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200 pm.

Figure 2. Time-lapse imaging of porcine embryos developing in vitro. (A) Embryos from each
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after activation.

Figure 3. Morphological parameters of in vitro-developed porcine embryos. (A) Embryos of the
same developmental time cultured from day 4 to 7, with or without 1 pM LPA. (B) Diameter of
control (Con) and LPA-treated embryos at 94.5, 101, 118, and 136 h after activation. Values are
means * standard error of the mean. (*p < 0.05).

Figure 4. Expression of components involved in compaction and cell-cell communication. (A)
Abundance of TJP1 and Connexin 43 protein, or (B) GJC1, CDH1, and TJP1 mRNA in control
(Con) and blastocysts treated with 1 pM LPA from days 4 to 7. Values are means * standard error
of the mean. (*p < 0.05, **p < 0.01).

Figure 5. Apoptosis in in vitro-cultured Day-7 blastocysts. (A) Images of fragmented DNA, as
detected with the terminal deoxynucleotidyl transferase dUTP nick-end labeling assay, versus total
nuclei. Scale bars, 100 um. (B) Total cell number and (C) apoptotic index. (D) Relative transcript
abundance of genes involved in cell reprogramming (POUS5F1 and DPPAS) and apoptosis (BCL2L1,
BAK, and CASP3) in control (Con) and blastocysts treated with 1 uM LPA from Days 4 to 7.
Values are means + standard error of the mean. (*p < 0.05; **p < 0.01).

Figure 6. Mechanism of action of lysophosphatidic acid (LPA). LPA activates Ras and Rho family
GTPases to control cell migration, proliferation, and morphogenesis as well as signaling via classic
second messenger pathways.
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ABSTRACT

Modifications to culture media, which include the addition of various factors, are
important for the in vitro production (IVP) of oocytes and embryos. In this study, we
investigated the effects of lysophosphatidic acid (LPA) on porcine embryo development.
Porcine parthenogenetic embryos were cultured with 0, 0.1, 1, and 10 uM LPA (0 LPA, 0.1
LPA, 1 LPA, and 10 LPA) for 7 days or cultured in basic medium until day 4 and then
treated with LPA from day 4 to 7. We found no difference in the in vitro development of
embryos cultured with LPA for 7 days. However, the rates of blastocyst and over-expanded
blastocyst formation were higher in the 0.1 and 1 uM LPA-treated groups from day 4 to 7
than in the other groups. Moreover, the timing for the formation of early blastocysts was
shorter and the embryo size was larger in LPA-treated embryos than in the control. In
addition, the expression of connexin 43 and gap junction and cell adhesion-related gene
(GJC1 and CDH1) increased in treated embryos compared with control. Although there was
no difference in the total cell number in blastocysts between groups, the apoptotic index was
lower in the LPA-treated group than in the control. Furthermore, BCL2L1 increased but BAK
decreased in the LPA-treated group. These results indicate that the addition of LPA to the
medium from day 4 to 7 improves blastocyst formation and would be helpful in the

development of preimplantation embryos.

Key words: Lysophosphatidic acid, In vitro culture, Porcine, Embryo, Time-lapse

monitoring system



1. INTRODUCTION

Maintaining embryo viability and development in vitro is crucial for a number of
applications in the field of animal biotechnology (Reed et al., 1992). The developmental
capacity and quality of blastocysts cultured in vitro are low compared with in vivo. Many
investigators have attempted to overcome the shortcomings of the in vitro production (IVP)
system by aiming for successful full-term pregnancies after the transfer of blastocysts to
recipients (Kikuchi et al., 2002). However, the increased interest in using the pig as a model
system requires that new improvements are made in the currently available in vitro culture
system (Long et al., 1999), which can improve the developmental competence of oocytes
and embryos (Boruszewska et al., 2016).

To enhance the efficiency of in vitro embryo development, investigators have the option
of adding factors into the culture medium or adjusting the culture conditions and/or culture
medium. Previous studies report that the addition of serum, such as bovine serum albumin
(BSA) and fetal bovine serum (FBS), and serum replacements (SR) can improve the
efficiency of embryo development (McKiernan et al., 1992; Thompson et al., 1998; Moore et
al., 2007). In fact, serum and serum derivatives greatly affect the development, morphology,
and metabolism of embryos (Carolan et al., 1995; Thompson, 1997). However, the undefined
mixture in serum may result in highly variable developmental rates in vitro and affect the
high incidence of apoptosis observed in in vitro produced embryos (Gjorret et al., 2001;
Wrenzycki et al., 1999). Currently, glucose, carbohydrates, and fatty acids are included in
porcine embryo medium (Petters et al., 1990; Wirtu et al., 2004; Hochi et al., 1999;
Khandoker et al., 1999). Serum phospholipids can also improve the quality of oocytes and/or

embryos (Amini et al., 2016).



Lysophosphatidic acid (LPA) is the common name for monoacyl-sn-glycero-3-phosphate,
a phospholipid derivative that can also act as a signaling molecule. It has numerous
biological actions and is produced extracellularly (principally from lysophosphatidylcholine)
in the serum and plasma. The diverse actions of LPA on most mammalian cells, together
with the finding that LPA is a major bioactive constituent of serum, led to the identification
of its cognate receptors (Eichholtz et al., 1993; Contos et al., 2000). Since its initial
characterization as a growth factor, the list of cellular responses caused by LPA has
expanded considerably, and it now includes many non-proliferative effects, ranging from the
stimulation of cell migration and survival to the growth of neurites (Moolenaar et al., 2004).
LPA activates Ras and Rho family GTPases to control cell migration, proliferation, and
morphogenesis as well as signaling via classic second messenger pathways (Xu et al., 2007).
Previous studies involved the addition of LPA to the maturation medium of oocytes from the
golden hamster (Hinokio et al., 2002), mouse (Jo et al., 2013), and pig (Zhang et al., 2015).
In addition, LPA was added into the medium of mouse (Kobayashi et al., 1994) and bovine
(Torres et al., 2014) embryos to enhance their developmental competence.

In this study, we investigated the rate and kinetics of blastocyst development and
examined the expression of genes involved in cell adhesion and apoptosis during the in vitro
culture of porcine parthenogenetic embryos. Based on the results of this study, we conclude

that LPA treatment markedly improved the efficiency of embryo development.



2. MATERIALS & METHODS

2.1. Oocyte collection and in vitro maturation (IVM)

Porcine ovaries were collected from gilts at a local slaughterhouse and transported to the
laboratory in saline supplemented with 75 mg/mL penicillin G and 50 mg/mL streptomycin
sulfate within 2 h at 32-35°C. Cumulus oocyte complexes (COCs) were aspirated from
follicles of 2-8 mm diameter with an 18-gauge needle and a disposable 10 mL syringe.
COCs with a minimum of two layers of cumulus cells were selected and washed three times
in HEPES-buffered tissue culture medium (TCM)-199 containing 0.1% (w/v) BSA. Groups
of 50 COCs were matured in 500 puL. of TCM-199 (Gibco, Grand Island, NY, USA)
containing Earle’s salts, 0.57 mM cysteine, 10 ng/mL epidermal growth factor (EGF), 0.5
ug/mL follicle stimulating hormone (FSH), 0.5 ug/mL luteinizing hormone (LH), and 10%
(v/v) porcine follicular fluid under mineral oil for 44 h at 38.8°C in 5% (v/v) CO, and 95%

(v/v) air.

2.2. Parthenogenetic activation and in vitro culture

Following maturation, cumulus cells were removed by mechanical pipetting in the
presence of 1 mg/mL hyaluronidase for 2-3 min. The denuded oocytes were activated with 5
uM Ca?* -ionomycin for 5 min. After 3 h of culture in porcine zygote medium-5 (PZM-5)
containing 7.5 pg/mL cytochalasin B (Sigma), embryos were washed three times in PZM-5
containing 0.4% (w/v) fatty acid-free (FAF)-BSA and cultured in the same medium at

38.8°C in a humidified atmosphere of 5% (v/v) CO, and 95% (v/v) air. The dose- and time-



dependent effects of LPA on the development of parthenogenetic porcine embryos were
investigated. First, the embryos were cultured in porcine IVC (P-IVC) medium (PZM-5
medium containing 4 mg/mL FAF-BSA) supplemented with 0, 0.1, 1, and 10 uM LPA (0,
0.1, 1, and 10 LPA, respectively) from day 0 to 7, with day 7 corresponding to blastocyst
development. In other experiments, embryos were cultured in basic P-IVC medium for 4
days, followed by incubation in P-IVC medium with 0, 0.1, 1, and 10 uM LPA (Con, 0.1
LPA, 1 LPA, and 10 LPA) until day 7. The experiment was independently repeated four or

five times.

2.3. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

To detect fragmented DNA, blastocysts were fixed with 4% (w/v) paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) overnight at 4°C. After fixation, blastocysts were
permeabilized by incubating in 0.1% Triton X-100 for 30 min at 38.8°C and incubated with
fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase (In Situ Cell Death
Detection Kit, Roche, Manheim, Germany) in the dark for 1 h at 38.8°C. The total number of
mitotic and apoptotic cells was scored. Nuclei were stained with Hoechst 33342 (1 ug/mL)
for 30 min, and embryos were washed in 0.1% BSA-PBS. Blastocysts were mounted onto
glass slides and examined under an inverted Olympus IX-71 microscope (Tokyo, Japan).
The experiment was independently repeated six times, and at least 30 blastocysts were

examined per group.



2.4. Extraction of mMRNA

For quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR)
analysis, mMRNA was isolated from blastocysts using the Dynabeads mRNA Purification Kit
(Dynal, Oslo, Norway) according to the manufacturer’s instructions. Briefly, in each
treatment group, blastocysts were resuspended in 20 pL of lysis/binding buffer [100 mM
Tris-HCI, pH 7.5, 500 mM LiCl, 10 mM EDTA (pH 8.0), 1% (w/v) LiDS, and 5 mM DTT]
and vortexed at room temperature for 5 min to completely lyse the embryos. A 30 uL aliquot
of an oligo(dT),s magnetic-bead suspension was added, and the samples were incubated at
room temperature for 5 min. The hybridized mRNA and oligo(dT) beads were washed twice
with 300 uL of wash buffer A [10 mM Tris-HCI, pH 7.5, 0.15 M LiCl, 1 mM EDTA, and 1%
(w/v) LiDS] and then washed once with 150 uL of wash buffer B [10 mM Tris-HCI, pH 7.5,
0.15 M LiCl, and 1 mM EDTA]. mRNA was eluted from the beads in 10 uL of double-

distilled DEPC-treated water.

2.5. Quantitative real-time RT-PCR with SYBR Green

MRNA was isolated as described above, and cDNA was synthesized using an oligo(dT)z
primer and Super Script 1l reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time
RT-PCR was performed using an Applied Biosystems Step One Plus Real-Time PCR
System (Warrington, UK) in a final reaction volume of 20 uL containing the SYBR Green
PCR Master Mix (Applied Biosystems), The primers used for real-time RT-PCR are listed in
Table 1. The PCR conditions were as follows: 10 min at 94°C, followed by 39 cycles of 30 s
at 60°C and 55 s at 72°C, and a final extension of 5 min at 72°C. Samples were then cooled
to 12°C. The relative gene expression was analyzed by the 2724 method (Livak and
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Schmittgen, 2001) after normalization against the GAPDH mRNA level. The experiment

was independently repeated three times.

Table 1. Primers used for real-time PCR

Annealing  Product
GenBank
Gene Primer sequence* temperature size
accession no.

(C) (bp)

F:AGTGAGAGGCAACCTGGAGA
POUSFL  NMO01113060 R:TCGTTGCGAATAGTCACTGC 60 166

F:ATGACATCCTGTCTTGGGTAG
DPPAS Fi436413.1 R:GTAAGGACCGTAAACCATGAC > 200

F:GAAACCCCTAGTGCCATCAA
BCL2L1  NM214285 R:GGGACGTCAGGTCACTGAAT 60 196

F:GTACGCAGATTCTTCAGGTC

BAK1 XM001928147  R:AAAGTCCATAAAGGGGTCTC

60 70

F:AAGTTCCCAAGCAAGGGATT
CASP3 NM214131.1 R:ACAAAGTGACTGGATGAACC > %3

F:CCCTCATAAGATAGACTGCTTC
cict NM001097519 R:CTTCCAGTTCCCTCCTTTTAC > 170

F:CTGTATGTGGCAGTGACTAAC
CDH1 EUB05482 R:AGTGTAGGATGTGATCTCCAG > 174

F:GATACCAGTAAGTCGTCCTGA

TP XM003480423 R:GAGACAGACTCTTATCCCTACTG

ol

5 167

F:GGGCATGAACCATGAGAAGT
GAPDH  AF017079 R:AAGCAGGGATGATGTTCTGG 60 230

F, forward; R, reverse.



2.6. Western blot

Blastocysts (50 blastocysts per sample) were solubilized in 20 pL of 1x sodium dodecyl
sulfate (SDS) sample buffer [62.5 mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol,
50 mM DTT, and 0.01% (w/v) bromophenol blue or phenol red] and heated for 5 min at
95°C. For western blotting, proteins were resolved on 5-12% Tris-SDS polyacrylamide gel
electrophoresis (PAGE) gels for 1.5 h at 80-120 V. Samples were then transferred to
Hybond ECL nitrocellulose membranes (Amersham, Buckinghamshire, UK) at 400 mA for
1.5 h in transfer buffer (25 mM Tris, pH 8.5, 200 mM glycine, and 20% methanol). After
blocking for 1 h with 5% non-fat milk (w/v) in PBS, the membranes were incubated
overnight with anti-p44/42 Mitogen-activated protein kinase (MAPK) antibody (1:300, Cell
Signaling Technology, Danvers, MA, USA); anti-ZO1 tight junction protein antibody (1:50,
Abcam, Cambridge, UK); or Connexin 43 antibody (1:300, Cell Signaling Technology,
Danvers, MA, USA) diluted in blocking solution [1xPBS, 5% nonfat milk (w/v)].
Membranes were then washed three times in PBST [1xPBS, 0.2% (v/v) Tween® 20] and
incubated for 1 h with anti-rabbit immunoglobulin G—horseradish peroxidase (IgG-HRP;
Cell Signaling Technology) diluted 1:2000 in blocking solution. Antibody binding was
detected, after three washes, with chemiluminescent reagents (Invitrogen). The experiment

was independently repeated three times.

2.7. Time-lapse monitoring system

The micro-wells of a specially designed Primo Vision culture dish (16 micro-wells in a 4
x 4 matrix) for time-lapse observation were filled with 10-30 pl of PZM-5 medium

supplemented with 4 mg/ml fatty-acid-free BSA and covered with 2.5-3 ml of mineral oil.
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The dish was incubated at 38.8°C in 5% CO, for at least 3 h before use. After
parthenogenetic activation, oocytes were placed into each micro-well and cultured
individually. A digital Primo Vision time-lapse microscope (Cryo Innovation, Newport
Beach, CA, USA) was used inside an incubator (38.8°C and 5% CO, in 95% air). The
camera was set to take a single picture and a total scan of all embryos every 5 min for 7 days.

Retrospective analysis of each embryo’s development was performed by Primo Vision
Software using all recorded images. This allowed for determination of the times of all the
key developmental events. The time of cell division was defined as the first observed frame
when the newly formed blastomeres were completely separated by confluent cell membranes

(Knez et al., 2013). Twenty-six embryos were examined per group.

2.8. Statistical analysis

The general linear model (GLM) procedure within Statistical Analysis System Software
(Cary, NC, USA) was used to analyze data from all experiments. Significant differences
were determined by Tukey’s multiple range tests. A paired Student’s t-test was used to
compare the relative gene expression between the groups. P-values of < 0.05 were

considered statistically significant.



3. Results

3.1. Effect of LPA treatment on the in vitro developmental potential of porcine embryos

To determine the optimal concentration of LPA to be treated, parthenotes were cultured in
IVC medium supplemented with LPA at various concentrations (0, 0.1, 1, and 10 uM) for 7
days. As indicated in Table 2, there was no difference in the cleavage rate between control
and LPA-treated parthenotes (control, 73.7% = 5.0%; 0.1 LPA, 75.4% * 4.5%; 1 LPA, 82.5%
+ 1.6%; and 10 LPA, 79.4% * 4.5%) on day 2. On day 7, to confirm the acceleration of
parthenogenetic embryo development by treated LPA, we evaluated the development of
blastocysts cultured by treating LPA, and classified each blastocyst as expanded, hatching, or
hatched. There were no differences in the rates of blastocyst formation (control, 32.1% *
5.0%; 0.1 LPA, 39.8% * 4.7%; 1 LPA, 38.5% * 1.6%; and 10 LPA, 31.2% + 1.5%) and
over-expanded blastocyst formation (control, 13.1% + 3.4%; 0.1 LPA, 16.3% + 2.3%; 1 LPA,
19.9% * 1.4%; and 10 LPA, 13.7% * 3.4%) at all concentrations of LPA. The developmental
morphology of blastocysts when LPA treated on day O after activation was shown in Figure
1, and morphologies did not significantly differ between the groups.

As shown in Table 3, 722 embryos were cleaved 4 days after parthenogenetic activation.
Embryos were randomly divided into four groups and cultured in IVC medium
supplemented with 0, 0.1, 1, and 10 pM LPA until day 7. On day 7, the blastocyst formation
rate was significantly higher in the 1 pM LPA-treated group than in the control and 0.1 and
10 LPA-treated groups (control, 32.6% + 2.9%; 0.1 LPA, 40.3% £ 2.7%; 1 LPA, 48.6% =
1.8%; and 10 LPA, 35.0% + 2.3%, p < 0.05). Furthermore, the percentage of expanded,

hatching, or hatched blastocysts was significantly higher in the 0.1 and 1 uM LPA-treated

10



groups than in the control and 10 LPA groups (control, 16.2% + 2.2%; 0.1 LPA, 23.2% *
2.3%; 1 LPA, 27.1% * 3.1%; and 10 LPA, 17.9% + 3.4%, p < 0.05). As shown in Figure 1,
the developmental morphology was best in blastocysts cultured with 1 uM LPA from day 4

to7.
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Table 2. Effects of lysophosphatidic acid (LPA) on the in vitro development of porcine

parthenogenetic oocytes (r = 4)

LPA Treatment No. of
No. (%) of cleaved No. (%) of developed

examined No. (%) of > Ex BL

embryos on day 2 embryos on day 7

Day Con. (uM)

oocytes
0 213 157 (73.7 £ 5.0) 51 (32.1+5.0) 21 (13.1+3.4)
0.1 211 159 (75.4 £ 4.5) 63 (39.8+4.7) 26 (16.3 £ 2.3)
Day 0
1 211 174 (82.5 £ 1.6) 67 (38.5+ 1.6) 35(19.9+ 1.4)
10 214 170 (79.4 £ 45) 53 (31.2 1.5) 24 (13.7+£3.4)

Abbreviation: Ex BL, Expanded blastocyst.

Table 3. Effects of lysophosphatidic acid (LPA) on in vitro development of porcine

parthenogenetic embryos (r = 5)

LPA Treatment No. of examined No. (%) of developed
No. (%) of > Ex BL
Day Con. (uM) embryos on day 4 embryos on day 7
0 181 59 (32.6 + 2.9)" 29 (16.2 £ 2.2)°
0.1 181 73 (403+2.7)’ 42 (232+23)
Day 4
1 181 88 (48.6  1.8)° 49 (27.1+3.1)’
10 179 63(35.0+2.3)" 32 (17.9+ 3.4)"

Significant differences from the control are indicated (*“p < 0.05).

Abbreviation: Ex BL, Expanded blastocyst.

12
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Figure 1. Effects of LPA on in vitro porcine blastocyst formation after parthenogenetic

activation from day 0 to 7 (top row) or from day 4 to 7 (bottom row). Scale bars, 200 pm.
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3.2. Effect of LPA treatment on the timing of each developmental stage in porcine

parthenogenetic embryos

We examined the embryo developmental timing of each stage (morula, early blastocyst,
and expanded blastocyst) from day 4 to 7 after activating. To achieve this, we observed each
embryo every 5 minutes using time-lapse monitoring system to capture images. We found no
significant differences in the timing of the morula stage (control, 98.9 + 1.40 h and 1 LPA,
97.0 = 0.93 h) and the expanded blastocyst stage (control, 138.9 £ 1.28 hand 1 LPA, 137.6 +
1.13 h) between the groups (Table 4, p < 0.05). However, LPA-treated early blastocysts
developed faster than untreated blastocysts (control, 117.7 £ 1.37 hand 1 LPA, 113.3 £+ 1.17
h).

In addition, we evaluated the quality of porcine embryos at each developmental stage
(morula, early blastocyst, and expanded blastocyst) and quantified the number of embryos
reaching each stage at 98.0, 115.5, and 138.3 h after activation (Figure 2). We found that
LPA-treated embryos reached morula (control, 98.9 h and 1 LPA, 97.0 h), early blastocyst
(control, 117.7 h and 1 LPA, 113.3 h), and expanded blastocyst (control, 138.9 h and 1 LPA,
137.6 h) stages faster than untreated embryos. As shown in Table 4, the kinetics of early
blastocyst development were significantly faster in the LPA-treated group than in the control
(Figure 2A).

We also examined the number of embryos reaching each stage at a specific time. After 98
h of activation, we counted 16 embryos at the 2- to 8-cell stage and 10 embryos at the morula
stage in the control group. In the LPA-treated group, there were 9 embryos at the 2- to 8-cell
stage and 17 embryos at the morula stage. After 115.5 h of activation, which represents the
time of early blastocyst development, we counted 9 embryos at the early blastocyst stage and
17 embryos that did not yet reach this stage in the control. In the LPA-treated group, there

14



were 17 embryos at the early blastocyst stage and 9 embryos that did not yet reach this stage.
At 138.3 h after activation, we counted 13 embryos at the expanded blastocyst stage and 13
embryos that did not yet reach this stage in the control. In the LPA-treated group, there were
16 embryos at the expanded blastocyst stage and 10 embryos that did not reach this stage

(Figure 2B).

Table 4. The timing of each developmental stage in porcine parthenogenetic embryos using

time-lapse monitoring system

Treatment No. of Time ()
group embryos Morula Early blastocyst Expanded blastocyst
Control 26 98.9+1.40 117.7 £ 1.37 138.9+1.28
1LPA 26 97.0+0.93 1133+ 1.17* 137.6+1.13

Values are means * standard error. *p < 0.01 (relative to control for the indicated embryo

stage).
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Figure. 2. Time-lapse imaging of porcine embryos developing in vitro. (A) Embryos from
each treatment group at the same developmental stage, cultured from day 4 to 7 with or
without 1 uM LPA. (B) Quantity of control (Con) and LPA-treated embryos at different
developmental stages (morula, early blastocyst [Ea BL], and expanded blastocyst [Ex BL])

at 98.0, 115.5, and 138.3 h after activation.
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3.3. Effect of LPA treatment on the Kinetics of development of porcine parthenogenetic

embryos

The effects of LPA on the kinetics of development were evaluated more carefully by
comparing the stages of embryos at 101, 118, and 136 h after activation. At 118 h post-
activation, LPA-treated embryos had expanded faster than untreated embryos, possessing
larger diameters (165 um versus 170 um in control versus 1 uM LPA, respectively; p < 0.05)
(Figure 3).

The levels of Tight junction protein ZO-1 (TJP1) and Connexin 43 in LPA-treated and
untreated embryos were measured to assess the quality cell-cell contacts within the
blastocyst. No difference was observed in TJP1 abundance between groups, whereas
Connexin 43 abundance was significantly higher (4.7-fold increase) in the LPA-treated
group than in the control group (p < 0.01) (Figure 4A). Transcript abundance of GJC1 (Gap
junction protein gamma 1) and CDH1 (Cadherin 1) were significantly higher in LPA-treated
embryos than in untreated embryos, whereas no significant difference was observed for TIP1

(Figure 4B).
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Figure. 3. Morphological parameters of in vitro-developed porcine embryos. (A) Embryos
of the same developmental time cultured from day 4 to 7, with or without 1 uM LPA. (B)
Diameter of control (Con) and LPA-treated embryos at 94.5, 101, 118, and 136 h after

activation. Values are means + standard error of the mean. (*p < 0.05).

18



mCon = LPA
Con LPA g §
Suw 87
2 i o > w8 6 - *
o e I
S5
S
Pad MAPK = & <44 KDa Es 2
P42 MAPK - - 442 KDa =
o 1N .| }
TJP1 Connexin43
B 3
; 25 -
€S 2- o
E'n * L
2 e 15 - I mCon
= a
% % 1 LPA
[1'4
0.5
0 - ‘ :
TJP1 GJC1 CDH1

Figure. 4. Expression of components involved in compaction and cell-cell communication.
(A) Abundance of TJP1 and Connexin 43 protein, or (B) GJC1, CDH1, and TJP1 mRNA in
control (Con) and blastocysts treated with 1 pM LPA from days 4 to 7. Values are means +

standard error of the mean. (*p < 0.05, **p < 0.01).
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3.4. Effect of LPA treatment on the quality of embryos at the blastocyst stage

To examine the effect of LPA on the quality of blastocysts, untreated and LPA-treated
blastocysts at day 7 were stained with terminal-uridine nick-end labeling (TUNEL) and
Hoechst 33342. There was no significant difference in the total cell nhumber of expanded
blastocyst between groups (Figure 5A, 5B). However, the apoptotic index was significantly
lower in the LPA-treated group at day 4 than in the control (control, 5.7% + 1.1% and 1 LPA,
3.3% £ 0.6%, p < 0.05) (Figure 5A, 5C).

The relative mRNA levels of genes involved in embryo development and apoptosis were
examined (Figure 5D). Although there were no differences in the mRNA levels of POU5F1,
DPPA5, and CASP3 between groups, BCL2L1 expression increased and BAK expression

decreased in the LPA-treated group compared with the control.
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Figure. 5. Apoptosis in in vitro-cultured Day-7 blastocysts. (A) Images of fragmented DNA,
as detected with the terminal deoxynucleotidyl transferase dUTP nick-end labeling assay,
versus total nuclei. Scale bars, 100 um. (B) Total cell number and (C) apoptotic index. (D)
Relative transcript abundance of genes involved in cell reprogramming (POUS5F1 and
DPPAD5) and apoptosis (BCL2L1, BAK, and CASP3) in control (Con) and blastocysts treated
with 1 uM LPA from Days 4 to 7. Values are means + standard error of the mean. (*p < 0.05,

**p < 0.01).
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4. DISSCUSTION

The quality of embryos produced in vitro is consistently inferior to those produced in vivo.
Adjustments to the culture medium can, however, improve the efficiency of embryo
development. Here, we investigated if LPA affects the developmental competence and
kinetics of porcine embryos, as well as the frequency of DNA fragmentation in blastocysts.
Addition of 1 uM LPA to in vitro culture media, beginning on day 4 of culture, improved the
rate of blastocyst formation; the kinetics of early blastocyst development; and the expression
of tight junction- and gap junction-related protein and genes (Connexin 43, GJC1, and
CDH1); whereas the apoptotic index decreased, which agrees with the elevated expression of
the anti-apoptotic gene BCL2L1 and the decrease in expression of the pro-apoptotic gene
BAK.

Culture conditions often govern the cleavage, compaction, survival, and development of
embryos (Im et al., 2004). Many studies have contributed to the optimization of culture
systems —e.g., by addition of specific factors —to produce healthy blastocysts of higher
quality. For example, the addition of y-linolenic acid into the medium of bovine in vitro-
produced embryos promoted the developmental competence of zygotes and increased the
cleavage rate until day 2 (Gaja et al., 2010). Treatment with stem cell-derived bioactive
materials also accelerated the development of porcine in vitro- fertilized embryos (Lee et al.,
2015). We found that rates of blastocyst development and over-expanded blastocyst
development were higher when embryos were treated with LPA starting on day 4 post-
activation (Figure 1, Table 2). By contrast, addition of serum can result in opposing changes
—e.g., suppressing pre-compacted embryo development but enhancing blastocyst
development (Pinyopummintr and Bavister, 1994). Addition of serum at later stages of

embryonic development, however, can markedly decrease the timing between early morula,
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compact morula, and early blastocyst stages, as well as stimulate embryonic cell division and
accelerate embryonic development (Robl et al., 1981; Holm et al., 2002).

A time-lapse monitoring system, which captured images of developing embryos at regular
intervals (Kirkegaard et al., 2012), was used to observe embryos cultured under stable
culture conditions as well as those that have been induced to cleave after activation (Kovacs,
2014). Using such a system, we found that LPA administration on day 4 of culture promoted
the development of embryos to the early blastocyst stage, increased the number of embryos
reaching the next developmental stage, and increased embryo size (Table 3, Figures 2B and
3B). This protocol is consistent with the addition of growth factors into the medium of day-3
embryos, which promoted their development to the blastocyst stage via autocrine/paracrine
signaling, leading to the formation of good blastocysts (Kawamura et al., 2012).

Time-lapse analysis also revealed faster developmental kinetics from the morula to the
early blastocyst stage in embryos treated with LPA. This acceleration may have been
influenced by the abundance of gap junctions and adhering junctions in the embryo, given
that components of both were elevated in this group of embryos. Blastomeres in early
embryos are linked together by gap junctions, intercellular structures that allow the transfer
of ions and small molecules directly from one cell to the next, thereby providing improved
synchrony in developmental processes among the blastomeres (Buehr et al., 1987; Lee et al.,
1987; Becker et al., 1995). The gap junction is a hexamer of protein subunits called
connexins (Houghton et al., 2002). Connexin 43 is the main connexin isoform in humans
(Bloor et al.,, 2004) and bovine blastocysts (Rizos et al., 2003). Human embryos
predominantly express Connexin 43, whose abundance increases during preimplantation and
development (Hardy et al., 1996). Here, we confirmed that changes in the Connexin 43
accelerated the kinetics of embryo cleavage, suggesting that intercellular communication via
gap junctions may control porcine embryonic development. Gap junction gamma-1 (GJC1),
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another member of the connexin family, allows for the transfer of metabolites from cumulus
cells to the oocyte by controlling the opening and closing of gap junction and ion channels,
thereby improving the developmental competence of oocytes (Sugimura et al., 2014); our
results suggest that GJC1 also participates in porcine embryo development.

Compaction, which involves the conversion of an embryo with eight clearly defined
blastomeres into a morula, whose cell outlines are not readily distinguishable, is mediated
between blastomeres by the adhesion protein E-cadherin (Vestweber et al., 1987; Ohsugi et
al., 1997). The elevated CDH1 transcript abundance in the LPA-treated group, compared to
the control group (Figure 4) is consistent with the improved morphology of the compacted
embryos (Figure 2A).

Formation of the trophoblast and inner cell mass and the expansion of the blastocoel are
important events in the development of the early preimplantation mammalian embryo
(Ducibella et al., 1975); cell junctions may have specific and indispensable roles in these
processes (Schlafke et al., 1967). For example, tight junctions between trophectoderm cells
create a barrier that is essential for the maintenance of cell polarity and the regulation of
paracellular permeability. Tight junctions can control the inner cell mass microenvironment
via trophectoderm-mediated transport of ions, amino acids, energy substrates, growth factors,
and other metabolites (Gonzalez-Mariscal et al., 2003; Thomas et al., 2004). Such stage-
specific function is consistent with changes in expression of tight junction proteins such as
Z0-1a+, which is expressed by late morulae, suggesting its involvement in late stages of
development (Sheth et al., 1997, 2000), and ZO-1, which is utilized by the trophectoderm in
bovine and murine embryos (Barcroft et al., 1998; Sheth et al., 1997). Although LPA
promoted compaction and blastocoel formation, no changes were observed in TJP1
abundance (Figure 4A), suggesting that the beneficial effects of LPA do not directly affect
tight junction composition.
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No difference was observed in total cell number or in the expression of cell lineage
markers POU5F1 and DPPAS in day-7 blastocysts between groups (Figures 5A and 5D).
DPPA5 and POU5F1 regulate stem cell pluripotency during early embryogenesis (Kim et al.,
2005). POUS5F1, a developmentally regulated transcription factor, is activated prior to the 8-
cell stage (Palmieri et al., 1994).

Apoptosis is an excellent indicator of cell stress, and suboptimal culture conditions can
trigger the apoptotic cascade and abnormal embryo development (Makarevich et al., 2008;
Brill et al., 1999; Elmore, 2007). Excess apoptosis can affect blastocyst maturation, induce
early embryonic death, and cause fetal anomalies (Brison et al., 1997). Apoptosis is
controlled by several conserved genes. For example, the BCL2 family includes several
subgroups of anti-apoptotic and pro-apoptotic members: BCL2L1 suppresses apoptosis
(Shimizu et al., 1999) while BAK and CASP3 promote apoptosis (Suyama et al., 2002). The
intrinsic apoptotic pathway involved the formation of a pore in the mitochondrial membrane
via BAK/BAX, resulting in the release of cytochrome c into the cytoplasm via BCL2L1
(Shamas-Din et al., 2013). Another pro-apoptotic gene, CASP3, functions in the final stages
of apoptosis as an executioner caspase, meaning that it is cleaved and activated by late
apoptotic events (Riedl et al., 2004). In our study, the apoptotic index was lower in the LPA-
treated group than in the control group (Figure 5A-C), which is consistent with the changes
in BCL2L1 (higher) and BAK (lower) transcript abundance in the LPA-treated group (Figure
5D). These specific changes to BAK and BCL2L1 expression suggest that the intrinsic
pathway is active during porcine embryo development, which confirm previous studies that
implicate interactions between BCL-2 proteins as critical for embryo development (Yang et
al., 2002; Park et al., 2014).

In conclusion, the addition of LPA into the medium can affect the developmental potential
of porcine parthenogenetic embryos by accelerating the kinetics of blastocyst formation,
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resulting in the production of more good-quality blastocysts. A major focus of many
investigations is promoting the development of healthy blastocysts, especially those with
high rates of hatching, and improving embryo transplantation potential (Balaban et al., 2000)
because transfer of this class of embryos is associated with improved rates of implantation
and pregnancy (Yoon et al., 2001; Khorram et al., 2000) as well as the live birth (Chimote et
al., 2013). LPA was previously shown to stimulate fibroblast DNA synthesis and
proliferation, thus acting as a growth factor (Kobayashi et al., 1994); similar signaling could
promote cell divisions in embryos, based on our findings that LPA improved the
developmental potential of parthenogenetic porcine embryos beyond the 8-cell stage. Taken
collectively, our results indicate that LPA improves the quality of in vitro produced embryos,

and we recommend its use in assisted reproductive technologies to produce healthy embryos.
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Figure 6. Mechanism of action of lysophosphatidic acid (LPA). LPA activates Ras and Rho
family GTPases to control cell migration, proliferation, and morphogenesis as well as

signaling via classic second messenger pathways.
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