CELL CYCLE
2021, VOL. 20, NO. 21, 2264-2277
https://doi.org/10.1080/15384101.2021.1980983

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

W) Check for updates

Improving porcine SCNT efficiency by selecting donor cells size

Deling Jiao*><, Wenmin Cheng*"<", Xiaolin Zhang*><", Yifan Zhang*"<", Jianxiong Guo*"<, Zhuo Li*"<,
Dejia Shi**<, Zhe Xiong**<, Yubo Qing®"“¢, Muhammad Ameen Jamal ©*"<, Kaixiang Xu**<, Hong-Ye Zhao*"<,
and Hong-Jiang Wei®Pde

2 Key laboratory for porcine gene editing and xenotransplantation in Yunnan Province, Yunnan Agricultural University, Kunming, China;
bXenotransplantation Research Engineering Center in Yunnan Province, Yunnan Agricultural University, Kunming, China; <College of Animal
Science and Technology, Yunnan Agricultural University, Kunming, China; College of Veterinary Medicine, Yunnan Agricultural University,
Kunming, China; ¢State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, Yunnan Agricultural University,
Kunming, China

ABSTRACT

Considerable advancements have recently been achieved in porcine somatic cell nuclear transfer
(SCNT), but the efficiency remains low. Donor cell size might play an important role in SCNT, but
its effects in pigs remain unclear. This study aimed to evaluate the efficiency of porcine SCNT by
selecting donor cells of suitable size. Porcine fetal fibroblasts (PFFs) were divided into three
groups, group S (small, d < 13 um), group M (medium, 13 pm<d < 18 um), and group L (large,
d > 18 um), and their biological characteristics were analyzed. Next, SCNT was performed using
PFFs of different sizes to evaluate the developmental potential of reconstructed embryos. The
data showed that PFFs in groups S, M and L accounted for 17.5%, 47.7% and 34.8% of cells,
respectively. Morphologically, cells in group S exhibited clear and regular cell membranes and
nuclei, whereas cells in groups M and L displayed varying degrees of cell membrane protuber-
ance, karyo-pyknosis, autophagy and mitochondrial abnormalities. In addition, the growth status
and proliferation capabilities of cells in group S were significantly better than those of group
M and group L. The percentage of cells at GO/G1 in group S and M were significantly greater than
group L. The senescence rate of group S was lower than group M and group L. The apoptosis rate
of group S was significantly lower than that of group L but comparable to that of group M . The
cleavage rate of group S was also significantly greater than that of group M but comparable to
that of group L . The blastocyst rate of group S was significantly greater than that of group M and
group L. The blastocyst cell numbers of group S were also significantly greater than those of
group M and group L. These findings suggested that small PFFs with a diameter of less than
13 um are more suitable donor cells for SCNT in pigs.

Abbreviations: DMEM: Dulbecco’s modified Eagle’s medium; FBS: Fetal bovine serum; PBS:
Phosphate buffer saline; PFFs: Porcine fetal fibroblast cells; SCNT: Somatic cell nuclear transfer.
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Introduction advancements in omics technology, it was uncov-
ered that some events play an important role in
SCNT [7], including histone methylation [8,9] and
imprinted gene disorders [10]. However, the addi-
tion of some substances, such as trichostatin
A (TSA) [11] and KDM6A [12], has also success-
fully improved the invitro development of SCNT
reconstructed embryos. Although these strategies
have made a prodigious encroachment in SCNT, it
remains unclear how the direct selection of domi-
nant donor cells will impact the development of
SCNT-derived embryos.

Somatic cell nuclear transfer (SCNT) has been
successfully achieved in a variety of mammals,
including sheep, cows, macaque monkeys and
pigs [1]. Genetically engineered pigs from SCNT
have been widely used in livestock production and
biomedical research [2]. However, the efficiency of
SCNT is extremely low in most species at only
1.0%~5.0% in pigs [3,4], and cloned offspring are
also prone to various abnormalities, such as low
immunity, reproductive disorders, organ deformi-
ties and other phenotypic defects [5,6]. With
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The quality of donor cells is one of the key factors
affecting the reprogramming efficiency and develop-
mental potential of SCNT-derived embryos [5]. It has
previously been reported that donor cell type [13,14],
passage number [15], cell synchronization [16], epi-
genetic levels [15,17], and donor cell culture methods
[18] affect SCNT efficiency. In porcine SCNT, skin
fibroblasts are commonly used as donor cells [19],
however, skin fibroblast proliferation is limited during
long-term in vitro culture and passaging [20]. Long-
term in vitro culture also increases cell apoptosis and
senescence, thus reducing cell viability, leading to
chromosomal rearrangement or damaged mutations,
and even disrupting the normal diploid state of cells
[21]. The senescence rate of donor cells significantly
increased with cell passaging in goat SCNT. High-
passage cells (30™) had a significantly lower develop-
ment potential than low-passage cells (10" or 20™)
[22]. Thus, the selection of low-passage donor cells for
SCNT might be better. In addition, cell size also plays
an important role in the efficiency of SCNT [23], as
the developmental competence of reconstructed
embryos from small donor cells (d< 30 um) was
greater than that of large donor cells (d > 30 pm) in
bovine SCNT. Medium-size donor  cells
(15 um<d < 25 pm) were better than large-
(25 um<d < 33 pm) and small-size donor cells
(8 um<d < 15 pm) in sheep SCNT [24]. Therefore,
we inferred that selection of certain sized cells in
a low-passage donor cell population will be better
for porcine SCNT. However, differences in the mor-
phology, proliferation, apoptosis, and senescence of
these different sized donor cells and their effect on the
development of pig cloned embryos remain unclear.

In this study, we explored the development of
porcine SCNT reconstructed embryos by selecting
donor cell size, investigated the biological character-
istics of porcine fetal fibroblasts (PFFs) of different
sizes and evaluated their effects on the developmen-
tal competence of reconstructed embryos.

Methods
Chemicals and animals

All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise stated. The
Diannan miniature pigs used in this study were
regularly maintained at the Animal Center of
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Yunnan Agricultural University. All experiments
involving pigs were approved by the Institutional
Animal Care and Use Committee of Yunnan
Agricultural ~ University  (permission  code:
YAUACUCOI; publication date: 10 July 2013).

Culture and classification of PFFs

The Diannan miniature porcine fetus was
removed surgically at 33 days gestation and placed
in Dulbecco’s modified Eagle’s medium (DMEM)
containing 5% penicillin-streptomycin solution.
Fetal fibroblasts were isolated from fetal skin tis-
sues as reported previously [25] and cultured in
DMEM supplemented with 10% fetal bovine
serum (FBS). Briefly, some of the isolated cells
were cultured in 24-well plates at 38°C in an
incubator with 5% CO,. The cell growth status
was observed once daily. The fibroblasts were pas-
saged for 4 ~ 6 generations. Once the cells reached
40%~60% confluence, they were digested with
0.25% trypsin for 30 ~ 60 seconds at room tem-
perature. Then, 1 mL DMEM supplemented with
2.0% FBS was added to stop digestion. The cell
suspension was centrifuged at 1200 rpm for 3 min
at room temperature. Then, the cells were placed
in DMEM supplemented with 2.0% FBS for
classification.

The digested PFFs were initially divided into
three groups, small (S), medium (M) and large
(L), by the naked eye using a microinjection nee-
dle. Briefly, we can visually distinguish the larger
cells from the cell population; thus, we first
selected the large cells. Next, we selected small
cells from the remaining cell population. Finally,
the remaining cells were classified as medium cells.
The cell diameter was measured by NIS-Elements
D 4.60.00 software (Nikon Bioimaging Lab, Japan).
To assess the feasibility of such classification
method, multiple repeated operations were per-
formed as described above. Histograms of cell
diameter distribution were also plotted.

Cell morphological observation

The cells from groups S, M and L were placed on
glass slides in 24-well plates at 38°C in an incuba-
tor with 5% CO,. After 3 days of culture, the cell
morphology of groups S, M and L was observed
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under an optical microscope. Thereafter, the cells
were fixed in 4.0% formaldehyde and stained with
10% Giemsa stain (Solarbio, G1015, Beijing,
China). After multiple washes, the plates were air
dried and imaged. The numbers of vacuoles scat-
tered were counted, and statistical analysis was
performed.

The cells from groups S, M and L were placed
on a glass slide, covered gently with a glass cover
slip and observed under an optical microscope at
different magnifications (10x, 40x, and 100x). The
cell membrane differences in each group were
compared.

Transmission electron microscope observation

Electron microscopy was performed as reported
previously [26]. Cells were placed in a 1.5-mL
centrifuge tube, fixed with glutaraldehyde
(2.5 ~ 3.0% in PBS) for one hour and then sent
to the Central Laboratory of Kunming Institute of
Zoology, Chinese Academy of Sciences, Kunming,
Yunnan for detection. In detail, samples were
fixed with 1% OsO, for 2 h at 4°C, dehydrated
continuously by ethanol and embedded in Epon
812 resin. Serial sections of uniform thicknesses
(approximately 60 nm) were made using a Leica
UC7 ultramicrotome. After staining with 2% ura-
nyl acetate and lead citrate, ultrathin sections
were examined using a transmission electron
microscope (JEM 1400 plus, JEOL, Japan), and
differences in the microstructure of cells with
different sizes were compared and analyzed at
120 kV.

Cell proliferation assay

The cells from groups S, M and L were cultured as
a single cell to evaluate cell proliferation and via-
bility. Culture medium was changed every 3 days.
Cell growth was observed and counted under
a microscope for 12 days, and the growth curve
of cell proliferation was plotted. To perform the
colony formation assay, the number of colonies
was counted under a microscope, and the cell
colony formation rate was calculated as (number
of cell clones/100) *100%.

SA-B-gal staining

Cell senescence detection was performed as
reported previously [27]. Cells from groups S,
M and L were cultured overnight, washed with
PBS and stained with SA-B-gal according to the
manufacturer’s  instructions  (Solarbio  Life
Sciences). Briefly, cells were fixed with 1 mL fixa-
tive for 15 min at room temperature in the dark.
After 3 washes with PBS for 3 min cells were
stained in 500 uL SA-P-gal staining solution over-
night at 37°C and then counted under an optical
microscope.

Cell apoptosis analysis

Cell apoptosis in groups S, M and L was analyzed
according to a previously reported protocol [28]
using an Annexin V-fluorescein isothiocyanate
(FITC) Apoptosis Detection Kit I (BD
Pharmingen). Briefly, cells were collected in
1.5-mL tubes, washed with PBS and digested with
trypsin (without EDTA). After the digestion was
stopped by adding the cell culture supernatant,
cells were transferred to 1.5-mL tubes and centri-
fuged at 1000 g for 5 min. The supernatant was
discarded, and the pellet was resuspended in PBS.
A total of 5 x 10* cells were counted and centri-
fuged at 1000 g for 5 minutes, and the supernatant
was discarded. Cells were again centrifuged and
resuspended in 500 pL of binding buffer contain-
ing 5 uL Annexin V/FITC and 5 pL propidium
iodide and incubated for 15 min at room tempera-
ture in the dark. In total, 10,000 cells from differ-
ent groups were collected and analyzed for
apoptosis by flow cytometry (BD FACSCalibur).
Cells undergoing apoptosis were defined as early
apoptotic cells (Annexin V-FITC-positive/PI-
negative) and late apoptotic cells (Annexin
V-FITC-positive/PI-positive).

Cell cycle analysis

The cell cycle was analyzed according to the
instructions of the Cell Cycle and Apoptosis
Analysis Kit (Beyotime Biotechnology, China).
Briefly, cells were plated into 6-dish plates and
cultured for 2 days in DMEM supplemented with
10% FBS. Then, the cells were collected, fixed in



70% ethanol and stored at —20°C. The cells were
then resuspended in cold PBS and incubated at
38°C for 30 min according to the manufacturer’s
instructions. DNA content analysis was performed
by flow cytometry at 488 nm (BD, San Diego, CA,
USA). The percentages of groups S, M and L in
different cell cycle phases were determined using
NIS-Elements D 4.60.00 software.

Somatic cell nuclear transfer (SCNT)

SCNT was performed according to our previously
published paper [25]. Briefly, after 4 ~ 6 passages,
cells were divided into groups S, M, and L and
used as nuclear donors. A single donor cell was
inserted into the perivitelline space of an enu-
cleated oocyte and then fused and activated. The
reconstructed embryos from different donor cells
were cultured in porcine zygote medium-3
(PZM-3).

In vitro development of SCNT-derived embryos

The cleavage rate and blastocyst rate of recon-
structed embryos were evaluated on days 2 and 7
of in vitro culture, respectively. To count the
blastocyst cell number, the blastocysts were first
fixed in 4% paraformaldehyde (in PBS) for
30 min and then exposed to 5 pug/mL Hoechst
33,342 for 10 min. Cell counting was performed
under a fluorescence microscope (IX71,
OLYMPUS, Japan), and images were captured
and processed using cellSens Standard 1.6
software.

Statistical analysis

All experiments were repeated at least thrice.
Statistical analysis was performed by one-way
ANOVA using IBM SPSS Statistics version 22.0
(IBM Crop, Armonk, NY), and the comparison
between growth curves of cell proliferation was
performed using the web method (http://bioinf.
wehi.edu.au/software/compareCurves/). Data are
presented as means *+ SD. The level of significance
was set at P< 0.05.
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Results

Classification and proportion of PFFs of different
sizes

We collected a total of 3024 PFFs and divided
them into three groups by the naked eye under
a microscope (Figure 1(a)). Significant differences
in cell diameter were noted among the three
groups, and the average cell diameters in the
three groups were 12.6 pm, 16.7 ym and 23.3 pm
(P< 0.05, Figure 1(b)). Combined with the histo-
gram, we defined small cells (S) with diameter
(d < 13 ym), medium cells (M) with diameter
(13 pm<d < 18 pum) and large cells (L) with dia-
meter (d > 18 um). The proportions of cells in
groups S, M and L were 17.5% (529/3024), 47.7%
(1441/3024), and 34.8% (1054/3024), respectively
(Figure 1(c)). Thereafter, to evaluate the reliability
of this classification method, we performed
a ninefold replicate operation to divide the PFFs
into three groups. Cells with a diameter less than
13 pm accounted for 96.66%+3.13%, cells with
a diameter of 13 um<d < 18 um accounted for
95.51%+3.70%, and cells with a diameter >18 pm
accounted for 98.69%+1.58% (Figure 1(d)).
Therefore, the classification results of PFFs by the
naked eye was consistent with the range of cell
diameters we defined as above.

Morphological changes in PFFs with different
sizes

First, we observed obvious morphological differ-
ences in PFFs of different sizes. After 3 days of
culture, the cells in group S appeared to have
a clear spindle shape, but some of the cells in
group M and a large number of cells in group
L appeared flat (Figure 2(a)). Notably, group
L had an incomplete and unclear cell contour
with large numbers of vacuoles scattered in the
cytoplasm (Figure 2(b&c)). In addition, micro-
scopic analysis revealed varying degrees of rough-
ness in the cell membrane of different sized cells
(Figure 3(a)). In group S, the PFFs had regular
morphology with clear cell membrane contours.
In group M, the PFFs manifested slightly irregular
protrusions on the surface of the cell membrane.
In group L, the PFFs showed obvious irregular
protrusions and rough cell membrane structures
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Figure 1. Diameter measurement and classification of PFFs. A. PFFs were divided into three groups based on microscopic
assessment. PFFs, porcine fetal fibroblasts; S, small; M, medium; L, large. B. Measurement of cell’s diameter. C. Diameter distribution
diagrams and pie graph of PFFs. Green, blue and red represent small cells, medium cells and large cells, respectively. D. Verification
of reliability of classification method by ninefold replicate operation. The results are presented as the meanzSD. Data are
representative of three independent experiments (* % °P<0.05).

(Figure 3(b)). The observation of subcellular struc-  differences in proliferation ability and cell cycle
ture showed that the cells in group S manifested  stage among PFFs of different sizes, we analyzed
nucleolar margination. However, cells in group  the cellular growth status by growth curve and
M exhibited nuclear invagination, and nuclear  single-cell colony formation assays and the cell
pyknosis was observed in group L (Figure 4(a)).  cycle by cell cycle analysis. The results showed
Furthermore, M- and L-sized cells also showed that the growth status of cells in group S was
different degrees of autophagy and mitochondrial ~ better than that in groups M and L after 12 days
abnormalities. Significantly more abnormal mito-  of culture. The growth of cells in group M was
chondria were noted in group L compared with  also better than that in group L (Figure 5(a)).
groups M and S (P< 0.05, Figure 4(b)), and more  The proliferation ability of group S was signifi-
autophagosomes are noted in groups M and cantly greater than that of groups M and
L than group S (P< 0.05, Figure 4(c)). L (P< 0.05). The proliferation ability of group
M was also significantly higher than that of
group L (P< 0.05, Figure 5(b)). The single col-
ony formation rate of group S was significantly

The proliferation ability [29] and cell cycle stage ~ greater than that of group L (10.17 + 3.13% vs
[30] of donor cells are critical to the production 217+ 0.75%, P< 0.05) and group
of cloned pigs by SCNT. To determine any M (10.17 + 3.13% vs 7.00 £ 1.37%, P< 0.05)

Proliferation ability of PFFs with different sizes



c

30
g b
3
5 207
3 a
©
>
S
© 101
9 a
©
¢ |7

0_

8 M L

CELL CYCLE (&) 2269

Figure 2. Microscopic assessment of morphological structure of PFFs of different sizes. A. Morphological structure of small (s),
medium (m) and large (I) cells as assessed by microscopy (10x). B. Phenotype of vacuoles in small (S), medium (M) and large (L) cells
as assessed by microscopy (40x); the red arrow refers to the clear vacuoles. C. Quantitative analysis of vacuoles scattered in different
sized PFFs. The results are presented as the mean+SD. Data are representative of three independent experiments (% % P<0.05).

(Figure 5(c)). In addition, the ratio of GO/Gl-
phase cells in group S (87.66 = 6.24%) and
group M (78.56 + 17.62%) was significantly
greater (P< 0.05) than that in group
L (48.97 + 16.40%). In contrast, the ratio of
S-phase cells in group S was markedly less than
that in groups M and L (P< 0.05). However, G2/
M-phase cells were comparable among all three
groups (Figure 5(d)). These findings indicated
that the proliferation ability of group S was
stronger than those of groups M and L, and
the ratio of GO/G1l-phase cells in groups S and
M was greater than that in group L. These find-
ings suggested that the cells in group S were
more capable of SCNT.

Senescence and apoptosis of PFFs of different
sizes

In the production of transgenic cloned pigs, the
senescence and apoptosis of donor cells have an
important effect on SCNT efficiency [31]. It was
reported that large cells easily become senescent
because larger cellular sizes cause cytoplasmic dilu-
tion, decrease RNA and protein concentrations, and
interfere with cell function and proliferation [32]. To
analyze the degrees of senescence and apoptosis of
PFFs of different sizes, we performed SA-{-gal stain-
ing and apoptosis analyses. The results indicated that
group S had the lowest cell senescence rate followed
by group M, and group L had the highest cell
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Figure 3. Microscopic assessment of cell membrane morphology of PFFs of different sizes. A. The different degrees of cell
membrane roughness of small (s), medium (m) and large (I) cells as assessed by microscopy. B. The cell membrane of small (S),
medium (M) and large (L) cells under 10x, 40x and 100x microscopy. The red arrows represent irregular parts of cells.

senescence rate (8.87 + 1.30% vs 22.33 + 6.50% vs
92.00 + 8.1%, P< 0.05, Figure 6(a&c)). Furthermore,
the apoptosis rates of group S and group M were
comparable (4.49 + 1.40% vs 2.70 + 1.07%, P> 0.05),
but the rates in both groups were significantly lower
than group L (7.56 + 1.01%, P< 0.05, Figure 6(b&d)).
The results also suggested that the PFFs in group
S were more suitable for porcine SCNT.

Developmental competence of reconstructed
embryos of PFFs of different sizes

Given that the PFFs in group S have optimal
proliferation ability and lower senescence and
apoptosis rates, we asked whether the PFFs in
group S exhibit better in vitro developmental
competence as donor cells for SCNT. We eval-
uated the cleavage rate, blastocyst rate, and
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Figure 4. Subcellular structure of different sized PFFs under TEM. A. The subcellular structure of small (s), medium (m) and large
(I) cells was observed at 3000x, 10000x and 30000x, which mainly represented the differences in the cell nucleus. N, nucleus; a,
autophagosome; al, autolysosome; nm, normal mitochondrion; am, abnormal mitochondrion. B. Quantitative data of abnormal
mitochondria in PFFs of different sizes. C. Quantitative data of autophagosomes in PFFs of different sizes. The results are presented
as the mean+SD. Data are representative of three independent experiments (* % “P<0.05).

blastocyst cell numbers of reconstructed
embryos from donor cells of different sizes.
The results indicated that the cleavage rate
from group S was significantly greater than
that from group M (73.84 =+ 10.08% vs
67.85 £ 10.95%, P< 0.05) but comparable to
that from group L (73.84 * 10.08% vs
70.03 £ 8.33%, P> 0.05). The cleavage rate of
group L was also significantly greater than that
of group M (70.03 + 8.33% vs 67.85 = 10.95%,
P< 0.05). The blastocyst rate of the recon-
structed embryos from group S was signifi-
cantly  greater than that of  group

M (19.62 + 8.61% vs 14.77 £ 5.84%, P< 0.05)
and group L (19.62 + 8.61% vs 13.72 + 4.50%,
P< 0.05). The blastocyst rates of reconstructed
embryos from group M and group L were com-
parable (14.77 + 5.87% vs 13.72 + 4.50%,
P> 0.05) (Table 1). Furthermore, blastocysts
with more cells were derived from group
S than group M (4516 =+ 13.88 s
29.59 + 58.44) and group L (45.16 + 13.88 vs
26.8 + 9.04) (P< 0.05, Figure 7(a&b)). In sum-
mary, we recommend that the use of small PFFs
with diameters less than 13 pum as donor cells
for porcine SCNT might yield better results.
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Discussion

The PFFs were also sorted into small, medium and
large sizes by flow cytometry, but the cell diameter
was not defined in a previous report [33]. Flow
cytometric selection caused some physical damage,
and the size of donor cells suitable for SCNT also
remained unexplored. Here, the classification of
cell size was performed by the naked eye under
a microscope. This method is quite simple and
practical and can be used to directly select certain-
sized cells for transfer into enucleated oocytes. By
analyzing the cellular morphology, proliferation
ability, senescence, apoptosis and invitro develop-
mental competence of embryos in different sized

cells, we finally determined that donor cells with
a diameter less than 13 um might be optimal for
SCNT.

Large donor cells are widely considered unsui-
table for SCNT. These cells are generally accom-
panied by rough cellular membranes and irregular
protrusions, stagnate at G2/M phase before divi-
sion [34], and undergo increased senescence, het-
erogeneity and protein dysfunction [35]. Here, the
large PFFs also exhibited rough cell membranes,
nuclear  pyknosis, increased mitochondrial
abnormalities, low proliferation capability, and
elevated senescence and apoptosis rates. In sheep
and cattle, medium cells with a diameter of
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Figure 6. Senescence and apoptosis of PFFs of different sizes. A. SA-B-gal-stained PFFs of different sizes. B. The apoptotic rates
of different sized PFFs as assessed by flow cytometry. Magnification, 10x. Pl and Annexin V staining was used to determine the
percentage of live (PI"/Annexin V-FITC"), early apoptotic (PI"/Annexin V-FITC*) and apoptotic or necrotic (PI*/Annexin V-FITC*) cells.
C. Quantitative data of senescence in different sized PFFs. D. Quantitative data of apoptosis in PFFs of different sizes. Data are
presented as the mean=SD of three independent experiments (* % ‘P<0.05).

Table 1. Effects of different diameter donor cells on the development of SCNT embryos.

Cell Diameter(um) No. of embryos (Repeats)

No. of cleavage (%) No. of blastocyst (%)

S(d< 13 um) 824(23)
M(13 pm<d< 18 um) 1148(29)
L(d > 18 um) 1750(44)

607(73.84 + 10.08)°
782(67.85 * 10.95)°
1233(70.03 + 8.33)

156(19.62 + 8.61)
170(14.77 + 5.84)°
237(13.72 + 4.50)°

*Values with different superscript letters within a column are significantly different (* %p<0.05).

15 um<d < 25 um were considered optimal for
SCNT given the higher blastocyst rate [24,36].
A reasonable interpretation from the authors was
that small cells were less likely to come into con-
tact with the oocyte cell, whereas large cells were
more likely to be distorted. Both of these features
make fusion with oocyte cells difficult [36].
However, we detected the cell fusion rate between
PFFs of different sizes and observed no difference
in cell fusion with oocyte cells (Table S1). In this

study, small PFFs (d < 13 pm) had a higher blas-
tocyst rate than medium and large PFFs.
Therefore, we considered that small cells might
be better for SCNT in pigs. In addition to cell
size, other markers, such as H3K27me3 [12],
H3K4me3 [37], and H3K9me3 [8], also have an
important effect on SCNT success. It has been
verified that modulation of the degrees of histone
methylation can improve SCNT efficiency [10].
Therefore, selection of donor cells combined with
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SCNT. Scale bar = 200 um. B. The cell numbers of blastocysts. Data are presented as mean=SD of three independent experiments (*

b <p<0.05).

regulation of histone methylation might be more
effective for improving SCNT efficiency. In addi-
tion, medium cells exhibited better growth states
and proliferation ability than large cells, but the
cleavage rate, blastocyst rate and blastocyst cell
numbers of medium cells were comparable with
those of large cells in this study. We hypothesized
that the reprogramming ability of oocyte cyto-
plasm could offset the effect of cell size on blas-
tocyst development.

Cell cycle synchronization also has an impor-
tant effect on the success rate of SCNT [38], and
it has been reported that selecting donor cells at

GO0/G1 phase can improve the reprogramming
ability and developmental potential of SCNT-
derived embryos to a certain extent [39,40]. In
this study, most small PFFs (d < 13 pm) were
also at GO/G1 phase and exhibited better devel-
opmental potential of reconstructed embryos. In
addition, serum starvation in PFFs can maintain
greater than 95% of fibroblasts in GO/G1 phase
[41], and it could be hypothesized that appro-
priate serum starvation conditions during donor
cell culture could improve SCNT. Interestingly,
we found that serum starvation caused most
PFFs to be in a small cell state (Figure S1).



Therefore, we hypothesized that serum starva-
tion and selection of small cells have similar
effects on improving SCNT efficiency because
both processes make most cells arrest at the
GO0/G1 phase. However, serum starvation
induced the apoptosis of donor cells and caused
the reduced blastocyte production [42]. In addi-
tion, in production of genetically modified ani-
mals by SCNT, long-term serum starvation plus
the selection process of positive donor cells
might further decrease the cell viability.
Therefore, selecting small cells for SCNT not
only keeps the cellular viability, but also
improves the development ability of embryos.

Apoptosis, autophagy and mitochondrial
abnormalities in donor cells also have important
effects on SCNT. A previous study demonstrated
that the treatment of donor cells with the antia-
poptotic drug hemoglobin or B-mercaptoethanol
improves the preimplantation development of
SCNT embryos [43]. Autophagy is a process of
maintaining energy homeostasis and coping with
cellular stress by degrading intracellular compo-
nents. The autophagic activation of cloned
embryos by treatment with rapamycin could
increase the formation of bovine cloned blastocysts
[44] possibly because autophagy is beneficial for
genome activation by influencing the degradation
of maternal mRNA and regulating DNA methyla-
tion [45]. However, the increased autophagy of
donor cells seems to have an adverse effect on
SCNT success in this study, which might be
because autophagy led to abnormal cell growth
[46]. In SCNT, mitochondria were derived from
donor cells and oocytes. Donor somatic cell mito-
chondria could affect the early development of
SCNT embryos [47]. Therefore, the increased
mitochondrial damage of donor cells is also harm-
ful for SCNT.

In conclusion, we investigated the cellular and
biological characteristics of different sized PFFs and
evaluated their effects on the developmental compe-
tence of SCNT-derived embryos. The cells in group
S exhibited the highest proliferation ability and lower
levels of senescence compared with those in groups
M and L. The blastocyst rate and number of cells in
blastocysts from group S were also significantly
greater than those in the other groups. Collectively,
these findings provide a certain theoretical reference

CELL CYCLE 2275

for the optimization of technology systems and selec-
tion of dominant donor cells for producing geneti-
cally modified animals through SCNT.
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