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Abstract

The objective was to identify the transcriptomic profile of in vitro-derived embryos with high
competence to establish and maintain gestation. Embryos produced with X-sorted sperm were
cultured from day 5 to day 7 in serum-free medium containing 10 ng/ml recombinant bovine
colony-stimulating factor 2 (CSF2) or vehicle. The CSF2 was administered because this molecule
can increase blastocyst competence for survival after embryo transfer. Blastocysts were harvested
on day 7 of culture and manually bisected. One demi-embryo from a single blastocyst was
transferred into a synchronized recipient and the other half was used for RNA-seq analysis. Using
P < 0.01 and a fold change >2-fold or <0.5 fold as cutoffs, there were 617 differentially expressed
genes (DEG) between embryos that survived to day 30 of gestation vs those that did not, 470
DEG between embryos that survived to day 60 and those that did not, 432 DEG between embryos
that maintained pregnancy from day 30 to day 60 vs those where pregnancy failed after day 30,
and 635 DEG regulated by CSF2. Pathways and ontologies in which DEG were overrepresented
included many related to cellular responses to stress and cell survival. It was concluded that gene
expression in the blastocyst is different between embryos that are competent to establish and
maintain pregnancy vs those that are not. The relationship between expression of genes related
to cell stress and subsequent embryonic survival probably reflects cellular perturbations caused
by embryonic development taking place in the artificial environment associated with cell culture.

Summary Sentence

Embryos produced in vitro that are capable of maintaining gestation have a gene expression
pattern that diverges from embryos that fail to establish pregnancy.
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Introduction

Despite its successful development from the zygote stage, the con-
tinued survival of the blastocyst-stage embryo is problematic. Only
~50-75% of bovine embryos used for embryo transfer are com-
petent to survive to term after transfer, with reduced competence
for embryos produced in vitro [1]. Indeed, pregnancy rates for
transfer of embryos produced in vitro are lower than for those
produced in vivo by superovulation [2]. In part, reduced competence
of embryos produced in vitro reflects an absence of maternally
derived regulatory molecules such as CSF2 and di dickkopf WNT
signaling pathway inhibitor 1 that can enhance post-transfer survival
of embryos produced in vitro [3, 4].

It is likely that the ability of the blastocyst to sustain development
to term depends upon its transcriptome, which encodes for proteins
required by the embryo for cellular maintenance, execution of sub-
sequent developmental events involving differentiation and lineage
commitment and communication with the female reproductive tract.
In vitro production of embryo is accompanied by changes in the
transcriptome of the embryo [5-7]. Identification of gene expression
profiles that confer a blastocyst with the capacity for sustained
development could lead to methods for regulation of embryonic gene
expression to improve survival of the embryo produced either in
vivo or in vitro. In addition, identification of genes whose expression
is associated with high embryo competence could lead to insights
into identification of genetic loci important for genetic variation
in fertility, using either a candidate gene approach [8, 9] or by
combining genome-wide association studies with transcriptome data
[10-12].

Studies performed by El-Sayed et al. [13] with bovine embryos
produced in vitro and by Salilew-Wondim et al. [14] and Ghanem et
al. [15] with embryos produced by superovulation have identified
groups of up to 41-70 genes whose expression in the blastocyst
differed between those that could establish and maintain pregnancy
from those that either did not establish pregnancy or in which preg-
nancy was subsequently lost. The approach was to bisect blastocysts,
transfer the larger portion of the embryo to a recipient female, and
use the remaining portion for analysis of gene expression with a
microarray platform containing either up to 2219 probes [13, 15]
or 24 128 probes [14].

Here, we repeated these experiments with embryos produced
in vitro in either the presence or absence of CSF2. To maximize
identification of the number of differentially expressed genes (DEG),
gene expression was evaluated using RNA-Seq. CSF2 was included as
a treatment because, in addition to increasing blastocyst competence
for embryo survival [3, 4], treatment of bovine embryos with CSF2
from days 5 to 7 of development (during the period of the morula-
to-blastocyst transition) modifies gene expression of the morula and
blastocyst-stage embryo [16-18]. In addition, CSF2 exerts long-
term actions on the embryo that result in changes in trophoblast
elongation at day 15 of pregnancy [19], fetal and placental gene
expression at day 86 of gestation [20], and postnatal effects on calf
growth [21]. The experiment was performed with female embryos
to reduce variation due to embryo sex and because effects of CSF2
on the bovine embryo are different for female embryos than male
embryos [18, 19]. It was hypothesized that the transcriptome of a
blastocyst able to maintain pregnancy until day 30 and day 60 of
gestation differs from a blastocyst that dies after transfer and that
one action of CSF2 would be to alter expression of genes identified as
differentially expressed between embryos that established pregnancy
vs those that did not.

Methods

Animals

All animal procedures were approved by the University of Florida
Institutional Animal Care and Use Committee and were conducted
in accordance with SSR guidelines and standards. The experiment
was conducted on a commercial farm located in Lee, Florida
(30°25'10”N 83°17'59”W). Holstein virgin heifers (n = 16), 12
month of age, were used as oocyte donors, and another group of
12-month-old Holstein heifers (7 = 45) was used as embryo transfer
recipients. Donors and recipients were housed in free-stall barns
with sand bedding and were fed ad libitum a total mixed ration
formulated for growing Holstein heifers.

Ovum pickup

The 16 Holstein heifers used as oocyte donors were randomly sub-
divided into two groups of 8 each. Each heifer was subjected to two
rounds of follicle superstimulation followed by oocyte collection by
transvaginal ultrasound-guided follicular aspiration [oocyte pickup
(OPU)]. For one group, the oocytes were used for CSF2 treatment in
the first round and for control treatment in the second round. For
the other group, oocytes were used for control in the first round and
for CSF2 in the second round.

The procedure for the first round of follicle collection involved
injection of 100 pg gonadorelin hydrochloride (Factrel, Zoetis, Kala-
mazoo, MI), i.m., on day 0, ablation of all follicles >5 mm by
transvaginal ultrasound-guided follicle ablation and insertion of a
controlled intravaginal progesterone releasing device (CIDR—Eazi-
Breed CIDR, Zoetis, Kalamazoo, MI) on day 7, 6 injections i.m., of
30 mg follicle stimulating hormone (FSH; Folltropin-V, Vetoquinol,
Fort Worth, TX), 12 h apart beginning at day 9 (48 h after follicle
ablation), and CIDR removal and oocyte recovery about 30 h after
the last FSH injection. The procedure for the second round of follicle
collection was initiated 8 days after the first OPU by follicle ablation
and CIDR insertion. Another six injections, i.m., of 30 mg FSH
were administered 12 h apart beginning 48 h after follicle ablation.
Removal of the CIDR and the second OPU occurred at 30 h after
the last FSH injection.

For follicle ablation, an epidural block consisting of 5 ml of 2%
(w/v) lidocaine was administered, ovarian follicles were visualized
using an Aloka-SSD 500 ultrasound unit equipped with a 7.5 mHz
microconvex probe (Aloka, Tokyo, Japan) enclosed in a plastic
needle guide, and follicles ablated using an 18-gauge, 5.5 cm needle
(Watanabe Tecnologia Aplicada, Campinas, Brazil). Cumulus oocyte
complexes (COC) were harvested by OPU using the same procedure
as for follicle ablation except that each follicle >5 mm was aspirated
using an 18-gauge, 55 c¢cm needle connected to a vacuum pump
(Pioneer Medical Inc., Melrose, MA), which was regulated to achieve
a flow rate of 15 ml/min. The follicular aspirate was collected into
a single 50 ml conical tube containing 10 ml of oocyte washing
medium (MOFA Global, Verona, WI) supplemented with IU/ml
sodium heparin.

In vitro production of embryos

All procedures for in vitro maturation, fertilization, and embryo
culture were performed while keeping oocytes and embryos from
a single heifer in a single group and without mixing oocytes and
embryos from other donors. The aspirate from each donor heifer
was filtered through a 68 pm embryo filter (SPI, Canton, TX) into a
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100 mm x 100 mm square petri dish with gridlines (Fisher Scientific,
Hampton, NH). Contents of the dish were searched using a dissecting
microscope and COCs recovered from each individual donor using
a wiretrol pipette (Drummond, Broomall, PA).

Recovered oocytes were washed three times in oocyte washing
medium (MOFA Global) and placed into 2 ml microcentrifuge tubes
containing 1.5 ml oocyte maturation medium (BO-HEPES-IVM, IVF
Bioscience, Falmouth, Cornwall, UK) that had been pre-warmed at
38.5 °C. The tubes containing the collected oocytes were placed
into a portable incubator (Micro Q Technologies, Conshohocken,
PA) set at 38.5 °C. After collection, COC were transported to the
laboratory where they completed maturation for 22 h inside the
portable incubator at 38.5 °C.

Following maturation, COCs from a single donor were washed
once in HEPES-TALP [22] and placed into 60 pl drops of IVE-TALP
[22] overlaid with mineral oil. X-sorted semen from a single Holstein
bull was purified using Puresperm (Nidacon International, MolIndal,
Sweden) [18] and added to each fertilization drop at a concentration
of 2 x 10° spermatozoa/ml. Following addition of sperm, 3.5 pl
of a solution of 0.5 mM penicillamine, 0.25 mM hypotaurine, and
25 uM epinephrine prepared as described by Ortega et al. [22] were
added to each fertilization drop. Sperm and COCs were co-incubated
for 18 h at 38.5 °C in 5% CO; in humidified air. Afterwards,
putative zygotes were denuded of cumulus cells by suspension in
HEPES-TALP containing 1000 U/ml hyaluronidase and vortexing
for 2 min. Presumptive zygotes from each donor heifer were then
cultured in 25 pl drops of synthetic oviduct fluid-bovine embryo 2
(SOF-BE2; [22]) overlaid with mineral oil at 38.5 °C in a humidified
atmosphere of 5% O3, 5% CO,, and 90% N,. Embryos derived
from half of the donors were treated at day 5 after insemination
with the replacement of 2.5 pl of the culture drop with SOF-BE2
supplemented with 100 ng/ml recombinant bovine CSF2 (Novartis,
Basle, Switzerland) to produce a final concentration of 10 ng/ml of
CSF2. Embryos derived from the other half of the donors (control)
were treated by replacement of 2.5 pl of the medium in the culture
drop with 2.5 pl of vehicle (SOF-BE2).

The percentage of oocytes that cleaved was assessed on day 3
after insemination and the percentage of oocytes that developed to
the blastocyst stage was determined at day 7 after insemination,
respectively. Blastocyst stage (blastocyst, expanded and hatching)
embryos were harvested at day 7 and subjected to embryo bisection.

Embryo bisection

Blastocysts collected on day 7 of culture were transferred individ-
ually into 50 pl drops of embryo biopsy medium (BO-biopsy, IVF
Bioscience) placed on the surface of an epoxy-printed well slide.
While visualizing the embryo using an inverted microscope with
x20 magnification (Nikon, Diaphot, Tokyo, Japan), a microblade
fixed to a micromanipulator was gently pressed against the middle
of the embryo so that trophectoderm (TE) and inner cell mass (ICM)
cells were evenly distributed on both sides (Figure 1). The microb-
lade was slowly moved forward and backward until the embryo
was completely bisected and the zona pellucida was removed. An
example of the bisection process is depicted in Supplemental File
1, Movie S1. The microblade used was custom built according to
the dimensions of BD Beaver microblade 30° produced by Beaver
Visitec International (Waltham, MA). One portion of the bisected
blastocyst (the smaller or less intact portion if bisection was not
uniform) was directly placed into a 0.2 ml tube containing 50 pl
of RNAlater (Invitrogen, Carlsbad, CA) and stored at —80 °C until

RNA-seq analysis. The other demi-embryo was placed into a 25 pl
drop of SOF-BE2 covered in mineral oil and maintained inside an
incubator at 38.5 °C in a humidified atmosphere of 5% O3, 5%
CO»,and 90% N for 30 min for re-establishment of the blastocoele
after bisection (Supplemental File 2, Figure S1). The demi-embryo
was then placed into a plate containing embryo transfer medium
(BO-Transfer, IVF Bioscience), loaded into a 0.25 ml embryo transfer
straw, and transported to the farm in a portable incubator at 38.5 °C
(Micro Q Technologies).

Embryo transfer and pregnancy diagnosis

Recipient heifers were subjected to an ovulation synchronization
protocol consisting of 100 pg gonadorelin hydrochloride (Factrel,
Zoetis) i.m., and intravaginal insertion of a CIDR on day —9
(Day 0 = day of anticipated ovulation), 25 mg prostaglandin-F,
(Lutalyse, Zoetis), i.m., and CIDR removal on day —3, and 100 pg
gonadorelin hydrochloride on day —1. At day 7 after anticipated
ovulation (8 days after the last gonadorelin injection), each recip-
ient was subjected to examination of the ovaries by transrectal
ultrasonography (Aloka SSD 500, 5 MHz linear transducer) to
confirm the presence of a corpus luteum. Recipients received an
epidural block of 5 ml of 2% (w/v) lidocaine and then, randomly, a
single demi-embryo was transferred into the ipsilateral uterine horn
relative to the corpus luteum. Pregnancy diagnosis was carried out
by transrectal ultrasonography on day 30 and day 60 of gestation.

Statistical analysis of data on embryonic development
and pregnancy success

Data were analyzed using the GLIMMIX procedure of Statistical
Analysis System (SAS Software 9.4; SAS institute Inc., Cary, NC). All
dependent variables were considered to have a binomial distribution.
For the percent of oocytes that cleaved, percent of oocytes that
developed to the blastocyst stage at day 7 after insemination, percent
of cows pregnant per embryo transfer at day 30 and day 60, and for
pregnancy loss between day 30 and day 60, the model included the
fixed effect of treatment and the random effect of replicate. The level
of significance was considered as P < 0.05.

RNA extraction, cDNA library preparation, and
RNA-Seq

Total RNA from each sample was isolated using the RNeasy Micro
Kit (Qiagen, Germantown, MD) according to the manufacturer’s
cell protocol with the following adjustments for samples maintained
in RNAlater; 250 pl of 100% ethanol was used instead of the
recommended 350 pl of 70% (v/v) ethanol and isolated RNA was
eluted in 12 pl RNase-free water instead of the recommended 22 pl
RNase-free water. Barcoded fragment libraries were constructed
using the Bovine Custom Any Deplete Ovation SoLo RNA-Seq
System from NuGEN (San Carlos, CA) following the manufacturer’s
protocol. DNA integrity of the libraries was assessed using the
High Sensitivity D1000 ScreenTape on the Agilent 4200 TapeStation
(Santa Clara, CA) and DNA concentration was measured using the
KAPA gPCR kit (Boston, MA) following the manufacturer’s proto-
col. Samples were uniquely barcoded using the eight base pair single
index adaptors in the adaptor plate provided with the Nugen kit. A
total of 20-25 samples were combined for each pool. Samples were
sequenced with 1 x 75 bp single-end reads on an Illumina NEXT-seq
(Illumina, Inc. San Diego, CA) at the Stanford Functional Genomics
Facility (Stanford, CA) according to the manufacturer’s protocol.
Sequence reads for each sample were mapped to the annotated
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Figure 1. Embryo bisection. A. Custom built microblade fixed to a micromanipulator’s arm. The microblades were custom built with the dimensions of
BD BeaverTM microblade 30° produced by Beaver Visitec International (Waltham, MA). B. Embryo bisection being performed with a microblade fixed to a
micromanipulator using an inverted microscope with x20 magnification (Nikon, Diaphot, Tokyo, Japan). The microblade was gently pressed against the middle
of the embryo so that TE and ICM cells were evenly distributed on both sides.

bovine reference genome (UMD3.1.70) using CLC genomics work-
bench 12.0 (www.giagenbioinformatics.com) to obtain read counts
for each gene. Data have been deposited in the Gene Expression
Omnibus of the National Center for Biotechnology Information and
are accessible through GEO Series accession number GSE130954
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130954).

Bioinformatics

The following procedures were performed with the limma package
for the R software [23]. Multidimensional scaling (MDS) plots of
distances between gene expression profiles were performed with
the edgeR package using all expressed genes to identify outliers
(Supplemental File 2, Figure S2). A total of five samples appeared
as outliers in a multidimensional scaling plot (two CSF2 and one
control embryos not pregnant at day 30, one control embryo preg-
nant at day 30 and day 60, and one control embryo pregnant
at day 30 but lost by day 60). These five samples also had the
highest proportion of zero counts (Supplemental File 3, Table S1).
The five samples were excluded from the analyses as were three
samples that did not express both TE [actin alpha 2, smooth muscle
(ACTA2), GATA binding protein 2 and 3 (GATA2, and GATA3),
caudal type homeobox 2 (CDX2)] and ICM [Nanog homoeobox
(NANOG), DNA methyltransferase 3 alpha (DNMT3A), H2A.Z
variant histone 1 (H2AFZ)] markers [24]. It was confirmed that all
samples came from female embryos based on lack of expression of Y-
linked genes [sex determining region Y (SRY), DEAD (Asp-Glu-Ala-
Asp) box polypeptide 3, Y-linked (DDX3Y), eukaryotic translation
initiation factor 1A, Y-linked (EIF1AY), ubiquitously transcribed
tetratricopeptide repeat containing, Y-linked (UTY)] [25]. Genes
with low expression counts (less than 1 count per million reads)
in 6 or more of the 37 retained samples were filtered out before

normalization. Thus, 7031 high-quality transcripts were retained for
further analysis.

The normalization method applied was weighted trimmed mean
of M-values [26]. Observation weights were used to apply a robust
estimate of the negative binomial dispersion parameter for each gene.
This method is employed to avoid outlier genes, which can lead
to the detection of false positives. Next, the observation weights
were used for estimating regression parameters. The method uses
an iterative procedure where weights are calculated from residuals
and estimates are made after re-weighting [27]. Finally, a quasi-
likelihood negative binomial generalized log-linear model was fit to
read counts for each transcript and conduct genewise statistical tests
for the coefficient contrast [28]. The matrix of contrast was build
based on the comparisons between the groups.

An embryo was classified based on the pregnancy outcome.
Embryos where recipients were not pregnant at day 30 were classi-
fied as non-pregnant (NP), embryos where recipients were pregnant
at both day 30 and day 60 were classified as pregnant—pregnant (PP),
and embryos where recipients were pregnant at day 30 but not at
day 60 were classified as pregnant-nonpregnant (PNP). Statistical
analysis was performed by one-way ANOVA, applying an F-test
to identify DEG between comparisons. Three series of comparisons
were performed. The first series evaluated DEG based on pregnancy
outcomes for data from all embryos (control and CSF2). Compar-
isons were based on pregnancy status at day 30 [PP + PNP (n = 14)
vs NP (n = 23)], pregnancy status at day 60 [PP (n = 9) vs NP + PNP
(n = 28)], and pregnancy loss between day 30 and day 60 [PP (7 = 9)
vs PNP (n = 5)]. A MDS scaling plot of DEG [false discovery rate
(FDR) of P < 0.05 and a fold change >2 or <0.5] was constructed
using the limma package of R to visualize differences between groups
(Figure 2). The second series (one comparison) evaluated DEG due
to treatment with CSF2 (n = 16) or control (n = 21) regardless
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Figure 2. Multidimensional scaling plot based on differentially expressed genes (FDR of P < 0.05 and a fold change >2 or <0.5). Blue = NP-control, red = NP-CSF2,
green = PP-control, purple = PP-CSF2, orange = PNP-control, and gray = PNP-CSF2. NP, not pregnant at day 30; PP, pregnant at day 60; PNP, pregnant and day 30

but not at day 60.

of pregnancy outcome. The third series evaluate DEG based on
pregnancy outcomes at day 30 for each treatment group (CSF2 or
control) separately. For CSF2, the comparison was PP + PNP (n = 6)
vs NP (n = 10), whereas, for control, the comparison was PP + PNP
(n = 8) vs NP (n = 13). Data on pregnancy outcomes at day 60 were
not evaluated within each treatment group because of the absence of
pregnancy loss for the CSF2 group.

Differentially expressed genes were defined using two different
criteria. The first was those with P < 0.01 and a fold change of
either >2 or <0.5 for each pairwise comparison. The second, more
stringent criterion was genes with an FDR-adjusted P < 0.05 and a
fold change >2 or <0.5.

Functional analysis of DEG was conducted using the list of genes
with a P-value <0.01 and a fold change of either >2 or <0.5. This
list of genes was used rather than the more stringent list based
on an FDR-adjusted P <0.05 to increase sensitivity of identifying
relevant ontologies. Characteristics of DEG were determined using
Ingenuity Pathway Analysis (IPA, Qiagen, Redwood City, CA, USA)
for (1) clustering of DEG into molecular and cellular functions in
which DEG were overexpressed, (2) molecular and cellular functions
and canonical pathways predicted to be either activated or inhibited
as a result of DEG, and (3) identification of putative transcription
factors, ligand-dependent nuclear receptors, translational regulators,
miRNA, and selected other regulators predicted to be activated or
inhibited. Activation status was considered significant when the z-
score was <—2.0 or >2.0. Disease pathways were excluded.

Results

Embryonic development and pregnancy outcomes
There was no effect of CSF2 on the percent of putative zygotes that
cleaved after insemination (least-squares mean &+ SEM; 87.2 + 3.6%
vs 85.7 & 3.5% for control and CSF2, respectively) or that developed
to the blastocyst stage at day 7 after insemination (31.4 + 5.0%
vs 28.6 £ 4.5% for control and CSF2, respectively). A total of 45
demi-embryos were transferred into recipients (25 control and 20
CSF2). Treatment with CSF2 did not significantly affect the percent
of recipients pregnant on day 30 or 60 of gestation or on pregnancy
loss between day 30 and day 60 (Table 1). Note, however, that only
1 of 6 pregnancies (16.6%) from the CSF2 group were lost between
day 30 and day 60, whereas 5 of 10 pregnancies (50.0%) in the
control group at day 30 were lost by day 60 (Table 1).

Differential expression of genes between embryos that
maintained pregnancy to day 30 vs those that did not

The number of DEG for all comparisons is summarized in Table 2.
There were 617 DEG using P < 0.01 and >2-fold or <0.5-fold
difference as cutoffs. Of these, 341 were upregulated and 276 were
downregulated in embryo that maintained pregnancy to day 30.
Using a more stringent criteria, a FDR-adjusted P < 0.05 and a fold-
change of >2-fold or <0.5, 370 DEG were identified in embryos
that maintained pregnancy to day 30 (215 upregulated and 155
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Table 1. Effect of treatment with CSF2 (10 ng/ml) from day 5 to day 7 of culture on pregnancy outcomes after transfer of demi-embryos to

recipients.

CSF2 (ng/ml)

Pregnancy success, % (no pregnant/no transferred)

Pregnancy loss, % (lost/total)

Day 30 Day 60
0.0 (control) 40% (10/25) 20% (5/25) 50% (5/10)
10.0 30% (6/20) 25% (5/20) 17% (1/6)
P 0.50 0.51 0.22

Table 2. Numbers of differentially expressed genes for various comparisons.

Comparison Number of samples

No. of differentially expressed genes

Fold change, >2 or <0.5; P < 0.01 Fold change, >2 or <0.5; FDR, <0.05

Pregnant day 30 vs nonpregnant day 30 14 vs 23
Pregnant day 60 vs nonpregnant day 30 9vs23
Pregnancy survival (pregnant day 30 and 9 vs 5
60 vs pregnant at day 30 but

non-pregnant at day 60)

CSF2 vs control 16 vs 21
Control embryos, pregnant day 30 vs 8vs 13
nonpregnant, day 30

CSF2 embryos, pregnant day 30 vs 6vs 10

nonpregnant, day 30

617
470
432

635
465

590

370
255
0

420
55

246

downregulated). The list of DEG is shown in Supplemental File 3,
Table S2.

Molecular and cellular functions overrepresented in DEG were
determined by IPA (Supplemental File 3, Table S3). The top six
functions based on P value were DNA replication, recombination
and repair (53 genes), cellular assembly and organization (52 genes),
cellular function and maintenance (62 genes), lipid metabolism
(36 genes), small molecule biochemistry (57 genes), and cell death
and survival (191 genes). The biological functions predicted to be
increased in embryos competent to maintain pregnancy to day 30
were homologous recombination of cells (7 molecules), oxidation of
long-chain fatty acids (7 genes), and oxidation of palmitic acid (5
genes) (Figure 3). Organismal death was predicted to be decreased
(z = —1.9) in embryos that survived to day 30 (129 genes) (Supple-
mental File 2, Figure S3). Upstream regulators predicted to be acti-
vated were NFKB inhibitor alpha (NFKBIA) (9 genes), peroxisome
proliferator activated receptor gamma (PPARG) (13 genes), the RAB,
member RAS oncogene family like 6 (RABL6) (4 genes), and miR-
30c-5p (8 genes), while the one upstream regulator predicted to be
inhibited was lysine demethylase SA (KDMS5A) (8 genes) (Figure 4).

Differential expression of genes between embryos that
maintained pregnancy to day 60 vs those that did not

The list of DEG is shown in Supplemental File 3, Table S4. There
were 470 DEG using P < 0.01 and >2-fold or <0.5-fold difference
as cutoffs. Of these, 337 were upregulated in embryos that survived
to day 60 and 133 were downregulated. Using a more stringent
criteria, a FDR-adjusted P < 0.05, and a fold-change of >2-fold
or <0.5, there were 255 DEG in embryos that survived to day 60
(206 upregulated and 49 downregulated). There were 349 DEG in
common for maintenance of pregnancy to day 30 and day 60, using
P < 0.01 and >2-fold or <0.5-fold difference as cutoffs, with 269
upregulated genes and 80 downregulated genes (i.e., 74% of the

DEG for embryo survival to day 60 were also DEG for embryo
survival to day 30).

Molecular and cellular functions overrepresented in DEG are
summarized in Supplemental File 3, Table S5. The top six functions
based on P value were DNA replication and repair (50 genes), lipid
metabolism (33 genes), small molecule biochemistry (50 genes),
cell morphology (43 genes), cellular assembly and organization
(37 genes), and cell death and survival (152 genes). Based on
DEG, several biological functions were predicted to be increased in
embryos that maintained pregnancy to day 60 including cell survival
(67 genes), removal of cells (8 genes), oxidation of long-chain fatty
acids (5 genes), and repair of DNA (20 genes) (Supplemental File 2,
Figure S4). Organismal death (102 genes) and quantity of insulin in
blood (11 genes) were predicted to be decreased (Supplemental File
2, Figure S4). In addition, the canonical pathway for D-myo-inositol
(1,4,5,6)-tetraphosphate biosynthesis (9 genes) was predicted to be
activated and, as illustrated in Supplemental File 2, Figure S6, the
WNT/Ca* pathway was predicted to be decreased (4 genes).

Upstream regulators predicted to be activated in embryos
that survived to day 60 were RB1 (17 molecules), NFKBIA (10
molecules), and peroxisome proliferator activated receptor alpha
(PPARA) (11 molecules), while KDMSA (7 molecules), homeobox
A10(HOXA10) (8 molecules), and miR-122-5p (5 molecules) were
predicted to be inhibited (Supplemental File 2, Figure S7).

Differential expression of genes between embryos that
maintained pregnancy from day 30 to day 60 vs those
where pregnancy failed after day 30

The list of DEG is shown in Supplemental File 3, Table S6. There
were 432 DEG using P < 0.01 and >2-fold or <0.5-fold difference as
cutoffs. Of these, 315 were upregulated and 117 were downregulated
in embryos that maintained pregnancy from day 30 to day 60
compared to those that failed to maintain pregnancy after day 30.
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Figure 3. Functions predicted to be activated in embryos that survived to day 30. Genes in red were upregulated in embryos that survived to day 30 and genes
in green were downregulated. Orange lines represent relationships that lead to activation and gray lines represent situations where the effect is not predicted.

Using an FDR-adjusted P < 0.05 and a fold-change of >2-fold or
<0.5 as a cutoff, there were no DEG.

Molecular and cellular functions overrepresented in DEG are
summarized in Supplemental File 3, Table S7. The top six functions
based on P value were cell death and survival (131 genes), gene
expression (89 genes), carbohydrate metabolism (13 genes), molec-
ular transport (25 genes), small molecule biochemistry (30 genes),
and lipid metabolism (19 molecules). Biological functions predicted
to be increased in embryos that maintained pregnancy from day 30
to day 60 included those related to expression of RNA (86 genes),
cell survival (59 genes), and organization of cytoplasm (58 genes),
while organismal death (98 genes) was predicted to be inhibited
(Supplemental File 2, Figure S8). In addition, the canonical pathway
for apoptosis signaling (5 genes) was predicted to be activated
(Supplemental File 2, Figure S9).

Upstream regulators predicted to be activated in embryos that
survived from day 30 to day 60 were MYC proto-oncogene, bHLH
transcription factor (MYC) (25 genes) and PPARA (9 genes), while
the microRNA let-7 was predicted to be inhibited (11 genes) (Sup-
plemental File 2, Figure $10).

Comparison of differentially expressed genes
associated with embryo survival to day 30 and

day 60 and for pregnancy maintenance between

day 30 and day 60

There were 64 genes that were shared between DEG for maintenance
of pregnancy until day 30 and pregnancy maintenance between
day 30 and day 60, 140 genes that were shared between DEG for
maintenance of pregnancy until day 60 and pregnancy maintenance

between day 30 and day 60, and 61 genes shared between all three
sets of DEG (embryos survival at day 30, day 60, and day 30 to
day 60. The list of the genes in common for all three analyses is
listed in Supplemental File 3, Table S8 and the molecular and cellular
functions in which the genes are overrepresented in in Supplemental
File 3, Table S9. Of the 61 genes, 7 were associated with lipid
metabolism, 12 were associated with molecular transport, and 12
with small molecular biochemistry. There were no functions or
canonical pathways predicted to change in activity because of DEG.
There were no significant predicted upstream regulators.

Differentially expressed genes associated with inner
cell mass, trophectoderm, or hypoblast

The list of DEG was screened to identify genes overexpressed
in ICM [24]. The only gene identified as differentially expressed
was interferon-tau 3g (IENT), which was upregulated 56.4-fold in
embryos that survived to day 30 (P = 0.0007), 103.9-fold in embryos
that survived to day 60 (P = 0.0002), and 12.1 fold in embryos that
survived from day 30 to day 60 (P = 022). Another gene reported
to be important for formation of TE in bovine blastocysts, WW
domain binding protein 1 (WBP1) [48], was upregulated 14.8-fold
in embryos establishing pregnancy to day 30 (P = 0.012), 118.8-
fold in embryos establishing pregnancy to day 60 (P = 0.0002),
and 4417.4-fold in embryos that survived from day 30 to day 60
(P =0.0052). Notch receptor 2 (NOTCH?2), a gene implicated in TE
formation in the mouse [29], was upregulated 64.7-fold in embryos
establishing pregnancy to day 30 (P = 0.00005) and 41.2-fold in
embryos establishing pregnancy to day 60 (P = 0.002). It was also
downregulated 1.3-fold in embryos that survived from day 30 to
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Figure 4. Predicted upstream regulators of DEG for embryo survival to day 30. NFKB1, PPARG, and mIR-30c-5p were predicted to be upregulated in embryos
that survived to day 30 while KDM5A was predicted to be inhibited. Genes in red were upregulated in embryos that survived to day 30 and genes in green were
downregulated. Orange lines represent relationships that lead to activation, blue lines represent relationships that lead to inhibition, yellow lines represent
relationships inconsistent with the predicted state, and gray lines represent situations where the effect is not predicted.

day 60 (P = 0.58). TEA domain transcription factor 4 (TEAD4),
which is involved in TE formation in the cow [30], was increased
1040.5-fold for embryos that survived from day 30 to day 60 as
compared to those that did not.

Comparison of differentially expressed genes
associated with embryo survival with similar results in
the literature

The group of genes found to be related to competence of an embryo
to survive to day 30 and day 60 of gestation was compared to other
lists of genes that have been reported to be related to embryo survival
to term [13-15]. Only three genes were in common with DEG in
other papers. In particular, coenzyme Q7, hydroxylase (COQ7) [13],
SEM1 26S proteasome complex subunit (SEM1) [15], and fatty acid
binding protein 5 (FABPS) [14] were differentially expressed in the
same direction between embryos that survived to day 30 and those
that did not. Among the genes differently expressed in embryos that
survived to day 60 in the current experiment, COQ7 and FABPS
were identified to be differently expressed in the same direction by
El-Sayed et al. [13] and Salilew-Wondim et al. [14], respectively.
ATPase H+ transporting V1 subunit F (ATP6V1F) and SEM1 were

also identified to be differently expressed in the same direction by
Ghanem et al. [15]. When comparing the genes differently regulated
in embryos that survived from day 30 to day 60 vs died after day 30
with genes associated with maintenance of gestation to term [13-15],
only WD repeat domain 47 (WDR47) was identified to be regulated
in the same manner by Ghanem et al. [15].

Genes regulated by CSF2

The list of DEG is shown in Supplemental File S2, Table S10. There
were 635 DEG using P < 0.01 and >2-fold or <0.5-fold difference
as cutoffs, regardless of pregnancy outcome. Of these, 374 were
upregulated and 261 were downregulated in CSF2-treated embryos.
Using a more stringent criteria, a FDR-adjusted P <0.05 and a fold-
change of >2-fold or <0.5, there were 420 DEG in CSF2-treateed
embryos (262 upregulated and 158 downregulated).

Molecular and cellular functions overrepresented in DEG are
summarized in Supplemental File 3, Table S11. The top functions
were cell-to-cell signaling and interaction (17 genes), cell compro-
mise (22 genes), post-translational modifications (51 genes), cell
death and survival (190 genes), RNA post-transcriptional modifica-
tion (5 genes), and carbohydrate metabolism (23 genes). As shown
in Supplemental File 2, Figure S11, biological functions predicted to
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be increased based on changes in gene expression caused by CSF2
were an increase in accumulation of sphingolipid (5 genes) and cell
death of epithelial cell lines (18 genes), while growth failure (35
genes) and aplasia or hypoplasia (32 genes) were predicted to be
decreased.

The upstream regulators predicted to be activated were nuclear
factor, erythroid 2 like 2 (NFE2L2) (11 molecules), PR/SET domain
1 (PRDM1) (4 genes), and thyroid hormone receptor alpha (THRA)
(4 genes). Upstream regulators predicted to be inhibited were GLI
family zinc finger 1 (GLI1) (5 genes), inhibitor of DNA binding
3, HLH protein (ID3) (5 genes), signal transducer and activator of
transcription 6 (STAT6) (8 genes), and NK2 homeobox 3 (NKX2-3)
(4 genes) (Supplemental File 2, Figure S12).

The group of genes regulated by CSF2 was compared with DEG
found to be related to competence of an embryo to survive until day
30 of gestation. There were 54 upregulated and 28 downregulated
DEG that overlapped between the genes regulated by CSF2 and genes
associated with embryo survival to day 30.

The DEG for CSF2 were also screened for genes associated
with ICM, TE, and hypoblast, as described above. As shown in
Supplemental File 3, Table S10, embryos treated with CSF2 experi-
enced a 44.2-fold increase in expression of muscleblind like splicing
regulator 3 (CDX2) (P =0.00163), a 63-fold upregulation of WBP1
(P = 0.00025), a 250.3-fold decrease in expression of MBNL3
(P = 0.0002), and a 76.8-fold increase in TEAD4 (P = 0.0023).
In addition, Yes associated protein 1 (YAP1), which is involved
in TE formation in cattle [31], was increased 9.8-fold by CSF2
(P = 0.0214), and large tumor suppressor kinase 2 (LATS2), which
binds angiomotin (AMOT), was increased 271.3-fold (P < 0.0001).

Comparison of genes regulated by CSF2 in bovine
blastocyst with the literature

The genes differently expressed in embryos treated with CSF2 in the
current experiment were compared to genes previously reported to
be regulated by CSF2 in ICM and TE of day 8 bovine blastocysts
[17]. Only three genes were regulated by CSF2 in a similar manner in
both experiments. DEAD-box helicase 28 (DDX28) (ICM) and FosB
proto-oncogene, AP-1 transcription factor subunit (FOSB) (TE) were
upregulated by CSF2 in both experiments and post-GPI attachment
to proteins phospholipase 3 (PGAP3) (ICM) was downregulated in
both experiments.

Differential expression of genes between embryos that
maintained pregnancy to day 30 vs those that did not
within control and CSF2 groups

The list of DEG associated with embryonic survival to day 30, as
determined separately for control embryos and CSF2 embryos, is
shown in Supplemental File 3, Tables S12 and S13, respectively.
Within the control group, there were 465 DEG using P < 0.01
and >2-fold or <0.5-fold difference as cutoffs. Of these, 303 were
upregulated and 162 were downregulated. Using a more stringent
criteria, a FDR-adjusted P <0.05 and a fold-change of >2-fold
or <0.5, there were 55 DEG in control embryos that maintained
pregnancy (54 upregulated and 1 downregulated). Within the CSF2
group, there were 591 DEG using P < 0.01 and >2-fold or <0.5-fold
difference as cutoffs. Of these, 324 were upregulated and 267 were
downregulated in CSF2 embryos that maintained pregnancy. Using a
more stringent criteria, a FDR-adjusted P <0.05, and a fold-change
of >2-fold or <0.5, there were 246 DEG (153 upregulated and 93
downregulated).

The DEG for embryonic survival to day 30 for CSF2 embryos was
compared to the DEG for embryo survival to day 30 in the control
group. There were 27 upregulated and 10 downregulated genes that
overlapped between the two sets of DEG. The list of these genes is
in Supplemental File 3, Table S14 and the molecular and cellular
functions in which the genes are overrepresented is summarized in
Supplemental File 3, Table S15. Of the 27 genes, 13 were associated
with cell morphology, cellular assembly and organization, cellular
function, and maintenance and 17 with cell death and survival. There
were no functions or canonical pathways predicted to change in
activity because of the DEG. The one significant predicted upstream
regulator was RB transcriptional corepressor 1 (RB1) (regulated five
genes), which was predicted to be activated.

Discussion

The present results confirm earlier findings that there are signif-
icant differences in gene expression patterns between blastocysts
that established pregnancy after transfer into recipients vs those
that either did not establish pregnancy or which will experience
embryonic death after day 30 of gestation [13-15]. Furthermore,
CSF2, which can increase post-transfer survival of the blastocyst of
the cow [3, 4], mouse [32], and human [33], also alters the blastocyst
transcriptome. Thus, the transcriptome of the blastocyst is related to
its subsequent ability to survive and develop to at least 60 days of
gestation.

A summary of changes in gene expression associated with embryo
survival and CSF2 treatment is shown in Figure 5. Changes in gene
expression associated with pregnancy outcomes and CSF2 treatment
were large. For example, after correcting for FDR there were 370
genes whose expression differed between embryos that established a
pregnancy until day 30 vs those that did not. The identification of
large numbers of DEG as compared to earlier experiments [13-15]
probably reflects the use of RNA-Seq as compared to microarray
[34] as well as the large number of samples analyzed.

There were associations of embryonic survival with expression of
a variety of genes and gene networks. One of the most notable type
of biological functions related to embryonic survival were associated
with responses to cellular stress. Thus, for example, one of the
biological functions predicted to decrease in embryos that survived
to day 30 was organismal death. Similarly, it was predicted that alter-
ations in gene expression for embryos that survived to day 60 would
cause increased cell survival and repair of DNA. Biological functions
predicted to be activated in embryos that maintained pregnancy from
day 30 to day 60 included cell survival, while organismal death
and apoptosis signaling were predicted to be reduced in blastocysts
which subsequently survived from day 30 to day 60 or gestation.
Interestingly, one of the genes increased in embryos that survived to
day 30 and day 60 was IENT, a gene that is crucial for signaling
the mother to prevent luteolysis [35]. Transcription of this gene is
regulated by stress because heat shock increased expression of IFNT
in bovine blastocysts [36].

The relationship between expression of cell stress genes and
subsequent embryonic survival probably reflects cellular perturba-
tions caused by embryonic development taking place in the artificial
environment associated with cell culture. Indeed, the proportion of
embryos that can develop to the blastocyst stage is greater in vivo
than in vitro [37]. So too is pregnancy rate after transfer of embryos
into recipient females [2]. In two studies [37, 38], blastocysts pro-
duced in vitro had higher expression of several genes involved in
responses to reactive oxygen as compared to embryos that developed
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Figure 5. Summary of changes in gene expression in the blastocyst produced in vitro related to subsequent survival to day 30 and day 60 of pregnancy and
treatment with CSF2. The number of upregulated and downregulated genes for each comparison is illustrated in red and green, respectively. The top molecular
and cellular functions in which differentially expressed genes were overrepresented are listed. The predominance of terms related to cellular responses to stress
(cell death and survival, cell compromise, DNA replication, recombination and repair, and cellular assembly and organization) is indicative of the importance
of embryo adjustment to stress associated with in vitro production and embryo culture for pregnancy outcomes.

in vivo. Moreover, embryos with superior competence to develop to
the blastocyst stage (as determined by time after fertilization when
blastocyst formation occurs) had higher transcript abundance for
antioxidant genes as well as the transcription factor NRF2 (i.e.,
NFE2L.2) [36], which functions to regulate expression of antioxidant
genes [40].

Actions of CSF on the embryo also involve modification of stress
responses. Among the molecular and cellular functions containing an
overrepresentation of DEG regulated by CSF2 was that for cell death
and survival. In addition, one of the predicted upstream regulators
for CSF2 was NFE2L.2, which, as stated previously, is a transcription
factor that binds to antioxidant response elements in promoter
region of target genes [37]. Additional evidence that CSF2 regulates
stress responses comes from the literature. Treatment with CSF2 can
block apoptosis in the bovine embryo [41] and CSF2 also regulated
expression of cell stress genes in the mouse [42]. It has been noted
that CSF2 increases the percent of embryos becoming a blastocyst
when the overall proportion of embryos becoming blastocysts is low
but that CSF2 is actually inhibitory to blastocyst development when
the overall amount of blastocyst development is high [43]. Perhaps,
CSF2 increases competence of embryos to become blastocysts only
when cell stress is high.

Additional evidence that there was a relationship between an
embryo’s ability to develop normally in the artificial environment of
the culture dish and subsequent competence to establish pregnancy
was provided by the fact that many DEG associated with pregnancy
outcomes at day 30 and day 60 were related to lipid metabolism.
Moreover, PPARA or PPARG, which can regulate lipid and glucose
metabolism [44, 45], was predicted to be activated in embryos that
could survive to day 30 (PPARG), day 60 (PPARA), or from day 30
to day 60 (PPARA). Culture of bovine embryos causes alterations in
lipid metabolism as shown by increased accumulation of cytoplasmic
lipid droplets [46,47] and alterations in expression of genes involved
in lipid metabolism [37-39]. Thus, embryos that are more able to
resist perturbations in lipid metabolism caused by culture may be
more capable to establish pregnancy.

There were no consistent differences between embryos that estab-
lished pregnancy or not in expression of genes characteristic of ICM
or TE, suggesting that embryonic survival was not determined by
the relative proportion of cells of the two lineages in the demi-
embryo that was transferred following biopsy. However, NOTCH2
was overexpressed in embryos that survived to day 30 and day
60. Notch signaling has been implicated in formation of TE in the
mouse [29]. Further evidence that characteristics of TE cells may be
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important for embryonic survival was the finding that expression
of WBP1 was higher for embryos that survived to day 30, day
60, and from day 30 to day 60 than for embryos that failed to
survive to those endpoints. Moreover, CSF2 increased expression
of CDX2, LATS2, TEAD4, WBP1, and YAP1. WBP1 is a putative
binding protein for YAP1 and is important for blastocyst formation
and development of TE in cattle [22]. YAP1 interacts with TEAD4
to promote CDX2 expression and TE formation [30, 31]. LATS2
is an important component of Hippo signaling; inhibition of a
downstream effector of LATS2, AMOT, decreased TE formation in
cattle [31].

A significant proportion of pregnancies that become established
and persist to days 28-30 of gestation are subsequently lost sponta-
neously. In the current experiment, 37.5% of pregnancies at day 30
were lost by day 60. This number might be high because of the use of
demi-embryos, which likely have a higher mortality rate compared to
intact blastocysts. For lactating cows bred by artificial insemination,
it has been estimated that 12% of pregnancies at day 28 are lost
by day 60 [48]. Causes for this loss are unknown. Although it is
likely that events occurring early in development can program the
embryo in a way that affects the likelihood of subsequent pregnancy
loss. Evidence for this idea comes from experiments such as the
present and other experiments [13-15] that gene expression at day
7 is associated with subsequent pregnancy loss between day 30
and day 60. Also, treatments applied early in development (e.g.,
exposure to CSF2; [3]) can modify subsequent pregnancy loss after
initial diagnosis at day 28 of gestation. A total of 15% of the genes
associated with embryo survival from day 30 to day 60 were also
associated with survival to day 30 (64 of 432), indicating that, for
the most part, genes and gene networks important for continued
development after day 30 were distinct from those for establishment
of pregnancy at day 30.

A large proportion of genes (74%; 349 of 470) that were asso-
ciated with embryo survival to day 36 were also associated with
survival to day 30. This is to be expected because of the biological
association between embryonic survival at day 30 and at day 60 (an
embryo cannot survive to day 60 unless it also survives to day 30).
The fact that this proportion was not even larger probably reflects
that some mechanisms for embryo survival to day 60 are different
than for survival to day 30 (see preceding paragraph) and differences
in statistical power between comparisons.

An important question is whether expression of genes important
for embryonic survival in control embryos is the same or different
than the genes important for embryonic survival in CSF2-treated
embryos. Loss of power associated with analysis of the subsets of
data consisting of only control or CSF2-treated embryos means that
it is likely that not every gene that is similarly related to embryonic
survival in both groups of embryos will be statistically significant.
It is notable, though, that only a small number of genes (37) were
in common between DEG associated with embryo survival to day
30 in control and CSF2 groups, suggesting that there are differences
in the genes important for embryonic survival among the groups.
One implication of this result is that the specific conditions to
produce embryos in vitro are likely to change which genes are
important for embryonic survival. Consistent with this idea was
the finding that few genes related to embryonic survival found
previously [13-15] were also associated with embryonic survival in
the present experiment. Similarly, few of the genes whose expression
in blastocysts was regulated by CSF2 in an earlier experiment [17]
were similarly regulated in the present study. There are many possible
reasons for lack of reproducibility including the system used to
produce embryos, genetic differences in the embryos used in each

experiment, and the fact that the current experiment was limited to
female embryos. Perhaps, there are key genes that are critical for
embryonic survival or actions of CSF2 but these are obscured by
other changes in gene expression that reflect non-critical changes in
cellular function.

The four genes that were associated with embryonic survival in
this experiment and earlier ones [13-15] were ATP6V1E, COQ7,
FABPS, and SEM1. Each of these genes may be involved in allowing
embryonic survival to stress. ATP6VIF encodes a component of
vacuolar ATPase, which is a multisubunit enzyme that mediates
acidification of intracellular organelles such as lysosomes [49, 50].
COQY7 encodes a protein that is the central regulatory factor of
CoQ complex [51]. CoQ is a lipid soluble molecule that carries
electrons from complexes I and II to complex III of the mitochondrial
respiratory chain [52]. COQ7 also has antioxidant properties and
regulates permeability transition pores that can lead to mitochon-
drial swelling and cell death through apoptosis or necrosis [52].
Interestingly, COQ7 is stabilized by COQ9 [53], which contains
a mutation important for fertility and ovarian function in cattle
[8, 54, 55]. SEM1 encodes a multifunctional protein that plays a
role in several processes including the BRCA2 complex required for
homologous recombination [56], and the 26S proteasome complex
that recognizes and degrades ubiquitylated proteins [56]. Finally,
FABPS encodes a fatty acid binding protein, which can partici-
pate in transcriptional regulation through activation of peroxisome
proliferator-activated receptors [57, 58]. Known gene targets for
these receptors are involved in cellular glucose and lipid homeostasis
[59-61], differentiation [62, 63], and resistance to apoptosis [63, 64].

Only DDX28 and FOSB (both upregulated) and PGAP3 (down-
regulated) were regulated by CSF2 in the same direction in the cur-
rent experiment and an earlier study [17]. DDX28 is an RNA helicase
that participates in formation of mitochondrial RNA granules and
mitoribosomes [65]. FOSB is a component of the AP-1 transcription
factor complex, which participates in a wide variety of cell functions
including trophoblast invasiveness in the human [66]. PGAP3 is a
phospholipase involved in remodeling of glycosylphosphatidylinosi-
tol membrane-protein anchors [67].

Among the transcriptional factors activated in embryos that
maintained gestation to day 30 or 60 were NFKBIA and RB1. NFK-
BIA encodes a protein, IkBa that binds to NF«B dimers to inhibit
translocation to the nucleus [68]. Once in the cytoplasm NF«B is
degraded and cell proliferation is inhibited [69] and differentiation
promoted [70]. Similarly, RB1 is an important protein involved in
cell cycle arrest and induction of differentiation [71]. Perhaps, the
actions of these transcription factors promote differentiation of the
blastocyst. Among the transcription factors inhibited in embryos that
maintained gestation until day 60 was HOXA10, which has also
been described to play an important role in the regulation of cell
differentiation [72, 73].

Another transcriptional regulator predicted to be activated in
embryos that maintained gestation from day 30 to day 60 was
MYC. MYC has been described to be an important gene for embry-
onic stem cell self-renewal and pluripotency [74]. As mentioned
before, PPARA, which was predicted to be activated in embryos
that survived to day 60 and from day 30 to day 60, is involved not
only in cellular glucose and lipid homeostasis [44, 45] but also in
differentiation [63, 64] and resistance to apoptosis [62, 63]. Finally,
let-7, which encodes a microRNA involved in repression of cell
proliferation [75], was also activated in embryos that were able to
maintain gestation from day 30 to day 60. The regulation of the
expression of these transcription factors and microRNA in embryos
able to maintain gestation reinforces the importance of biological
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functions related to cell proliferation, differentiation, and repression
of apoptosis for embryonic competence to develop to term.

Actions of CSF2 on gene expression also involve predicted
changes in transcriptional regulators. Besides NFE2L2, which has
been mentioned above, another upstream regulator predicted to be
activated was PRDM1 (also known as BLIMP1). PRDM1 is critical
for germ cell specification [76] and differentiation of trophoblast
stem cells [77, 78]. Two transcriptional regulators predicted to
be inhibited by CSF2, GLI1 and ID3, are mediators of Hedgehog
signaling. In the mouse, sonic hedgehog is expressed in the TE of
the blastocyst; knockdown leads to reduced yolk sac vascularization
and formation of the placental labyrinth [79]. These findings, as
well as the observation that CSF2 upregulates several genes involved
in TE differentiation (CDX2, LATS2, TEAD4, WBP1, and YAP1),
point to the TE as a possible target for actions of CSF2 to increase
competence of embryos to establish pregnancy.

It should be noted that all the embryos analyzed for gene expres-
sion were females. The decision to limit analysis to female embryos
was based on the fact that there are differences in gene expression
between male and female blastocysts [80], and more importantly,
CSF2 affects female embryos differently than male embryos [18,
19]. Taken together, results suggest that how an individual embryo
can respond to alterations in cellular function caused by the stress
of culture is an important determinant of its subsequent ability to
develop in utero to day 30 and day 60 of pregnancy. Given that the
embryo produced in vivo does not experience the same environment
as for the in vitro produced embryo, it remains to be seen whether
different gene networks are important for long-term survival of
embryo produced in vivo.

An interesting question for further research is whether some of
the variation among embryos for competence to survive after transfer
is genetic in origin. If so, the use of assisted reproductive technologies
to produce embryos could change the frequency of specific alleles in
the offspring in a way that affects postnatal function. Differences
in postnatal performance between offspring produced by in vitro
fertilization vs those that developed completely in vivo have been
noted for mice [81, 82] and cattle [83]. While epigenetic dysfunction
is probably the major cause for alterations in postnatal phenotype, a
change in gene frequencies should be considered also.
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