary goal of the present study was to
investigate the impacts of 5-aza-2′ deoxycytidine (5-AZA-dc)- and/or trichostatin A (TSA)-mediated
approaches applied to epigenomically modulate the ex vivo expanded equine chondrocytes main-
tained in monolayer culture on the status of chondrogenic cytodifferentiation at the transcriptome
level. The results of next-generation sequencing of 3′ mRNA-seq libraries on stimulated and unstim-
ulated chondrocytes of the third passage showed no significant influence of 5-AZA-dc treatment.
Chondrocytes stimulated with TSA or with a combination of 5-AZA-dc+TSA revealed significant
expressional decline, mainly for genes encoding histone and DNA methyltransferases, but also for
other genes, many of which are enriched in canonical pathways that are important for chondrocyte
biology. The TSA- or 5-AZA-dc+TSA-induced upregulation of expanded chondrocytes included
genes that are involved in histone hyperacetylation and also genes relevant to rheumatoid arthri-
tis and inflammation. Chondrocyte stimulation experiments including a TSA modifier also led to
the unexpected expression incrementation of genes encoding HDAC3, SIRT2, and SIRT5 histone
deacetylases and the MBD1 CpG-binding domain protein, pointing to another function of the TSA
agent besides its epigenetic-like properties. Based on the transcriptomic data, TSA stimulation seems
to be undesirable for chondrogenic differentiation of passaged cartilaginous cells in a monolayer
culture. Nonetheless, obtained transcriptomic results of TSA-dependent epigenomic modification of
the ex vivo expanded equine chondrocytes provide a new source of data important for the potential
application of epigenetically altered cells for transplantation purposes in tissue engineering of the
equine skeletal system.

Keywords: equine chondrocytes; 5-AZA-dc and TSA epigenetic modifiers; transcriptome

1. Introduction

Aging is a common cause of immune-related disorders, in which underlying altered
transcriptional and regulatory mechanisms contribute to inflammatory impairment. For
instance, rheumatoid arthritis (RA) is an example of an immune-related condition that is a
common cause of degeneration of the hyaline cartilage of the joints. Articular cartilage is
an aneural and avascular tissue which has limited regenerative capacity. Therefore, in cases
of joint defects, regenerative therapy is often the last available procedure to maintain joint
function and restore the overall fitness of the limbs. One of the most effective regenerative
approaches is to obtain chondrocytes from the healthy surfaces of the patient’s joints and
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use them in chondrocyte implantation in places with cartilage defects [1]. The basis for
this is the availability of a large number of chondrocytes that will not be dedifferentiated
in the course of in vitro expansion. Particularly, in the monolayer culture, which is often
the choice for rapid chondrocyte expansion, rapid loss of the primary chondrogenic type
of cells is observed. In order to diminish the chondrocyte dedifferentiation, a range of
biological stimulants have been tested, which are able to influence the activity of tran-
scription factors or target proteins or to modulate enzymes (COX-2), cytokines (TNF-α/β),
and associated inflammatory cascades (NF-kB) that are important for the maintenance of
differentiation of chondrocytes [2–5]. Moreover, it was found that epigenetic modifications
such as DNA methylation of regulatory elements of genes or the histone code are able to
determine the chondrocyte’s fate [6]. A range of studies, including the in vivo cartilage
stimulation of the joints and stimulation of pluripotent stem cells, implemented different
epigenetic cures influencing the global expression pattern. These cures encompassed such
treatment modalities as the strategies based on the use of either a non-selective inhibitor of
DNA methyltransferases (DNMTs), one of which is designated as 5-aza-2′ deoxycytidine
(5-AZA-dc) and triggers global passive DNA demethylation [7], or trichostatin A (TSA),
representing a family of non-selective inhibitors of histone deacetylases (HDACs). TSA
has been found to be an antifungal antibiotic primarily isolated from a culture broth of
Streptomyces platensis [8]. Its main ability is the non-selective blockage of the class I and II
mammalian HDACs, whose enzymatic activities are aimed at mitigating the incidence of
acetylation levels within nucleosomal core-derived histones followed by transcriptional
repression of the genes. In other words, by the onset of the mechanism of competitive
inhibition of HDAC isoenzymes, TSA interferes with the HDAC-induced removal of acetyl
groups from histones, and as a consequence of hyperacetylation of lysine residues within
histones, it facilitates the opening of chromatin for transcriptional factors promoting the
initiation of gene expression [8]. As a potent member of non-specific HDAC inhibitors
(HDACIs), TSA has also been considered to be an effective anti-cancer drug used for a
wide variety of anti-oncogenic treatment modalities within the framework of epigenetic
oncological therapeutics [9]. Moreover, based on oncological research, TSA has been
shown to correctly prompt the differentiation processes of dedifferentiated cells [10]. Stud-
ies comprising stimulation of primary chondrocytes with 5-AZA-dc showed that DNA
demethylation facilitates the terminal differentiation of chondrocytes into the hypertrophic
stage [11], whereas 5-AZA-dc treatment of human dedifferentiated chondrocytes from os-
teoarthritis (OA) patients revealed no substantial impact, despite the presence of osteogenic
and adipogenic differentiation of the treated cells [12]. In turn, TSA has been found to
be a promising therapeutic agent during the in vivo experimental treatment of cartilage
disorders and cartilage regeneration [13] due to its anti-inflammatory properties [14] and
ability to prevent cartilage degeneration [10]. However, in vitro studies implementing TSA
treatment of human bone marrow mesenchymal stem cells (hBMMSCs) showed that TSA
inhibited chondrogenic differentiation, making TSA probably not useful for cartilage tissue
engineering using hBMMSCs [15].

Due to contradictory results affecting the efficiency of 5-AZA-dc and TSA—epigenetic
modulators of chondrogenesis—the aim of our study was to describe transcriptional varia-
tion upon 5-AZA-dc and TSA stimulation of expanded equine chondrocytes in monolayer
cultures. While 5-AZA-dc exerted no effect at the transcriptome level of expanded chondro-
cytes, TSA stimulation resulted in the expressional decline of genes encoding methyltrans-
ferases and genes which are overrepresented in a range of molecular pathways relevant to
chondrogenesis. It seems that TSA stimulation of in vitro expanded chondrocytes is less
beneficial regarding chondrogenic capacity in comparison to the reported intraarticular
administration of TSA, where it showed a protective effect on the cartilage [13]. Although
TSA- and/or 5-AZA-dc-assisted epigenetic transformation of the ex vivo expanded horse
chondrocytes gives rise to a decrease in the expression of a wide variety of genes responsi-
ble for chondrogenic differentiation, efforts to characterize the genomic and epigenomic
signatures of equine cartilage-derived cell lines appear to be required for exploring the
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capabilities of TSA- and/or 5-AZA-dc-transformed, cartilage-derived somatic cell nuclei to
be epigenetically reprogrammed in cloned horse embryos. Estimating the backgrounds pin-
pointed for epigenetic reprogrammability and molecular dedifferentiability of TSA- and/or
5-AZA-dc-modulated chondrocyte cell nuclei for the needs of generating and multiplying
genetically identical equine cloned embryos, conceptuses, and progeny might be shown
to be a viable solution that can be applied to modern assisted reproductive technologies
based on somatic cell nuclear transfer (SCNT) in horses and other mammalian species.

2. Results
2.1. Efficiency Alignment of NGS Reads

Next-generation sequencing of 3’ mRNA-seq libraries produced from 2,332,147 to
3,699,592 filtered reads per sample with the efficiency of 80.1–82.7% for uniquely mapped
reads, using the EquCab 3.0 version of the horse genome (Table 1).

Table 1. Results of the alignment of 3’ mRNA-seq reads against the EquCab 3.0 reference sequence of
the horse genome.

Group
3rd Passage

Chondrocyte
Stimulation

3’ mRNA-Seq
Library

Total Reads
after Filtering

Number of
Uniquely

Mapped Reads

I 5-AZA-dc 1 2aza-1 3,114,172 2,541,510 (81.6%)
I 5-AZA-dc 3aza-1 2,685,011 2,216,276 (82.5%)
I 5-AZA-dc 4/DEO 2,332,147 1,913,713 (82.1%)
I 5-AZA-dc 6/DEO 2,603,715 2,137,736 (82.1%)
II 5-AZA-dc+TSA 2 3tsaza-1 3,490,960 2,862,115 (82.0%)
II 5-AZA-dc+TSA 2tsaaza-1 2,915,748 2,336,842 (80.1%)
II 5-AZA-dc+TSA 4/Deo+TSA 3,091,055 2,548,432 (82.4%)
II 5-AZA-dc+TSA 6/DEO+TSA 2,821,472 2,329,453 (82.6%)
III Control 2k-1 2,361,866 1,954,158 (82.7%)
III Control 3k-1 3,062,350 2,511,373 (82.0%)
III Control 4/K 3,312,867 2,732,432 (82.5%)
III Control 6/K 3,207,522 2,627,829 (81.9%)
IV TSA 3tsa-1 3,699,592 3,054,305 (82.6%)
IV TSA 2tsa-1 2,753,414 2,261,816 (82.1%)
IV TSA 4/TSA 3,158,031 2,620,954 (83.0%)
IV TSA 6/TSA 2,858,574 2,361,644 (82.6%)

1 5-AZA-dc concentration of 25 µg/mL. 2 TSA concentration of 0.25 µg/mL.

2.2. Differentially Expressed Genes (DEGs) Obtained Using 3′ mRNA-Seq

The comparison among investigated groups (Table 1) produced a list of differentially
expressed genes (DEGs). The adjusted p-value was less than 0.05 for groups I and II
(5-AZA-dc versus 5-AZA-dc+TSA) (Table S1), I and IV (5-AZA-dc versus TSA) (Table S2),
II and III (5-AZA-dc+TSA versus control group) (Table S3), and III and IV (control group
versus TSA) (Table S4). We found a lack of significant DEGs between cells stimulated with
5-AZA-dc and the control group (I vs. III).

From the list of 1980 DEGs showing a minimum fold change value of at least 1, two
major sets of genes were characterized after the stimulation of cells. The first group was
represented by 1636 genes upregulated in group I vs. group IV (5-AZA-dc versus TSA), I
vs. II (5-AZA-dc versus 5-AZA-dc+TSA), II vs. III (5-AZA-dc+TSA versus control group),
and III vs. IV (control group versus TSA) (Figure 1). The second set included 1655 genes
which were downregulated in the mentioned comparisons (Figure 2).
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Figure 2. The Venn diagram showing the number of common DEGs in four comparisons when
downregulated in: group I vs. group IV (5-AZA-dc versus TSA), I vs. II (5-AZA-dc versus 5-AZA-
dc+TSA), II vs. III (5-AZA-dc+TSA versus control group), and III vs. IV (control group versus TSA).

The majority of differentially expressed genes between the investigated groups were
found in comparisons that included TSA stimulation of cells. Namely, the compari-
son of DEG lists using the Venny integrative tool (http://bioinfogp.cnb.csic.es/tools/
venny/index.html, accessed on 8 August 2022) revealed 681 exclusively upregulated and
718 downregulated genes in group II vs. group III (5-AZA-dc+TSA versus control group)
and 555 exclusively upregulated and 472 downregulated genes in I vs. II, I vs. IV, and III
vs. IV (5-AZA-dc versus 5-AZA-dc+TSA, 5-AZA-dc versus TSA, and control group versus
TSA) (Figures 1 and 2).

2.3. General Description of Differentially Expressed Genes upon Applying Chondrocyte
Stimulation in Monolayer Culture

A list of all DEGs with descriptions of their encoding proteins is included in Table
S6. Variably expressed genes in this study included loci involved in the functioning of the
genetic apparatus during the cell cycle, which are also important for the epigenetic control
of transcriptome machinery—e.g., encoding proteins of histone acetyltransferases (HATs),
acetylation readers, histone deacetylases (HDACs), histone methyltransferases (HMTs),
genes encoding DNA methyltransferases and a methyl-CpG-binding domain [16], and also
an equine counterpart of a gene encoding 5-azacytidine-induced protein 2 (AZI2), whose
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cDNA was first detected in a human cell line after stimulation with the 5-AZA-c demethy-
lation agent [17] (Figure 3). Genes encoding histone methyltransferases (SETD2, SETD7,
KMT2E, KMT5A, KMT5B, PRMT7), the BRD1 histone acetylation reader, DNA methyltrans-
ferases (DNMT1 and DNMT3A), and AZI2 were downregulated in TSA- or 5-AZA-dc+TSA-
stimulated cells in comparison to the control or to chondrocytes stimulated exclusively
with 5-AZA-dc. Those encoding CREBBP and EP300 histone acetyltransferases; HDAC3,
SIRT2, and SIRT5 histone deacetylases; and methyl-CpG-binding domain protein 1 (MBD1)
were upregulated in TSA- or 5-AZA-dc+TSA-stimulated cells (Figure 3). Genes downreg-
ulated in TSA- or 5-AZA-dc+TSA-treated cells included also those encoding particular
types of chondroproteins (Figure 3) [18]. These were genes encoding collagens (COL1A1,
COL3A1, COL4A1, COL5A2, COL8A1, COL11A1, and COL12A1); non-collagenous regula-
tory (BMP6, MXRA5, TGFB1I1, TGFB3) and structural proteins (ECM2, EFEMP2, FNDC3B);
membrane-associated proteins, such as integrins (ITGA1, -5, and -7, and ITGB5), annexin
(LOC100052045), chondroitin sulfate N-acetylgalactosaminyltransferase 1 (CSGALNACT1),
syndecan (SDC2), and discoidin (DDR2); and one of the proteoglycan proteins—asporin
(ASPN) [18]. A set of genes which was also downregulated included those encoding tran-
scriptional factors (TFs) important for chondrogenesis (DLX5, NFIB, NFIX, PRRX1, SOX6,
TCF7L1, TRPS1, ZBTB20) [19]. Some of the genes which were upregulated in TSA- or 5-
AZA-dc+TSA-stimulated cells versus control cells or cells stimulated with 5-AZA-dc alone
included COL2A1, COL9A2, ITGA2, DCBLD2, ANXA2, TGFB1, ADAMTS1, ADAMTS15,
and one gene encoding a chondrogenic transcriptional factor (STAT1) (Figure 3).

2.4. Results of Functional Overrepresentation of DEGs Using DAVID Annotation Tools

We have performed the analysis of gene enrichment in GO terms for loci with the fold
change thresholds of equal to or above 1 and equal to or below −1. Implementation of a
DAVID Functional Annotation Chart (https://david.ncifcrf.gov/tools.jsp, accessed on 4
July 2022) using the horse genome as the background showed significant enrichment of sets
of genes involved in pathways in cancer (ecb05200), cell cycle (ecb04110), focal adhesion
(ecb04510), ECM–receptor interaction (ecb04512), glycolysis/gluconeogenesis (ecb00010),
proteoglycans in cancer (ecb05205), HIF-1 signaling pathway (ecb04066), PI3K-Akt signaling
pathway (ecb04151), FoxO signaling pathway (ecb04068), and TGF-beta signaling pathway
(ecb04350) (Table S7–S10). A variety of genes contributing to the mentioned pathways
were upregulated in the 5-AZA-dc group compared to the 5-AZA-dc+TSA group or TSA
group, and these were also upregulated in the control group compared to the TSA group or
downregulated in the 5-AZA-dc+TSA group compared to the control group (Tables S7–S10).
Moreover, DEGs between particular biological groups in this study were also enriched for
the MAPK signaling pathway (ecb04010) (genes were upregulated in cells stimulated with
5-AZA-dc versus cells stimulated with the combination 5-AZA-dc+TSA or with TSA alone;
they were also upregulated in controls versus cells stimulated with TSA), fluid shear stress
and atherosclerosis (ecb05418) and lysine degradation (ecb00310) (genes were upregulated
in cells stimulated with 5-AZA-dc versus with the combination of 5-AZA-dc+TSA, or
downregulated in cells stimulated with 5-AZA-dc+TSA versus the control group), and
the thyroid hormone signaling pathway (ecb04919) (genes were downregulated in cells
stimulated with 5-AZA-dc+TSA versus the control group). Rheumatoid arthritis (ecb05323)
and metabolic pathways (ecb01100) were the ones enriched with genes downregulated
in the 5-AZA-dc group versus the 5-AZA-dc+TSA or TSA group, and these genes were
also downregulated in the control group compared to the TSA group or upregulated in the
5-AZA-dc+TSA group compared to the control group (Tables S7–S10).

221



Int. J. Mol. Sci. 2022, 23, 13168

Int. J. Mol. Sci. 2022, 23, 13168 6 of 16 
 

 

  
(a) (b) 

 
(c) 

Figure 3. Differential expression results for 42 genes that are important for chondrogenesis and ep-
igenetic modifications, which were validated using quantification with real-time PCR. Heat maps 
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Figure 3. Differential expression results for 42 genes that are important for chondrogenesis and
epigenetic modifications, which were validated using quantification with real-time PCR. Heat maps
were generated using Orange: Data Mining web available software. Each heat map shows low
expression values in blue and high expression values in yellow and white. In each figure, two major
clusters are visible: the first represents genes downregulated after TSA or 5-AZA-dc+TSA treatment,
and the second includes genes that were upregulated after TSA or 5-AZA-dc+TSA stimulation. (a)
DEGs with fold changes of expression in the range from 1 to 830.1; (b) DEGs with fold changes of
expression in the range from 1 to 59.14; (c) DEGs with fold changes of expression in the range from 1
to 9.5.
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2.5. Validation in RNA-Seq Results

In order to check for the validity of identified transcript abundance in RNA-seq data,
we selected 42 genes which were important for the biological background of the designed
experiment (violin plots in Figures S1–S42 in Supplementary Figures). The tendency and
significance of differential expression at the mentioned loci were confirmed using quantifi-
cation via real-time PCR. In general, heat maps representing the transcriptional activity of
validated genes showed two major gene clusters relevant to down- or upregulation upon
TSA or 5-AZA-dc+TSA treatment of chondrocytes from the third passage (Figure 3).

Contrary to RNA-seq results, real-time PCR showed a lack of significant transcrip-
tional variation in the CD44 and PSMA5 loci among all compared groups. A lack of
significant differences was also found between 5-AZA-dc+TSA and the control group in
COL4A2 (Figure S15) and EP300 loci (Figure S24) (only the trend); between 5-AZA-dc, TSA,
and the control group and TSA in the STAT1 locus (Figure S38) (only the trend); between
5-AZA-dc and 5-AZA-dc+TSA and between 5-AZA-dc+TSA and the control group in the
HDAC3 locus (Figure S27); and between 5-AZA-dc and 5-AZA-dc+TSA in the MAP4K1
locus (Figure S29). Moreover, real-time PCR using primers for DNMT1 revealed significant
differences between 5-AZA-dc+TSA and the control group, and the control and the TSA
group, at this locus, which were not detected in RNA-seq data. We also checked for tran-
script abundance of additional markers of chondrogenic differentiation, such as ACAN and
SOX9. Real-time PCR results at the ACAN locus revealed nonsignificant downregulation
in TSA- or 5-AZA-dc+TSA-stimulated cells, showing only the trend (Figure S1). Relative
quantification results of transcriptional variation between groups at the SOX9 locus were
not significant (Figure S37).

3. Discussion

5-AZA-dc and TSA are common agents used for studies on the cell cycle and cells’ epi-
genetic alterations in in vitro systems. In this study, we observed a predominant influence
of TSA treatment on transcriptome alterations of chondrocytes in monolayer cultures of the
third passage. According to the observed transcriptional variation upon 5-AZA-dc and TSA
treatment after the third passage of cultivated cells, the effect of 5-AZA-dc seemed to be
marginal in comparison to the TSA treatment. There was a lack of significant differences in
transcript abundance between 5-AZA-dc-stimulated cells and the control group. Moreover,
AZI2, which was found to be a special marker, being upregulated under 5-azacytidine-
induced demethylation [17], was underexpressed in TSA- and 5-AZA-dc+TSA-treated
cells in our study. The investigated cells of the third passage were less affected by the
5-AZA-dc treatment due to a range of possible factors, such as differences in the prolifer-
ative potential between cell lines, and uneven surface coating with the applied matrigel,
leading to variability in the phenotype changes due to in vitro handling. It is of note that
the blockage of DNA methylation via 5-AZA-dc was reported to be more pronounced in
the primary chondrocytes [20]. One possible sign of the 5-AZA-dc activity in the passaged
chondrocytes might be observed upregulation of an important osteogenic marker, such as
secreted phosphoprotein 1 (SPP1), and that of a gene relevant to adipogenic differentia-
tion, e.g., fatty acid binding protein 4 (FABP4). It was previously found that human OA
chondrocytes pre-cultivated with 5-AZA-dc showed signs of osteogenic and adipogenic
differentiation [12]. Nonetheless, the majority of detected transcriptional variation in this
study affected genes after the TSA or 5-AZA-dc+TSA treatment of equine chondrocytes.
The demethylating effect of TSA seemed to be evident in our study, as genes encoding
histone methyltransferases, and those encoding DNA methyltransferases, were down-
regulated in cells stimulated with TSA or 5-AZA-dc+TSA. However, this effect should
be also checked on the DNA methylation level. Moreover, according to the literature,
downregulation of DNA methyltransferases by TSA may lead to increased expression
of CREBBP and EP300 histone acetyltransferases and BRD1 (histone acetylation reader),
all of which occurred in our study, confirming the effect of TSA histone hyperacetylation
reported elsewhere [21]. The exception was that genes encoding HDAC3, SIRT2, and
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SIRT5 histone deacetylases and methyl-CpG-binding domain protein 1 (MBD1) belonged
to a group of loci that were upregulated in chondrocytes stimulated with TSA or 5-AZA-
dc+TSA. We could not find any solid explanation for this opposite effect of TSA, especially
for the HDAC3 and MBD1 expression increases. Trichostatin A is a common inhibitor of
histone deacetylases which possess a zinc-dependent active site, like HDAC3, but SIRT2
and SIRT5 histone deacetylases are in general not affected by TSA [16]. From the biolog-
ical perspective, the observed expression pattern might be uncoupled from the function
of histone deacetylation by HDAC3, SIRT2, and SIRT5, which might also have another
biological role, being functionally linked with other genes induced by TSA treatment in
expanded chondrocytes. For instance sirtuins themselves have been found to promote
MSC chondrogenesis [22] and are important regulators of cartilage homeostasis [23]. In
this regard, TSA-related SIRT2 or SIRT5 induction could be important for chondrocyte
differentiation during expansion. In turn, methyl-CpG-binding domain protein 1 (MBD1)
possesses a strong affinity to DNA methylation [24] and should be downregulated under
TSA stimulation. The reason for the TSA-related MBD1 expression increment might have
been a diminished demethylation effect of chondrocytes from the third passage, which
were nonsignificantly affected by 5-AZA-dc, possibly due to the factors mentioned earlier
in the discussion. Therefore, TSA stimulation with an applied dose to expanded chondro-
cytes would seem to exert heterogeneous effects, rather than being only a demethylation
or hyperacetylation agent. However, we did not find any relevant literature about the
adverse effects of TSA on the activity of the above-mentioned genes. The aforementioned
assumptions need to be further experimentally verified. Regarding the maintenance of
the chondrogenic potential of expanded cells, the results we obtained are similar to the
ones from work on chondrogenesis of human bone marrow mesenchymal stem cells (hB-
MMSCs), where TSA treatment resulted in reduced expression of chondrogenesis-related
genes [15]. In our study, genes downregulated after TSA or 5-AZA-dc+TSA treatment in
expanded chondrocytes were those encoding numerous chondroproteins, such as collagens,
non-collagenous regulatory and structural proteins, membrane-associated proteins, and
proteoglycans. TSA also downregulated a group of genes encoding transcriptional factors
(TFs) that are important for chondrogenesis. Some exceptions included chondral genes such
as COL2A1, COL9A2, ITGA2, DCBLD2, ANXA2, and TGFB1, which were upregulated under
the influence of TSA or 5-AZA-dc+TSA. COL2A1 and COL9A2 genes, of the six mentioned
above, were highly expressed under TSA or TSA+5-AZA-dc stimulation. COL2A1 and
COL9A2 encode components of the extracellular matrix characteristic for mature articular
cartilage, which are regulated by the SOX9 master chondrogenic transcription factor in
combination with SOX5 and SOX6 (TFs) [25]. In our study, we did not observe significant
expression alterations of SOX9, despite substantial COL2A1 and COL9A2 TSA-related ex-
pression incrementation. Moreover, we even detected TSA-related SOX6 downregulation,
pointing to other downstream mechanisms of COL2A1 and COL9A2 upregulation under
TSA treatment where a range of other TFs could be involved.

It is of note that the transcript abundance of ACAN, which is an important marker of
chondrocyte differentiation regulated by SOX9 TF [25], was unaffected by TSA treatment
and by 5-AZA-dc+TSA treatment of chondrocytes in our study. According to the study
on the regulation of type-IX collagen gene expression in human osteoarthritic chondro-
cytes [26], exposure to potentially and indirectly demethylating agents such as a member of
non-selective HDACIs designated as TSA might result in the activation of genes regulated
by CpG differential methylation. This, however, needs to be further explored in the target
loci using molecular approaches relying on bisulfite-converted DNA. In our study, we also
observed TSA-related downregulation of gene groups involved in canonical molecular
pathways that are important for the biology of differentiated chondrocytes, such as ECM–
receptor interaction [27]; focal adhesion [28]; and HIF-1-, PI3K-Akt-, TGF-beta-, and FOXO-
and MAPK signaling pathways [29–33]. Other KEGG pathways with TSA-downregulated
genes in our study included glycolysis/gluconeogenesis pathways, which are relevant
to glucose uptake during chondrocyte maturation [34]; the fluid shear stress pathway, a
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relevant one possibly reflecting the role of mechanical loading on cartilage during chondro-
cyte maturation [35]; and the thyroid hormone signaling pathway, where TSH is involved
in terminal differentiation of growth-plate chondrocytes [36]. Some genes which were
upregulated under the influence of TSA or 5-AZA-dc+TSA are enriched in rheumatoid
arthritis (RA), pointing to an alleged negative outcome of the applied means of stimula-
tion of expanded chondrocytes in the monolayer. These loci include chemokines, matrix
metallopeptidase 3 (MMP3), and the Fos proto-oncogene AP-1 transcription factor subunit
(FOS); all of them contribute to molecular pathways involved in RA development [37].
Moreover, TSA- or 5-AZA-dc+TSA-related upregulation of expanded chondrocytes in this
report affected other genes involved in pathophysiological remodeling and inflammation,
such as those encoding for ADAMTS1 and ADAMTS15 aggrecanases [38], and STAT1, a
transcription factor which inhibits chondrocyte maturation in the growth plate [19] and
indirectly leads to severe chondrodysplasias [39].

In summary, it must be underlined that two-dimensional (2D) culture under mono-
layer conditions seems to be the fastest and least expensive method of rapid chondrocyte
expansion for the purposes of regenerative and reconstructive medicine. Nevertheless,
the ex vivo 2D models used for the proliferation of equine chondrocytes appear to be
considered as a potential risk factor that can expedite a loss of phenotypic background
specific for cartilage cells (i.e., disappearance of their chondrogenic potential) [40]. For that
reason, future investigations are required to estimate the reliability and feasibility of TSA-
and/or 5-AZA-dc-dependent approaches to epigenomically modulate the transcriptomic
profiles pinpointed for three-dimensional (3D) models of chondrocyte expansion. The latter
might provide a more conducive environment for the effective transduction of intracellular
signals indispensable for perpetuating the chondrogenic differentiation of cells. Moreover,
obtained results in form of transcriptome signatures of ex vivo expanded equine chondro-
cytes in a 2D model, subjected to TSA- and/or 5-AZA-dc-assisted epigenomic modulation,
might contribute to the enhancement in biomedical applicability of epigenetically mod-
ified cartilage cells in regenerative medicine. Further, TSA- and/or 5-AZA-dc-modified
chondrocyte cell lines might provide a completely new source of epigenetically altered
nuclear donor cells (NDCs) usable for future studies on somatic cell cloning of horses. Such
SCNT-derived horse clones might be especially suitable for studies on the treatment of a
variety of histopathological changes of the skeleton. These can be pre-clinical and clinical
studies designed to elaborate the negligibly intrusive procedures of reconstructive medicine
and chondroplasty-mediated tissue engineering of the horse skeletal system. Such research
could be applied for the treatment of chondrodystrophic and chondrodysplastic lesions
evoked either by post-operative intra- and intercartilaginous connective tissue-based ad-
hesions or by accidental and inflicted chondral defects in domestic horses [41–43]. At
this point, the treatment of both degenerative abnormalities (e.g., chondromalacia patel-
lae) in senescent chondral connective tissue and heritable malformations of the equine
chondroskeletal system [44,45] could also be considered. Important pathophysiological
transformations which would be another subject in this area include premalignant car-
tilaginous lesions in specimens afflicted with precancerous chondrocyte hypertrophy or
chondrometaplasia (chondromatosis) [46–48]. Finally, other interesting ones in this matter
are the oncologic disorders that are related to the carcinogenesis of cartilaginous origin
such as malignant chondral neoplasms classified as metastatic chondrocyte-mediated can-
cers and non-malignant chondroskeletal tumors in high-genetic-merit horses displaying
tremendous performance rates [49–53].

4. Materials and Methods
4.1. Short Description of the Research

The study included the setup of chondrocytes of the 1st passage and cells’ adaptation
to the in vitro conditions. The main stages of the experiments included the epigenetic
stimulation of cultivated chondrocytes in the monolayer that reached the 3rd passage,
preparation of RNA samples and RNA-seq libraries, NGS sequencing, validation of RNA-
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seq results, bioinformatics, and data analysis, including genomic annotation and gene
overrepresentation tests in gene ontology terms (Figure 4).
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matrigel-like compositions were characterized to be some of the most interesting solutions 
for preventing or delaying the dedifferentiation of cultivated chondrocytes [55]. The com-
plex composition of Geltrex also allows chondrocytes to develop laminin-mediated ef-
fects, this being a key component of the extracellular matrix which can promote 

Figure 4. Scheme of the research (created with BioRender.com; license agreement FU24GOX88E).

4.2. Chondrocyte Culture Conditions and Applied Stimulations

The subjects of the study were equine chondrocyte cells preserved at the 1st passage
of a monolayer culture stored in DMSO at −80 ◦C, which were previously developed from
chondrocytes obtained post-mortem from the hyaline cartilage shavings of the metacarpal–
phalangeal joints (by-product of slaughter material) of four unrelated cold-blood horses
aged one and a half years [54]. The refrigeration stage included incubation of cells at
37 ◦C in DMEM high-glucose medium (Gibco, Grand Island, NY, USA) including 10% fetal
bovine serum (FBS), 0.3 mg of GlutaMAX Supplement per 1 mL (Gibco Grand Island, NY,
USA), and 1× Primocin (Invivogen, San Diego, CA, USA). Thereafter, chondrocytes were
seeded on 10 cm Petri dishes (Eppendorf, Hamburg, Germany) previously coated with
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Thermofisher
Scientific, Waltham, MA, USA). We introduced coating with Geltrex because matrigel-
like compositions were characterized to be some of the most interesting solutions for
preventing or delaying the dedifferentiation of cultivated chondrocytes [55]. The complex
composition of Geltrex also allows chondrocytes to develop laminin-mediated effects, this
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being a key component of the extracellular matrix which can promote chondrogenesis [56].
Cells were next considered suitable for further stimulation when able to regenerate from
approximately 25% to almost 100% confluency within four days on the same-sized dish.
Including all stages of chondrocyte adaptation to the in vitro conditions, the start of the
main experiments began with the cultivation of 400,000 cells of the 3rd passage per Petri
dish. Chondrocytes of the 3rd passage were subjected to epigenetic stimulation with
5-AZA-dc (Merck, Darmstadt, Germany) (group I), TSA (Merck, Darmstadt, Germany)
(group IV), or a combination of both agents (5-AZA-dc+TSA) (group II). The control group
included cells exclusively stimulated with DMSO (Merck, Darmstadt, Germany) (group
III). The 5-AZA-dc concentration of 25 µg per 1 mL of the culture medium and the TSA
concentration of 0.25 µg/mL were used as nontoxic doses in the aforementioned groups.
In every experimental setting, equal amounts of DMSO were used as a solute carrier and as
a negative control stimulant. Cells were cultivated for 9 days until nucleic acid isolation.

4.3. Preparation of RNA and 3′ RNA-seq Libraries, and Next-Generation Sequencing

The cell lines were the sources of RNA preparation, which was performed using an
AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). RNA was obtained using on
average 1 million cells and additional DNase treatment. The quality of RNA samples was
checked on the TapeStation system (Agilent Technologies, Inc., Santa Clara, CA, USA). The
RIN values of the RNA samples were above 9.0. A colorimetric measurement using a Qubit
2.0 assay (Thermofisher Scientific, Waltham, MA, USA) was implemented to calculate the
recommended amount of RNA sample to be normalized for library production using the
QuantSeq 3 mRNA-seq Library Prep Kit (FWD) for Illumina (Lexogen GmbH, Vienna,
Austria). The protocol of library preparation comprised first-strand cDNA synthesis with
oligo(dT) priming, RNA removal, second-strand synthesis by random priming, and library
enrichment by PCR using the manufacturer’s recommendations, including purification
steps. The quality of the produced 3′ mRNA-seq libraries was evaluated using a TapeStation
system (Agilent Technologies, Inc., Santa Clara, CA, USA). The mean fragment size of the
obtained libraries was 257 bp (libraries of 235 to 309 bp). Sixteen 3′ mRNA-seq libraries
were pooled for the total molarity of 10 nM and were submitted for NGS comprising
50 cycles of single-read sequencing on the HiSeq Illumina platform.

4.4. Trimming, Filtering, Quantification, and Mapping of Demultiplexed NGS Reads, and
Differential Analysis

Firstly, raw reads were checked for quality purposes with FastQC software (Babraham
Bioinformatics, Boston, MA, USA). Then, reads were filtered to remove short ones (minimal
read length set to 36) and those of low quality (Phred quality under 20). Adapter sequences
were also removed (Flexbar software) [57]. After the filtration procedure, mapping to the
EquCab 3.0 genome (GCA_002863925.1) was utilized with the use of Tophat2 software on
default settings [58]. The successfully mapped reads were then counted in the ensemble
annotation file (gtf file version 101) with the use of htseq-count software [59].

Differentially expressed genes (DEGs) were estimated using DESeq2 software [60]
using default parameters. Then, genes with p-adjusted < 0.05 (Benjamini–Hochberg p-value
adjustment) and fold change ≥ 1 were regarded as differentially expressed and used for
further analysis.

4.5. DEGs’ Functional Annotation in KEGG Pathways

In order to retrieve the biological context of the stimulatory effects of the epigenetic
agents, the DEGs between biological groups were the subject of overrepresentation tests in
pathways of Kyoto Encyclopedia of Genes and Genomes (KEGG) using DAVID functional
annotation tools [61]. Venn diagrams [62] and heat maps [63] were produced in order to
show the magnitude of differential expression for each group of genes.
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4.6. Real-Time PCR

First, 200 ng of total RNA was reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Thermofisher Scientific, Waltham, MA, USA). RT-PCR primers
were designed for regions spanning at least one intron or covering an exon junction using
Primer-BLAST (Table S5). Real-time PCR was performed in triplicate for each cDNA sample
with a total volume of 10 µL for each sample using Sensitive RT HS-PCR Mix EvaGreen
(A&A Biotechnology, Gdynia, Poland). It was run for 45 cycles with the annealing Ta
of 60 ◦C in a QuantStudio 7 Flex System (Thermofisher Scientific, Waltham, MA, USA).
Quantification of mRNA levels was performed using the comparative ∆∆CT method [64].
The relative mRNA abundances of RPLP0 and SDHA genes were applied as endogenous
controls. Outliers were filtered out using Grubb’s tests. The normality of the distribution
was tested using the Shapiro–Wilk test, and the differences between four groups of cells
were calculated as RQ values on the basis of Mann–Whitney U tests. Violin plots generated
with the help of Orange data mining tools [63] were used to show the differences in
fold change.

5. Conclusions and Future Goals

Although TSA-mediated epigenomic modulation of the ex vivo expanded horse chon-
drocyte cell lines has been mechanistically proven to bring about the diminishment in
the expression of a broad spectrum of genes related to chondrogenic differentiation, com-
prehensively identifying genomic and epigenomic signatures in in vitro cultured equine
chondrocytes that have been epigenetically transformed by exposure to TSA and/or
5-AZA-dc might still be indispensable to provide genetically and epigenetically repro-
grammable/dedifferentiable cell lines of adult cartilage-derived somatic cells intended for
future goals.

The latter is directed at ex situ study to protect a completely new source of epigenet-
ically modified nuclear donor cells (NDCs) for the purposes of generating cloned horse
embryos, conceptuses, and offspring by somatic cell nuclear transfer (SCNT).

To the best of our knowledge, the conceptualization of recognizing epigenetic plastic-
ity and reprogrammability of TSA- and/or 5-AZA-dc-modulated adult chondrocytes in
equine SCNT-generated embryos has been developed for the first time. This entirely novel
approach might turn out to be a research model reliable and feasible for SCNT-mediated
production of monogenetic and monosexual specimens not only in horses but also in other
mammalian species.

In summary, determining the suitability of the above-indicated research model seems
to be an excellent solution inevitable in regenerative medicine and reconstructive surgery
of the equine chondroskeletal system.
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