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Abstract

In this study, we first investigated the effects of 3-methyladenine (3-MA), an autophagy inhibitor,
and the inducer — rapamycin (RAPA) on the incidence of programmed cell death (PCD) symptoms
during in vitro development of porcine somatic cell nuclear transfer (SCNT)-derived embryos.
The expression of autophagy inhibitor mTOR protein was decreased in porcine SCNT blastocysts
treated with 3MA. The abundance of the autophagy marker LC3 increased in blastocysts fol-
lowing RAPA treatment. Exposure of porcine SCNT-derived embryos to 3-MA suppressed their
developmental abilities to reach the blastocyst stage. No significant difference in the expression
pattern of PCD-related proteins was found between non-transfected dermal cell and transfected
dermal cell groups. Additionally, the pattern of PCD in SCNT-derived blastocysts generated us-
ing SC and TSC was not significantly different, and in terms of porcine SCNT-derived embryo
development rates and total blastocyst cell numbers, there was no significant difference between
non-transfected cells and transfected cells. In conclusion, regulation of autophagy affected the
development of porcine SCNT embryos. Regardless of the type of nuclear donor cells (transfected
or non-transfected dermal cells) used for SCNT, there was no difference in the developmental
potential and quantitative profiles of autophagy/apoptosis biomarkers between porcine transgenic
and non-transgenic cloned embryos. These results led us to conclude that PCD is important for
controlling porcine SCNT-derived embryo development, and that transfected dermal cells can
be utilized as a source of nuclear donors for the production of transgenic cloned progeny in pigs.
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Somatic cell nuclear transfer (SCNT) is a useful technology with application
in animal cloning. Since the creation of the first cloned animal, Dolly the sheep,
by means of SCNT (Wilmut et al., 1997), cloned specimens have been produced
in several other domesticated mammalian species including mice (Tanabe et al.,
2017), rabbits (Skrzyszowska et al., 2006), cattle (Luo et al., 2015), goats (Feng et
al., 2015), sheep (Zhang et al., 2013), horses (Olivera et al., 2018), and pigs (Kwon
et al., 2017). In addition, SCNT has been used to produce transgenic (TG) animals
(Kolber-Simonds et al., 2004; Samiec, 2004; Samiec and Skrzyszowska, 2011a;
Luo et al., 2015) and cloned endangered species (Samiec, 2005; Gémez and Pope,
2015; Wani et al., 2017). Because of their anatomical and physiological similarity
to humans, transgenic pigs have been widely used in biomedical studies, both as
models for studying human hereditary diseases and disease resistance (Meurens et
al., 2012; Callesen et al., 2017; Staunstrup et al., 2017), and for preclinical/clinical
xenotransplantation research (Vajta, 2007; Samiec and Skrzyszowska, 2011 b; Kim
etal., 2017; Lee et al., 2017). Although transgenic cloned pigs have been generated
by SCNT, disappointingly low efficiency of this assisted reproductive technology
(ART) in this livestock species severely limits its extraordinarily broad application
spectrum. Recent studies have identified several factors affecting the generation of
transgenic or non-transgenic SCNT-derived embryos, fetuses and progeny in pigs,
including among others: 1) meiotic, epigenetic and cytoplasmic maturity of nuclear
recipient oocytes (Samiec and Skrzyszowska, 2012 a; Wang et al., 2018); 2) the type
of nuclear donor cells (Keefer, 2008; Samiec and Skrzyszowska, 2010 a; Li et al.,
2013; Samiec et al., 2015); 3) epigenetic reprogrammability of somatic cell nuclei
(Lee et al., 2013; Opiela et al., 2017; Jin et al., 2018; Samiec and Skrzyszowska,
2018 a, b); 4) the strategies applied to artificial activation of nuclear-transferred oo-
cytes (Samiec and Skrzyszowska, 2010 b, 2012 b, 2014; Samiec et al., 2012); and 5)
the incidence of programmed cell death (PCD) in the in vitro cultured nuclear donor
cells and cloned embryos (Samiec and Skrzyszowska, 2013; Samiec et al., 2013
a; Lin et al., 2016; Jin et al., 2017; Zhang et al., 2017). However, the role of PCD
pathways (apoptosis and autophagy) in nuclear donor cells and mammalian SCNT-
derived embryos is still poorly understood (Song et al., 2001; Samiec et al., 2013 b;
Shen et al., 2015; Chi et al., 2017; Wang et al., 2017; Agrawal et al., 2018; Zhang et
al., 2018).

The availability of healthy donor cells is one of the most important factors for
successful SCNT (Mastromonaco et al., 2003). Successful SCNT is only possible
using normal diploid cells before they undergo senescence and death (Denning et
al.,2001). PCD is important for maintaining homeostasis in multicellular organisms.
There are two major types of PCD, defined in large part by the morphological ap-
pearance of the dying cell: apoptosis (also known as type I cell death), and autophagy
(type II) (Galluzzi et al., 2007). These play the complex relationship between apop-
tosis and autophagy on mammalian cells (Jia et al., 1997; Jia et al., 2014). Apoptosis
and autophagy are essential processes which use DNA fragmentation and degrade
organelles to remove unneeded cell components in response to various stresses in
order to maintain cellular quality (Xu et al., 2012; Brill et al., 1999). In particular,
autophagy plays a role in the regulation of cell survival and death. It has pro-sur-
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vival functions to prevent cellular stress and apoptosis (Tsukada and Ohsumi, 1993;
Schwartz et al., 1993).

PCD is related to embryonic development and blastocyst quality, which is impor-
tant for mammalian embryogenesis (Xu et al., 2012; Brill et al., 1999; Tsukamoto,
2014; Tsukamoto and Yamamoto, 2013). Apoptosis influences the blastocyst quality
by regulating cell numbers in embryos, and has been related to early-stage embry-
onic arrest and fragmentation (Fabian et al., 2005; Yu et al., 2011). Recent studies
have shown that the developmental competences of SCNT-derived embryos may be
enhanced by treatment of cell cultures with compounds that reduce apoptosis occur-
rence (e.g., trichostatin A or resveratrol) (Himaki et al., 2011; Ji et al., 2013; Kim et
al.,2015; Lee et al., 2015). Autophagy is an essential process in mammalian embryo-
genesis, and its failure may cause developmental arrest in early embryos (Tsukamoto
and Yamamoto, 2013). The pro-survival functions of autophagy are selectively regu-
lated to ensure embryo quality and developmental competence (Tsukamoto, 2014;
Lee et al., 2016).

However, the molecular mechanisms underlying the interplay between apopto-
sis and autophagy in the mammalian embryo are not yet clear. Although apoptosis
in porcine embryos has been recently studied, and it has been established that the
regulation of autophagy is important for the control of porcine embryo quality and
development, research into SCNT has rarely been reported.

To address this lack of knowledge, we investigated the effects of autophagy-
regulating factors (e.g., 3-methyladenine; 3-MA and rapamycin; RAPA) on the in
vitro developmental outcome and molecular quality of porcine cloned embryos, and
the incidence of PCD on the molecular quality of transfected or non-transfected
nuclear donor cells and the resultant transgenic or non-transgenic SCNT-derived
embryos, with the aim of improving the production of high-quality porcine cloned
embryos.

Material and methods

Animals and chemical treatment

Porcine ear tissues and ovaries were collected at local abattoirs (Pyung-teak,
Korea) and transported to the laboratory. All chemicals used in this study were pur-
chased from the Sigma-Aldrich Chemical Company (St. Louis, MO, USA), unless
otherwise stated.

3-MA and RAPA were dissolved in PZM-3 medium. SCNT-derived em-
bryos were cultured in the medium supplemented with 3-MA or RAPA and
developed from zygote to blastocyst stage (for 7 days). Antibiotic drugs were used
at fixed final concentrations (3-MA: 2.5 mM or RAPA: 100 nM) in accordance
with previous studies (Xu et al., 2012; Lee et al., 2011). Antibodies used are listed
in Table 1.
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Table 1. List of used antibodies

Antibody Company Cat# | Source | IF | ELISA | wB
Primary antibodies
ATGS Abfrontier =~ LF-PA41338  rabbit 1:100  1:1000
Bcl-2 Santa Cruz sc-492 rabbit 1:100  1:1000
Beclin-1 Abcam ab231341 rabbit 1:100  1:1000  1:1000
caspase-3 Abcam ab4051 rabbit 1:100  1:1000
MAPILC3A Abcam ab168803 rabbit 1:100  1:1000  1:1000
MMP-2 Abcam ab78796 mouse 1:1000
MMP-9 Anaspec AS-54407 rabbit 1:1000
mTOR Abfrontier LF-PA20559  rabbit 1:100  1:1000
SQSTMI1 Santa Cruz sc-25575 rabbit 1:100  1:1000
B-actin Santa Cruz sc-47778 mouse 1:1000
Secondary antibodies
mouse [gG-HRP Santa Cruz sc-2031 mouse 1:5000  1:5000
rabbit IgG-HRP Santa Cruz sc-2054 rabbit 1:5000  1:5000
goat [gG-HRP Abcam ab6741 goat 1:5000

Alexa fluor594 rabbit IgG  Life Technologies ~A-11012 rabbit 1:500
Alexa fluor488 rabbit IgG  Life Technologies  A-11094 rabbit 1:500

Preparation of donor cells

Ear skin fibroblast cells were cultured from the ear biopsy of an adult pig. The ear
biopsy sample was washed several times with Dulbecco’s phosphate-buffered saline
(DPBS, Gibco). After washing, the tissue was minced with a surgical blade in DPBS,
and subsequently digested with collagenase (200 U/mL) in Dulbecco’s modified Ea-
gle’s medium (DMEM, Gibco) for 3 hrs at 38.5°C. The digested samples were then
washed in DMEM by centrifugation at 500 rpm for 5 min to remove any residual
enzyme and seeded into a T-25 tissue culture flask. Seeded cells were then cultured
in DMEM supplemented with 1% antibiotic (Gibco) and 10% fetal bovine serum
(FBS, Gibco) at 38.5°C in a humidified atmosphere of 5% CO, and 95% air, until
they reached confluence. Subculturing was carried out at intervals of 5—7 days fol-
lowing trypsinization for 5 min using 0.25% trypsin-EDTA (Gibco). The cells were
then stored in freezing medium, consisting of 70% (v/v) DMEM, 10% (v/v) DMSO,
and 20% (v/v) FBS, in liquid nitrogen after two passages. Before SCNT, cells were
thawed and subsequently cultured in 10% FBS with DMEM for 3—4 days until 80%
confluent to synchronize most of them into GO/G1. Individual cells were recovered
from the monolayer by trypsinization for 1 min and subsequently used for SCNT.

Transfection of donor cells

Porcine skin fibroblast cells were transfected using eGFP-encoding lentiviral
vectors to prepare cultured cell lines. For transfection of donor cells, the lentiviral
vector (lentivirus promoter with H1; pLV-TH) containing the enhanced Green Fluo-
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rescent Protein (eGFP) gene under control of the elongation factor 1 (EF1) promoter
was used (Sandrin et al., 2002). The lentivirus vector was produced following the
method described by Tanida et al. (2004) and Zakhartchenko et al. (2001), with mi-
nor modifications. Donor skin cells were treated with pLV-TH virus supernatant in
the presence of 8 pg/mL polybrene for 9 hrs at a multiplicity of infection (MOI) of
10 at 37°C in an incubator with 5% CO, in air. Transfected skin cells were sorted by
Fluorescent Activated Cell Sorting (FACS), and cells displaying elevated levels of
GFP expression were selected (data not shown). The transfected cell line was used
for SCNT of donor cells.

Oocyte collection and in vitro maturation (IVM)

Ovaries were collected at local abattoirs (Pyung-teak, Korea) and transported to
the laboratory in sterile physiological saline at 37°C within 1 hr. Cumulus-oocyte
complexes (COCs) were aspirated from superficial ovarian follicles with a diameter
of 3 to 6 mm, using an 18-gauge needle attached to a 10-mL disposable. The super-
natant was removed, and the sediment was washed three times in washing medium
containing Hepes-buffered tissue culture medium 199 (TCM-199), 10 pL/mL anti-
biotic, and 0.3% (w/v) bovine serum albumin (BSA). Subsequently, COCs were ob-
served under a stereomicroscope with only those having 3 or more uniform layers of
compact cumulus cells and with homogeneous cytoplasm being selected for further
work. The selected COCs were transferred into 500 pL of IVM medium, which con-
sisted of TCM-199 supplemented with 10% (v/v) FBS, 15 ng/mL epidermal growth
factor (EGF), 10 IU/mL of both pregnant mare serum gonadotropin (PMSG) and hu-
man chorionic gonadotropin (hCG), and 30 pg/mL kanamycin for 20-22 hrs. After
maturation with hormones, the COCs were cultured in hormone-free [VM medium at
39°C for an additional 21-22 hrs in humidified air containing 5% CO,.

Somatic cell nuclear transfer (SCNT)

After 40 hrs in IVM, denuded oocytes were stained with 5 mg/mL of Hoechst
33342 for 5 minutes and observed under an inverted microscope equipped with epi-
fluorescence attachment. An oocyte was held with a holding pipette (Origo), and
the zona pellucida (ZP) was partially dissected using a 20-um glass pipette to make
a slit near the first polar body (PB). Enucleation was performed by aspirating PB
and the adjacent cytoplasm containing the metaphase-II (MII) chromosomes us-
ing an aspiration pipette in PZM-3 medium containing 3 mg/mL BSA, and 7.5 mg/
mL of cytochalasin B (CB). During the injection step, a trypsinized donor cell with
a smooth cell surface was transferred into the perivitelline space of an enucleated oo-
cyte in PZM-3 without CB. The resulting SCNT embryo was simultaneously fused
and activated with two DC pulses of 1.1 kV/em for 30 psec in fusion medium (0.3
M mannitol medium containing 1.0 mM CaCl,-H,O, 0.1 mM MgCl,-6H,0, and 0.5
mM HEPES). The reconstructed embryos were then incubated with 7.5 pg/mL CB
in PZM-3 for 4 hrs. After treatment, the embryos were washed with PZM-3 contain-
ing 3 mg/mL BSA, transferred into 50-puL micro drops of the same culture media,
covered with mineral oil in a polystyrene culture dish, and incubated at 38.5°C for
7 days under a 5% CO, atmosphere. The day of SCNT was designated as day 1;
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cleavage and blastocyst formation were assessed on days 3 and 7 following activa-
tion, respectively. To count the total cell numbers in blastocysts, they were collected
on day 7, washed in PBS medium, and stained with 5 pg/mL of Hoechst 33342
fluorochrome for 10 min. After a final wash in PBS medium, the blastocysts were
mounted on glass slides in a drop of mount, compressed gently with a cover slip,
and observed under a fluorescence microscope (Nikon Corp., Tokyo, Japan) at 40x
magnification.

Immunofluorescence

Cells and embryos were fixed in 4% paraformaldehyde overnight at 4°C, washed
for 30 min in PBS, and permeabilized with 0.2% Triton X-100 for 30 min at room
temperature (RT). The samples were blocked at RT for 3 hrs in PBS containing 10%
normal horse serum (NGS) and 0.01% Triton X-100, and then detected with primary
antibodies (diluted 1:100 in blocking buffer) overnight at 4°C. After washing for 30
min with PBS, the samples were incubated with secondary antibodies (diluted 1:500
in blocking buffer) for 2 hrs at RT and washed with PBS for 30 min. Samples were
mounted on slides, stained with DAPI, and observed under a fluorescence micro-
scope (Nikon Corp., Tokyo, Japan) at 200x and 400% magnification. Relative fluo-
rescence intensity was analyzed with ImagelJ software (National Institutes of Health,
Bethesda, MD).

Enzyme-linked immunosorbent assay (ELISA)

For western blots and ELISA, total protein was extracted from ovarian tissues
using Pro-Prep solution (Intron) according to the manufacturer’s instructions. Total
protein was quantified using a Bradford protein assay kit (Bio-Rad). For quantifica-
tion of specific protein from the culture medium and cell proteins, samples diluted
in assay buffer were used to coat a 96-well ELISA plate overnight at 4°C. The plate
was then washed twice using washing buffer (1x PBS with 2.5% Triton X-100), and
blocked using 1% BSA blocking solution at RT for 3 hrs. Primary antibodies were
detected overnight at 4°C. After washing, immune reactions were detected using
secondary antibodies for 2 hrs, and substrate solution (BD) was added to initiate the
reaction. The reaction was stopped with 1 M NH,SO,, and absorbency was measured
at 450 nm.

Western blot

Samples containing 20 pg of protein were separated by SDS-PAGE (in dupli-
cate) on a 12% SDS-polyacrylamide gel and transferred to an Immuno-Blot PVDF
membrane (Bio-Rad, CA, USA). The membrane was blocked using blocking buff-
er consisting of 3% BSA in TBST (0.1% Tween 20, 50 mM Tris-HCI (pH 7.6),
200 mM NacCl) for 3 hrs at RT. Following this, the membrane was washed 3 times
for 15 min with washing buffer (TBST), followed by overnight incubation at 4°C
with primary antibodies (diluted 1:1000 in blocking buffer). The membrane was then
washed thrice with TBST buffer for 15 min each, and incubated for 2 hrs with HRP-
conjugated secondary antibodies (diluted 1:5000 in blocking buffer). Detection was
carried out using an ECL detection kit with 5 min incubation in a dark room. The de-
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tection reagent was drained, and the membrane was exposed to a sheet of diagnostic
film in a film cassette for 1 to 30 min.

Results

Effect of 3-MA or RAPA treatment on porcine SCNT embryo development

SCNT-derived embryos were treated with 3-MA or RAPA during their in vitro
culture from one-cell stage to blastocyst stage (Table 2; Figure 1). In the 3-MA-treat-
ed group, embryo cleavage activity (64.7+£3.6%) and the blastocyst formation rate
(16.6+5.0%) were significantly lower than those noticed in other groups. However,
in the RAPA-treated group, neither cleavage activity (70.9+£2.2%) nor developmental
potential to reach the blastocyst stage (29.3+3.5%) differed significantly from the
adequate rates observed in the control, i.e., untreated, group (72.5+£5.2; 27.7+7.1%,
respectively; P>0.05). This indicated that the in vitro developmental capabilities of
porcine cloned embryos are remarkably dependent on the 3-MA-mediated regulation
(inhibition/suppression) of autophagy processes.

Table 2. Effect of 3-MA or RAPA in development of SCNT embryos

% of embryos developed to

Type No. of embryos cultured
>2 cell total blastocyst
CON 137 72.5+5.2 27.7+7.1
3-MA 133 64.7£3.6 16.6+5.0
RAPA 134 70.9+£2.2 29.3+3.5

Con: control (untreated) group, 3-MA: 3-methyladenine-treated group, RAPA: rapamycin-treated group.
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Figure 1. Representative photographs of blastocyst developed in 3-MA or RAPA for the 7 days of IVC

Effect of 3-MA or RAPA treatment on the secretion of MMPs in SCNT em-
bryo cultured medium

We examined the effect of drugs (3-MA or RAPA) on the secretion levels of
MMPs in medium-cultured embryos by ELISA (Figure 2). MMP-2 levels were el-
evated in the 3-MA-treated group, but there was no significant difference between
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the control and RAPA-treated groups. Although the absolute level of MMP-9 secre-
tion was lower than that of MMP-2, MMP-9 secretion patterns between the groups
were similar to those found with MMP-2.
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Con: control treatment group, 3-MA: 3-methyadenine treated group, RAPA: rapamycin treated group.

Figure 2. ELISA analysis of secretion MMPs in SCNT culture medium

Effect of 3-MA or RAPA treatment on the expression of autophagy-related
proteins in porcine SCNT-derived blastocysts

Porcine SCNT blastocysts were produced in vitro with 3-MA or RAPA treatment.
The relative levels of mTOR (an autophagy inhibitor) and LC3 (an autophagy mark-
er) in blastocysts were measured by immunofluorescence (Figure 3). The relative
fluorescence intensity of mTOR was significantly lower in RAPA-treated blastocysts
than that noticed in other groups. Blastocysts derived following 3-MA treatment
exhibited reduced levels of LC3 (P<0.05). As compared to the control group, the
blastocysts generated after RAPA treatment showed an increased expression pattern
of LC3 protein (P <0.05).

The expression pattern of PCD-related proteins in porcine transfected nu-
clear donor cells

In order to analyze the expression pattern of apoptosis and autophagy from trans-
fected and non-transfected skin cell lines, expression of target proteins was detected
via ELISA and immunofluorescence (Figures 4-7). The results of immunocytobio-
chemical analysis in both types of nuclear donor cells showed that the expression
of anti-apoptotic Bcl-2 protein was considerably higher than that of the apoptosis-
related caspase-3 enzyme. Although such autophagy-regulating proteins as Beclin-1
and mTOR were expressed at a higher level, there was no significant difference in
their expression between transfected and non-transfected cell lines (P>0.05) in con-
trast to the expression of other autophagy-associated proteins (ATGS, SQSTM1 and
MAPILC3A) that underwent significant enhancement in transfected cell lines as
compared to their non-transfected counterparts (P<0.05). To determine when au-
tophagy actually occurred, conversion of LC3-I to LC3-II, an indicator of autophagy
induction, was measured in SC and TSC using western blots. LC3-II levels were
expressed, and not significant in both cell lines.
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A: Immunofluorescence images of mTOR and MAP1LC3A in cloned embryos not subjected and sub-
jected to 3-MA or RAPA treatment. (x40) B: Relative fluorescence level of mTOR and MAPILC3A in
SCNT-derived embryos not undergoing and undergoing exposure to 3-MA or RAPA.

(Con: control/untreated group, 3-MA: 3-methyladenine-treated group, RAPA: rapamycin-treated group).

Figure 3. Effects of 3-MA and RAPA on the autophagy incidence in SCNT-derived blastocysts
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Immunofluorescence images of Bcl-2 and Caspase-3 in somatic cells. (x40), SC: skin cell (non-transfec-
tion), TSC: transfected skin.

Figure 4. Expression of apoptosis related proteins in somatic cells
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Figure 5. Expression of pro-autophagy related proteins in somatic cells
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cell, TSC: transfected skin cell.

Figure 6. Expression of autophagy-related protein in somatic cells
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Figure 7. ELISA and western blot of programmed cell death in somatic cells

Effect of nuclear donor cell type on the in vitro developmental competences
of cloned pig embryos

Porcine SCNT embryos were constructed using different donor cell types (SC
and TSC). The developmental rate and blastocyst cell numbers are presented in Ta-
ble 3. The cleavage rates and blastocyst formation rate did not differ significantly
between the two donor cell types (76.2+1.2%, 32.6£2.2% vs 76.4+£0.9%, 33.1+1.8%:
for SC vs TSC), and there was no significant difference among groups in terms of
total cell numbers in blastocysts (30.86+2.76% vs 30.43£2.50%).

Table 3. Effect of donor cell in development rate of SCNT embryos

No. of % of embryos developed to .
Cell type No. of cells in blastocyst (n)
embryos cultured >2 cell total blastocyst
SC 126 76.2+1.2 32.6+2.2 30.86+2.76
TSC 149 76.4+0.9 33.1+£1.8 30.43+2.50

Expression patterns of PCD-related proteins in the blastocysts developed
from porcine SCNT-derived embryos reconstructed with transfected dermal
cells

To examine the expression of genes related to embryonic development and PCD,
we evaluated the expression levels of Bcl-2, Caspase-3, mTOR, Beclin-1, ATGS,
and MAP1LC3A in blastocysts from each group using immunofluorescence (Figures
8-9). The expression pattern of PCD in blastocysts from SC and TSC embryos did
not differ significantly. Moreover, results from cloned embryos indicated that PCD
expression level patterns were similar to those seen in donor cells. However, in con-
trast with the donor cell experiment, MAP1LC3A levels in SCNT blastocysts were
lower than those of other autophagy-related proteins.
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Immunofluorescence images of Bcl-2 and Caspase-3 and mTOR in SCNT blastocyst (x40), SC: skin cell
(non-transfection), TSC: transfected skin cell.

Figure 8. Expression of apoptosis related protein in SCNT blastocyst

A DAPI Brightfield B

Beclin-1

80 - osc
60 - aTs

ATGS

BECN1 ATGS LC3

MAP1LC3A

A: Immunofluorescence images of Beclin-1 and ATG5 and MAPILC3A in SCNT blastocyst (x40),
B: autophagy related proteins, SC: skin cell (non-transfection), TSC: transfected skin cell.

Figure 9. Expression of autophagy related protein in SCNT blastocyst
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Discussion

SCNT has enormous potential for xenotransplantation to humans by using TG
pigs as tissue and organ donors (Samiec, 2004; Samiec and Skrzyszowska, 2011 b;
Kim et al., 2017; Kwon et al., 2017; Lee et al., 2017). However, to further advance
the production of genetically modified cloned pigs, more research focused on the ef-
ficient generation of porcine SCNT-derived embryos and offspring is required. Vari-
ous factors contribute to SCNT’s low efficiency, especially donor cell type, donor
cell transfection, culture conditions, apoptosis, and autophagy (PCD). PCD plays
a critical role in pre-implantation development of porcine embryos produced in vitro
for cellular maintenance (Tsukamoto, 2014). Apoptosis has been related to embry-
onic arrest and fragmentation in early-stage embryos (Yu et al., 2011), and autophagy
is an essential process for pre-implantation embryo development in mammals (Tsu-
kamoto and Yamamoto, 2013).

In this study, we first examined the effects of the autophagy inhibitor 3-MA and
inducer RAPA on PCD expression on porcine SCNT-derived embryo development.
The expression of mTOR protein was decreased in porcine SCNT blastocysts treated
with 3-MA. In contrast, the abundance of the autophagy marker LC3 increased in
blastocysts following RAPA treatment. These results indicate that treatment with
3-MA or RAPA alters the expression of autophagy-related genes in porcine SCNT
embryos, which is consistent with the regulation of autophagy by these drugs in
other cells (Pan et al., 2009). Furthermore, this regulation of autophagy influences
porcine embryo development.

Treatment of SCNT embryos with 3-MA had the strongest effect on diminishing
blastocyst development rate. These results are consistent with those of recent stud-
ies involving porcine parthenogenesis and in vitro fertilization of embryos (Xu et
al., 2012; Lee et al., 2016). Autophagy plays a critical role in early embryogenesis,
where it is involved in the degradation of maternal proteins and synthesis of new pro-
teins. The failure of these processes causes developmental arrest and low blastocyst
development rates (Tsukamoto and Yamamoto, 2013). Therefore, our results support
the conclusion that the inhibition of autophagy negatively affects porcine SCNT-
derived blastocyst development.

The blastocyst formation rate within the RAPA-treated group was higher than
that in the control group, but not significantly different from that in the 3-MA-treated
group. In previous investigations, whereas rapamycin treatment did not affect sig-
nificantly the competences of porcine parthenogenetic embryos to complete their de-
velopment to blastocyst stage (Xu et al., 2012), such exposure of early-stage bovine
in vitro-fertilized embryos led to enhancement of the blastocyst yields (Song et al.,
2012). Rapamycin has a protective effect on cell development and survival during
starvation, but does not affect cellular maintenance under normal culture conditions
(Patricia et al., 2005). Under normal conditions, basal levels of autophagy induce
a pro-survival mechanism, whereas prolonged or excessive induction of autophagy
stress can promote cell death (Knight and Shokat, 2007). Rapamycin treatment may
influence embryo development, either through beneficial or detrimental effects (Song
et al., 2012). We found that autophagy induced by rapamycin treatment may provi-
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sionally have positive effects on the rate of porcine SCNT-derived blastocyst devel-
opment. An increased level of MMP secretion was found in the 3-MA-treated group,
which exhibited the lowest development rate of SCNT-derived embryos. MMPs play
an important role in tissue remodeling of cells through their interaction with ECM
(Deryugina and Quigley, 2006; Malemud et al., 2006). The activity of MMPs was
increased during inhibition of cell development and induction of apoptosis (Galoian
et al., 2012; Lee et al., 2010; Page-McCaw et al., 2007). MMPs may therefore be
associated with the development of porcine SCNT-derived embryos and the modula-
tion of autophagy.

Transfection of donor cells may affect the development of porcine TG-SCNT-de-
rived embryos. High-quality donor cells are needed both to get high-quality embryos
and to improve the efficiency of TG-SCNT (Wongsrikeao et al., 2007). Transfection
of donor cells requires a long period of in vitro culture (IVC) and selection of marker
genes, and it has been suggested that this extended culture time may induce transfec-
tion stress, thereby decreasing TG-SCNT efficiency (Zakhartchenko et al., 2001).
The quality of embryos reconstructed with gene-transfected donor cells is an impor-
tant factor in the production of TG pigs using SCNT (Brink et al., 2000; Brophy et
al., 2003; Iguma et al., 2005).

We next examined the expression pattern of PCD-related proteins in transfected
cutaneous cells used as nuclear donors for generation of porcine SCNT-derived em-
bryos. There was no significant difference between expression patterns found in skin
cell (SC) and transfected skin cell (TSC) groups for any of the PCD-related proteins
analyzed (Bcl-2, Caspase-3, mTOR, Beclin-1, ATG5, SQSTM1 and MAPILC3A).
These results suggest that lentivirus-mediated transfection of nuclear donor dermal
cells does not influence post-transfection intracellular stress that has been measured
by the relative abundance of markers peculiar to apoptosis and autophagy, as com-
pared to their expression in non-transfected dermal cells. Anti-apoptotic Bcl-2 was
highly expressed in both cell types, whereas the expression of apoptosis marker cas-
pase-3 was comparatively low in both groups. Proteins related to autophagy occur-
rence were generally expressed at a higher level. Bcl-2 and mTOR, which are crucial
to cell survival, were highly expressed. Therefore, it was concluded that transfected
cells do not display apoptosis under normal growth conditions. However, LC3 and
Beclin-1-related keys of autophagy were highly expressed as mTOR and LC3-II, in-
dicating that autophagy activation was increased in the results of western blot, which
was exhibited in both cell survival and autophagy avoiding apoptotic event. Previous
studies have claimed that embryos must be reconstructed with GO/G1 stage donor
cells when oocytes with higher levels of maturation-promoting factors are used as
recipients in SCNT (Wilmut et al., 1997; Cibelli et al., 1998; Kasinathan et al., 2001).
Although several methods have been used for artificial synchronization of mitotic
cycle of nuclear donor cells at the G1/GO or GO/G1 phases, their contact inhibition
under total confluence conditions seems to be the most frequently used method for
the purposes of SCNT in pigs (Miyamoto et al., 2007; Verma et al., 2015; Keefer,
2015; Samiec and Skrzyszowska, 2012 b; Samiec et al., 2013 a, b). Autophagy pro-
motes cellular survival in response to the external environmental stressors (e.g., se-
rum starvation) (Zhang et al., 2018). Consequently, we considered that the activation
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of autophagy in donor cells occurred in response to the synchronization of donor
cells at the G1/GO phases.

We examined the production of SCNT-derived embryos using transfected skin
cells and analyzed embryo development rates and the expression of PCD in SCNT-
derived blastocysts. There was no significant difference in the in vitro developmen-
tal rates or blastocyst yields between porcine SCNT-derived embryos created using
transfected cutaneous cells and their counterparts created using non-transfected cu-
taneous cells. Moreover, the expression pattern of PCD-related proteins in SCNT-
derived blastocysts was similar to that seen in donor cells, with the sole exception of
LC3. This was consistent with previous research showing that LC3 was expressed
at a low level during the blastocyst stage, when compared to the early-stage porcine
parthenogenetic embryos (Xu et al., 2012). Recent findings suggest that Beclin-1
acts as a crucial regulator of both autophagy and apoptosis (Nikoletopoulou et al.,
2013). Disruption of Beclin-1 induces early embryonic lethality and widespread
apoptotic cell death in mouse embryos (Wakayama et al., 1998; Yue et al., 2003).
Silencing of autophagy-related genes, similarly, leads to developmental disorders
and defective embryonic development (Lee et al., 2016). Therefore, we suggest that
autophagy plays a critical and selectively pro-survival role in porcine TG-SCNT-
derived embryos, but that further study is required in order to elucidate the specific
molecular mechanism underlying PCD in porcine SCNT-derived cells.

Summing up, the results of our study show that transfected porcine dermal cells
did not differ significantly from non-transfected dermal cells with respect to the ex-
pression of PCD-associated proteins. Similarly, there was no significant difference
in the ex vivo developmental capacity of nuclear-transferred embryos. Furthermore,
regulation of autophagy processes by extrinsic agents (3-MA or RAPA) affected not
only developmental potential of SCNT-derived pig embryos, but also their molecular
quality that was assessed by determining the quantitative profiles of autophagy-re-
lated proteins. However, regardless of the type of nuclear donor cells (transfected or
non-transfected cutaneous cells) used for SCNT procedure, there was no difference
in the blastocyst formation rates and the expression patterns of apoptosis/autophagy
biomarkers between porcine transgenic and non-transgenic cloned embryos. Our
results support the conclusions that PCD is important for controlling the in vitro
development of porcine cloned embryos and that transfected cutaneous cells can be
utilized as nuclear donors for the production of transgenic SCNT-derived offspring

in pigs.
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