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Comparative analysis of various donor cell types for somatic cell
nuclear transfer and its association with apoptosis and senescence
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Abstract. The aim of the present study was to characterize
potential somatic cell nuclear transfer (SCNT) donor cells by
comparing two lines of transfected cells with their non-modi-
fied parental controls in culture. Fetal fibroblasts used in the
study originated from crossbred Landrace x Yorkshire x Duroc
(LYD) or Yucatan mini-pigs. The LYD fibroblasts were modi-
fied by the transfection of a tetracycline on/off gene, whereas
Yucatan fibroblasts were triple transfected with the comple-
ment regulatory factors, human decay-accelerating factor and
human CD59, as well as H-transferase. At the 9th doubling
passage, parameters associated with senescence and apoptosis,
including morphology, mRNA expression (TP53, Bcl-2, Bax)
and reactive oxygen species (ROS) levels, were evaluated.
Population doubling (PD) time was calculated by assessing
the time required for cell numbers to double by averaging the
three cell passages. Quantitative polymerase chain reaction
revealed that when comparing LYD with Yucatan fibroblasts,
the latter exhibited a lower relative expression of 7P53 and
a higher relative expression of antiproliferative Bcl-2, which
correlated with the PD time results (26 and 40 h, respectively).
Tetracycline on/off transfected cell lines exhibited a lower
relative expression of antiapoptotic Bcl-2 compared with their
originating LYD cells. Similarly, triple transgenic cells exhib-
ited higher TP53 and Bax mRNA expression levels than their
non-transgenic counterparts. For ROS measurement, cells
were incubated with 2'7'-dichlorofluorescin diacetate under
the same conditions and were analyzed by flow cytometry.
Yucatan fibroblasts exhibited higher ROS content than LYD
cells. In addition, the two transgenic cell lines produced higher
ROS levels than their corresponding non-transfected cell lines.
In conclusion, these results indicate that characteristics associ-
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ated with senescence and apoptosis in transfected cells during
culture may affect the efficiency of SCNT when used as donor
cells for the production of transgenic swine.

Introduction

Various cell types have been used as donors in somatic cell
nuclear transfer (SCNT) technology to produce cloned animals
from various species (1-4). While previous studies have
indicated that the origin of the donor cell used in the cloning
procedure is an important determinant of the developmental
competence of SCNT embryos (5,6), there is limited informa-
tion available with regard to the donor cell effect on porcine
cloning efficiency.

In addition, the efficiency of producing transgenic cloned
animals depends on improving the combination of technolo-
gies involved, with the preparation and induction of competent
transfected donor cells being a crucial upstream step. However,
the genetic modification of donor cells requires long-term
culture for adequate cell line establishment, followed by the
time required for the transfection procedure. Therefore, the
effects of apoptosis and senescence stemming from long-term
donor cell culture on SCNT efficiency remain controver-
sial (7,8) and require further evaluation.

In order to address these issues, the present study used
four cell lines, two transgenic cell lines and the corresponding
non-transfected controls.

Following SCNT, donor cells transfected with a tetracycline
on/off responsive gene provide a tool to control the expres-
sion of a specific gene at any time during development (9).
Therefore, in the present study fibroblasts originating from
crossbred Landrace x Yorkshire x Duroc (LYD) pig fibroblasts
were transfected with a tetracycline responsive gene. In addi-
tion, since triple cell lines appear to be resistant to hyperacute
rejection during xenotransplantation procedures (10), an addi-
tional fibroblast cell line was used originating from Yucatan
mini-pigs and co-transfected with three genes, namely the
complement regulatory factors, human decay accelerating
factor (hDAF) and human (h) CD59, as well as H-transferase.

Therefore, the objective of the current study was to
understand the contribution of transgenic donor cell features
to variations in SCNT efficiency. For this purpose, various
parameters associated with viability and senescence were
compared among four fetal fibroblast cell lines, including
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Table I. Primers used for gene expression analysis.

Gene Primer sequences (5'-3") Product size (bp) GenBank accession number
Bax F: TGCCTCAGGATGCATCTACC 199 XM_003127290
R: AAGTAGAAAAGCGCGACCAC
Bcl-2 F: AGGGCATTCAGTGACCTGAC 193 NM_214285
R: CGATCCGACTCACCAATACC
p53 F: CTTTGAGGTGCGTGTTTGTG 192 NM_213824
R: CGGATCTGGAGGGTGAAATA
GAPDH F: GTCGGTTGTGGATCTGACCT 207 NM_001206359

R: TTGACGAAGTGGTCGTTGAG

morphology, growth rate, mRNA expression and reactive
oxygen species (ROS) production.

Materials and methods

Cell lines and culture procedure. Two fetal fibroblast cell lines
were used as controls in the study, originating from LYD or
Yucatan mini pigs. LYD cells were transfected with a tetracy-
cline-responsive gene (tetracycline on/off cells). Yucatan cells
were transfected with the complement regulatory factors, hDAF
and hCD59, as well as H-transferase (triple-transfected cells).
Thus, each transfected line was compared with its originating
control (LYD and Yucatan). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco-BRL, Grand
Island, NY, USA) containing 25 uM glucose (high glucose
medium) plus 10% fetal bovine serum (FBS; Gibco-BRL). A
130 ug/ml hygromycin B solution from Streptomyces hygro-
scopious (Sigma-Aldrich, St. Louis, MO, USA) was used for
culturing the triple transgenic cell line. Cell cultures were
maintained in a 6-well dish and subcultured at a 1:4 ratio once
~90% confluence was observed. The culture medium was
replaced every two days. Assays were always performed in
cells from the 9th population doubling (PD) passage.

Determination of PD times and cell counts. Following the
initial seeding, counting was performed once cells reached
95% confluence. For this purpose, cells were trypsinized,
harvested and centrifuged (Hanshin Medical Co., Seoul,
Republic of Korea) at 2,000 rpm for 3 min. The pellet was then
suspended in DMEM plus 10% FBS and an aliquot was used
for counting with a hemocytometer (Superior, Marienfeld,
Germany). Cells were seeded again and the entire aforemen-
tioned procedure was repeated twice. Thus, PD times were
calculated by averaging the time required for the cell number
to double during the exponential growth phase, that is, during
the three cell subculture from passage 7 to passage 9.

Morphological analysis. Phase contrast microscopy (Leica
Microsystems, Wetzlar, Germany) was used to assess cell
morphology. Examinations were performed on specimens
fixed for 5 min in 4% paraformaldehyde at room temperature.

Quantitative polymerase chain reaction (gqPCR). Total
RNA was extracted from the various cell lines using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA),

according to the manufacturer's instructions. Complementary
DNA (cDNA) was prepared by the reverse transcription of
1 ug total RNA using Moloney murine leukemia virus reverse
transcriptase (Invitrogen Life Technologies) and random
primers (9-mers; Takara Bio, Inc., Shiga, Japan). qPCR
(Mx3000P gPCR System; Agilent Technologies, Inc., Santa
Clara, USA) was then performed with 1 ul cDNA template
added to 10 ul 2X SYBR Premix Ex Taq (Takara Bio, Inc.)
containing specific primers. Amplification was performed for
40 cycles with cycling parameters as follows: Denaturation at
95°C for 30 sec, annealing at 55°C for 30 sec and extension
at 72°C for 30 sec. All primer sequences are presented in
Table I. The expression of each target gene was quantified
relative to that of the internal control gene, GAPDH. The
relative quantification was based upon the comparison of
the threshold cycle (Ct) at a constant fluorescence intensity.
Relative mRNA expression (R) was calculated using the
following equation: R = 2-fACtsample - ACtcontroll ""Ty determine
the normalized arbitrary value for each gene, values were
normalized against GAPDH.

Measurement of ROS. To determine the intracellular content
of ROS, cells were incubated with 5 pg/ml 2',7'-dichloro-
dihydrofluorescein diacetate (H,DCF-DA; Invitrogen Life
Technologies) for 30 min at 37°C. The acetates of H,DCF-DA
were cleaved by intracellular esterases, releasing the reduced
fluorescein, which was then converted to dichlorofluorescein in
the presence of ROS and detected by fluorescence activated cell
sorting (FACS; Becton Dickinson Immunocytometry Systems,
San Jose, CA, USA). Dye-loaded cells were trypsinized for
2 min and the reaction was stopped with phosphate-buffered
saline. Living cells were pelleted by centrifugation at 357 x g
for 3 min. Following washing with PBS, cells were resuspended
in PBS and FACS analysis was performed using emission and
excitation wavelengths of 530 and 480 nm, respectively. The
detected levels of DCF fluorescence correlated with the ROS
levels. Relative levels were compared between the transfected
cell lines and their control counterparts.

Statistical analysis. Quantitative measurements were
performed at least three times, with data expressed as the
mean + standard error of the mean. Comparisons of mean
values between various groups were performed by one-way
analysis of variance. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 1. Scatter plots showing cell viability analysis by flow cytometry of fetal fibroblasts. Fibroblasts from (A) LYD crossbred pigs and (B) Yucatan
mini-pigs. (C) LYD fibroblasts transfected with a tetracycline on/off gene. (D) Yucatan fibroblasts transfected with three genes. Images were captured during
passage 9. X axis, cell density; Y axis, nuclear density. LYD, Landrace x Yorkshire x Duroc.

Results

Cell proliferation rate. For cells in culture, the mean PD time
was correlated with the proliferation rate. Mean PD times were
26, 40, 26 and 66 h for the LYD, Yucatan, tetracycline on/off
and triple transfected cell lines, respectively. Thus, PD times
were longer for LYD than for Yucatan originated fibroblasts.
Transgenic tetracycline on/off cell lines had a similar mean
PD time to non-transfected LYD fibroblasts, whereas triple
transfected cell lines required longer (P<0.05) PD times than
non-transfected Yucatan controls.

Morphological analysis. Based on the phase contrast micros-
copy observations, fibroblasts from Yucatan mini-pigs were
larger than those from LYD crossbred pigs, which was consis-
tent with the FACS analysis results (Fig. 1). Conversely, there
were no morphological differences between the transfected
and corresponding non-transfected controls, with the excep-
tion of cell density, as shown by the PD time calculation 3 days
following thawing (Figs. 1 and 2).

Gene-expression analysis. To assess cellular aging and apop-
tosis at the gene level, the mRINA expression levels of TP53, Bax
and Bcl-2 were examined in the cell lines. Initially, Yucatan
fibroblasts had significantly lower levels of TP53 mRNA and
higher levels of Bc/-2 mRNA compared with LYD fibroblasts
(Fig. 3A). When comparing tetracycline on/off transgenic cell
lines with the original LYD fibroblasts, the former expressed
lower levels of Bel-2 mRNA, with no differences in TP53
or Bax mRNA expression levels (Fig. 3B). In addition, triple
transgenic cell lines exhibited a threefold higher 7P53 mRNA
expression level and a twofold higher Bax mRNA expression
level than the non-transfected Yucatan fibroblasts (Fig. 3C).

ROS production analysis. It has been reported that overpro-
duction of ROS initiates apoptosis (11). Therefore, intracellular
ROS levels were evaluated using a DCFH-DA probe (Fig. 4)

and FACS analysis (Fig. 5). ROS levels were significantly
different depending on cell type and transfection status. The
histograms shown correspond to the representative result
from three independent experiments (Fig. 5). The rightward
shift observed for Yucatan fibroblasts is consistent with
more extensive dye oxidation, yielding a relative increase
in fluorescence (Fig. 5A). In general, results were consistent
with the qualitative differences among cell lines and hence
indicated that the two transgenic cell lines exhibited higher
intracellular ROS levels when compared with their originating
non-transfected cell lines (Fig. 5B and C).

Discussion

Survival rates of SCNT embryos are reportedly lower in
swine than in other domestic species (12). While a number of
factors are likely to contribute to the lower success rates, the
main reasons for consistent inefficiency of pig cloning remain
unclear. A previous study indicated that incomplete remodeling
of the donor somatic cell nucleus was a key factor contributing
to the low success of SCNT in swines (13). This was in agree-
ment with studies showing that the age, size, gender and type
of donor cell may affect the efficiency of SCNT (4,14-16).
Moreover, culturing donor cells for long time periods resulted
in decreased rates of in vitro embryos and to term development
in cattle (17). Altogether, these studies indicate that nuclear
donor cell preparation is a crucial step affecting the develop-
mental potential of reconstructed embryos and the successful
production of transgenic animals by SCNT. Thus, the present
study used four potential donor cell types, based on the breed
of origin and transgenic status, and analyzed parameters asso-
ciated with senescence and apoptosis.

The Bcl-2 family of proteins comprises members with
dual functions with regard to positively or negatively regu-
lating apoptosis. For example, Bcl-2 inhibits apoptosis and
proliferation, while Bax is pro-apoptotic and prolifera-
tive (18). In addition, p53, a protein involved in the regulation
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Figure 2. Phase contrast photomicrography of fetal fibroblasts. Fibroblasts from (A) LYD crossbred pigs and (B) Yucatan mini-pigs. (C) LYD fibro-
blasts transfected with a tetracycline on/off gene. (D) Yucatan fibroblasts transfected with three genes. Images were captured during passage 9. LYD,

Landrace x Yorkshire x Duroc. 200X magnification.

of cellular aging, is postulated to inhibit the mammalian
target of rapamycin and suppress p2l-induced senescence,
thus causing quiescence (19). Thus, in the present study, rela-
tive expression levels were measured for the aforementioned
genes in order to assess cell senescence and/or apoptosis,
which may negatively affect the potential of donor cells for
SCNT purposes. Notably, the Yucatan cell line exhibited
lower expression levels of TP53 mRNA and higher expression
levels of Bcl-2 when compared with other cell lines, which
correlates with the PD times observed. When compared with
LYD fibroblasts, Yucatan cells exhibited a 1.5-fold longer PD
time. As for transgenic cells, tetracycline on/off transfected
cells exhibited a lower relative expression of antiapoptotic
Bcl-2 when compared with the parental LYD cells, indicating
that the transfected cells had a diminished ability to avoid an
apoptotic event. By comparison, triple-transfected cell lines
exhibited significantly higher expression levels of 7P53 and
Bax when compared with the parental Yucatan fibroblasts. It
was therefore hypothesized that this may enhance the prob-
ability of these cells undergoing p53-dependent apoptosis,
resulting in Bax-driven induction of mitochondrial permea-
bilization (20). These observations indicate that donor cell
transfection may weaken the defense mechanisms against
apoptosis or even enforce pathways leading to programmed
cell death while in culture. For example, in a study by Li and
Gao, CD59 transfected cells underwent caspase-3 activation
and apoptosis induction (21). While in this study there was no
effect on Bax expression levels, an additional study showed
that overexpression of CD59 inhibited antiapoptotic Bcl-2
expression (22). These discrepancies are hypothesized to
be due to the differences in cell types; HeLa cells (cervical
cancer cells) and breast cancer cells were used in these two
studies.

At the cellular level, it has been reported that ROS acceler-
ates telomere shortening and induces senescence (23). Notably,
ROS levels increase as cells progress towards senescence
through various pathways (24,25). In the present study, a right-
ward shift was observed in the FACS histogram for Yucatan
fibroblasts when compared with LYD cells, which is consis-
tent with ROS accumulation potentially due to aging. Thus,
decreased antioxidant capacity may account for a decrease in
ROS scavenging, contributing to aging-associated cell oxida-
tive damage (26).

The p53 transcription factor is key in the signal networks
of senescence and ROS-induced apoptosis (27,28). In the
present study, increased ROS production was observed in
transfected cells, indicating that this procedure enhanced
aging and apoptosis. In addition, it was reported that
p53-mediated senescence (29) and apoptosis (30) are
enhanced in modified cells. Thus, the significantly high
production of ROS paired with high expression levels of p53
and Bax in triple-transfected cells markedly indicate that
ROS-mediated activation of apoptosis may potentially occur
via a p53-driven pathway in this cell line. Therefore, ROS
may be acting as upstream factors activating 7P53, as well
as downstream factors targeting pS3-mediated Bax activa-
tion. The interpretation of the correlation between apoptosis
and aging remains controversial. While several studies
are consistent with apoptosis being upregulated during
senescence in diverse cells, including cardiomyocytes (31),
hepatocytes (32) and fibroblasts (33), other studies indicate
that oxidative stress does not induce apoptosis in senescent
cells (34) and that senescence may attenuate apoptosis (35).
The different interpretations may have resulted from the
variations in species, strains or cell types used in the respec-
tive studies.



*

u
th
=

ra
=
=

—
=
=3

Relative mRNA/GAPDH
s
s

th
=

*
pi3 BAX BQ-2
BLYD crossbred (6)
® Yucatan (6)

MOLECULAR MEDICINE REPORTS 9: 63-68, 2014

B

Relative mRNA/GAPDIH
™
b

ps3 BAX
BLYD crosshred (6)
= Tetra on/off (3)

C

Relative mRNA/GAPDH

67

450 4

ps2
=Y ucatan (6)
uTriple(3)

BAX Bl-2

Figure 3. Relative mRNA expression levels of p53, Bax and Bcl-2 by qPCR analysis. Each bar represents the mean + standard deviation. (n), no. of replicates.
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Figure 4. Fluorescent photomicrograph of cultured swine fetal fibroblasts in the 9th passage. (A) LYD, (B) Yucatan and (C) LYD fibroblasts transfected with
a tetracycline on/off gene and (D) triple-transfected Yucatan pig fibroblasts. Cells were stained with H,DCFH-DA during passage 9 to assess ROS formation.
LYD, Landrace x Yorkshire x Duroc; H,DCFH-DA, 2',7'-dichlorofluorescin diacetate; ROS, reactive oxygen species.
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Figure 5. Histograms showing ROS levels (green fluorescence) analyzed using flow cytometry. Results shown are representative of one of three experiments.

ROS, reactive oxygen species.

Questions remain with regard to assessing the viability
of transfected cell lines for use in SCNT. The effect of trans-
fected donor cells upon reconstructed SCNT embryos have

been previously reported (36). In the present study, the average
number of blastocyst cells was significantly lower for the
embryos reconstructed using transfected fibroblasts.
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In conclusion, the characteristics of individual transgenic

cell types and their associations with senescence and apoptosis
following transfection may be important determinants of the
developmental ability of SCNT embryos. However, further
studies are required to clarify the mechanisms involved.
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