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of gestation
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Laurence Liaubet'

Abstract

Background A fine balance of feto-maternal resource allocation is required to support pregnancy, which depends
on interactions between maternal and fetal genetic potential, maternal nutrition and environment, endome-

trial and placental functions. In particular, some imprinted genes have a role in regulating maternal-fetal nutrient
exchange, but few have been documented in the endometrium. The aim of this study is to describe the expres-

sion of 42 genes, with parental expression, in the endometrium comparing two extreme breeds: Large White (LW);
Meishan (MS) with contrasting neonatal mortality and maturity at two days of gestation (D90-D110). We investigated
their potential contribution to fetal maturation exploring genes-fetal phenotypes relationships. Last, we hypothesized
that the fetal genome and sex influence their endometrial expression. For this purpose, pure and reciprocally cross-
bred fetuses were produced using LW and MS breeds. Thus, in the same uterus, endometrial samples were associated
with its purebred or crossbred fetuses.

Results Among the 22 differentially expressed genes (DEGs), 14 DEGs were differentially regulated between the two
days of gestation. More gestational changes were described in LW (11 DEGs) than in MS (2 DEGs). Nine DEGs were
differentially regulated between the two extreme breeds, highlighting differences in the regulation of endometrial
angiogenesis, nutrient transport and energy metabolism. We identified DEGs that showed high correlations with indi-
cators of fetal maturation, such as ponderal index at D90 and fetal blood fructose level and placental weight at D110.

We pointed out for the first time the influence of fetal sex and genome on endometrial expression at D90, highlight-
ing AMPD3, CITEDT and H19 genes. We demonstrated that fetal sex affects the expression of five imprinted genes

in LW endometrium. Fetal genome influenced the expression of four genes in LW endometrium but not in MS endo-
metrium. Interestingly, both fetal sex and fetal genome interact to influence endometrial gene expression.

Conclusions These data provide evidence for some sexual dimorphism in the pregnant endometrium and for the
contribution of the fetal genome to feto-maternal interactions at the end of gestation. They suggest that the paternal
genome may contribute significantly to piglet survival, especially in crossbreeding production systems.
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Background

Reproductive success depends on the fine balance
between the nutrient demand for an optimal fetal growth
and the maternal nutrient requirements to support the
pregnancy. This balance takes place at the feto-maternal
interface, defined as the interaction between the mother
(uterus/endometrium) and the fetus (placenta). The
endometrium is essential for female fertility, including
implantation, placentation, embryonic development and
maintenance of pregnancy. Many critical morphologic
and functional changes take place in the endometrium
throughout gestation such as the differentiation process
of stromal fibroblasts into a decidual phenotype and the
increase in uterine glandular secretions during embryo
implantation [1, 2]. Numerous studies have focused on
elucidating the expression and function of uterine genes
during pregnancy but they have mainly referred to the
implantation period [2, 3].

During the last decades, improving prolificacy rate and
carcass merit (i.e. leaner meat) have been the main objec-
tives of selection. As a result, the increase in litter size led
to uterine crowding and increased nutrient requirements
during gestation. Within-litter crowding in the uterine
space is greatest in late gestation and can lead to compe-
tition for feto-maternal resources, resulting in differential
growth between littermates [4]. Under these conditions,
more piglets are likely to suffer from IUGR (intrauterine
growth restriction) [5].

As a consequence of this genetic selection, perinatal
mortality and within-litter variation in birth weight have
increased, with consequences for postnatal growth [6].
In commercial pig herds, mortality from birth to wean-
ing ranges from 10 to 20% [7]. This is not compatible with
efficient and sustainable production. Last, several studies
have showed that piglet maturity, defined as the complete
development allowing survival at birth, is likely to be an
important determinant of subsequent survival [8-11].
Accordingly, piglet maturation and maximum fetal and
placental growth, which occur towards the end of gesta-
tion, result in a nutritional burden of pregnancy for the
mother.

Despite the importance of the foeto-maternal interface
in the fetal development, studies of the porcine endome-
trium have focused mainly on early gestation because of
the high embryonic mortality. However, some interesting
recent studies have provided insight into the uteropla-
cental function of the pig from mid to late gestation. Kim
et al. [12] investigated the global gene expression profiles
in the endometrium at different days of gestation (D).
The study described some stage-specific gene expression
patterns and 34 hub genes such as SPP1 (Secreted Phos-
phoprotein 1), an extracellular matrix protein (ECM) that
binds receptors such as integrins to effect cell-cell and
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cell-kECM adhesion at the maternal-conceptus interface,
participates in embryo/feto—maternal attachment and
promotes signaling between these tissues [13]. At midg-
estation, Wang et al. [14] highlighted differential pro-
tein expression between Meishan (MS, rustic breed) and
Duroc (commercial breed). Some of these proteins are
involved in metabolic pathways such as arginine metab-
olism. Other proteins were components of the extracel-
lular matrix or associated with extracellular vesicles such
as exosomes that participated to the feto-maternal cross-
talk. A change in the endometrial proteome at different
gestational stages and between normal and intrauterine
growth restricted (IUGR) pig fetuses was also reported
by Chen et al. [15]. They underlined an increase in oxi-
dative stress and apoptosis in the uteroplacental tissue
and a decrease in proteins involved in energy metabo-
lism, transport and vascularization in endometrium of
the IUGR fetuses group compared to the normal fetuses
group.

The intrauterine growth is regulated by genetic, epi-
genetic and environmental factors. Recently, Sferruzzi-
Perri et al. [16] used genetic inactivation of the growth
and metabolism regulator, Pik3ca (encoding PIK3CA,
also known as p110a, o/+), to create reciprocal crosses in
mouse species and provided evidence that maternal and
fetal genomes interplay. They identified significant inter-
actions between maternal and fetal genomes in deter-
mining placental capillary length and diameter at D16
(gestation period of 19-21 days). Maternal genotype also
had a strong effect on placental expression of transporter
and cell lineage genes. In cattle, Mansouri-Attia et al.
[17] showed that the conceptus derived from in vitro fer-
tilization (IVF) or somatic cell nuclear transfer (SCNT) at
D20 (gestation length ranges from 279 to 287 days) mod-
ifies endometrial gene expression compared to an in vivo
fertilized embryo. Petry et al. [18, 19] cited other exam-
ples of variation in the fetal genome created in mice and
domestic animals or derived from human cohort studies
that may affect maternal physiology such as maternal
blood pressure in mice, maternal serum estrogen and
progestagen concentrations in horses or maternal circu-
lating triglyceride concentrations in human pregnancy. In
pig species, piglet survival is considered as a maternally
influenced trait for genetic selection and the contribution
of the piglet genome appears to be underestimated.

In addition to the role of the fetal genome, recent litera-
ture in pig species has highlighted associations between
fetal size, sex and endometrial integrin expression or cel-
lular processes such as endometrial apoptosis, prolifera-
tion and angiogenesis, that are dependent on gestational
age [20, 21].

Finally, at the feto-maternal interface, imprinted
genes (monoallelic expression of genes based on their
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parental origin) have the role of driving communica-
tion and regulating nutrient exchange between the
mother and the fetus. The maternally expressed genes
are involved in mechanisms that limit resource trans-
fer to the embryo while paternally expressed genes are
involved in mechanisms that enhance such transfer
[22]. Genomic imprinting has been mainly described
in the placenta but few studies have investigated its
potential role in the endometrium. O’Doherty et al.
[23] observed an effect of the day of gestation (from
Day 5 to 16) on the expression of several imprinted
genes (MEST (Mesoderm Specific Transcript), PEG3
(Paternally expressed 3), PLAGLI (Pleiomorphic
adenoma gene-like 1)), and a tissue-dependent gene
expression (Caruncular versus intercaruncular endo-
metrial regions) for MEST, HI19 (H19 Imprinted
Maternally Expressed Transcript), PEG3 and SNRPN
(Small Nuclear Ribonucleoprotein Polypeptide N)
genes at D20 during the preimplantation period in
cows (D5 to D20).

Considering this, the present study focused on 42
genes already identified in placenta, endometrium
or pig muscle and with a genomic sequence in pigs
(Additional file 1). This gene set includes 27 imprinted
genes selected from the 489 imprinted genes present
in mammalian species (https://www.geneimprint.
com/site/genes-by-name, June 2023). Twelve genes
were selected because their expression was influenced
by one of the parental genomes in our previous study
using the same experimental design [10]. Finally, CBX4
(Chromobox Homolog 4) and SLC16A3 (Solute Carrier
Family 16, Member 3) genes were selected as epige-
netic regulator and target, respectively, in the mouse
species, from the study of Goa et al. [24]. The gene
encoding SLC38A3 (Solute Carrier Family 38, Member
3) was selected for its protein interaction with IGF2
(Insulin Like Growth Factor 2) [25].

The objective of the present study was, 1- to inves-
tigate the endometrial expression of the 42 genes with
parental expression during late gestation and their
potential role in fetal maturation and, 2- to unravel
the influence of the fetal genome and sex at the feto-
maternal interface as potential modulators of the feto-
maternal crosstalk during the fetal maturation period
(between D90 and D110, gestation length 114 days).

The study allowed us to identify differential endome-
trial expression between the two breeds for key genes
involved in the regulation of angiogenesis, nutrient
transport and energy metabolism and highlighted the
influence of fetal genotype and sex on endometrial
gene expression.
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Results

The mRNA abundance of 42 genes (Additional file 1) was
assessed at the maternal interface (endometrium) during
late gestation (D90/D110) in two breeds (LW/MS). For
that, 88 endometrial samples were collected from LW or
MS sows inseminated with mixed LW and MS semen.
This protocol allows to correctly address the question
of the influence of the fetal genotype on endometrial
expression by removing the effect of the uterine environ-
ment. The mixed semen consisted of three pairs of males
(1 LW + 1 MS). The detailed experimental design is
described in Additional file 2. In these conditions, these
88 endometrial samples faced each 88 pure and crossbred
fetuses developed together in the same uterine environ-
ment (LW or MS). Sample selection includes four to six
samples per condition and ranges from two to seven sam-
ples per uterus (with at least both genotypes per uterus).

Endometrial gene expression profile of pregnant sows

with different genetics for neonatal survey

The imprinted genes are known to play a critical role in
placental development and their expression profiles, in
contrast to the endometrium, are well documented. Thus,
changes in the expression levels of these genes may influ-
ence nutrient transport. Using all the 88 samples, we first
investigate whether the expression levels of these genes
vary in the endometrium at the end of gestation and
between sows of extreme breeds for neonatal survival.

Of the 42 genes, 39 were found to be expressed and
profiled in the endometrium. The expression of ASCL2
(Achaete-Scute Family BHLH Transcription Factor 2),
PHLDA?2 (Pleckstrin Homology Like Domain Family A
Member 2) and MESPI (Mesoderm Posterior BHLH
Transcription Factor 1) genes were not detected. Table 1
describes the 22 genes that showed global significant
differences for days of gestation (D) x breeds, additive
effects, interaction effect between D and breeds, only
breeds or only days of gestation (D).

The expression of 14 genes varied between D90 and
D110 (FDR < 0.05; Table 1). We observed a significant
decrease in the expression at D110 compared to D90
for 11 genes (PEG10 (Paternally expressed 10), AMPD3
(Adenosine Monophosphate Deaminase 3), NDP (Nor-
rin Cystine Knot Growth Factor NDP), NES (Nestin),
CITEDI1(Cbp/P300 Interacting Transactivator With
Glu/Asp Rich Carboxy-Terminal Domain 1), CDKNIC
(Cyclin Dependent Kinase Inhibitor 1C), ASPSCRI
(Alveolar soft part sarcoma chromosome region, can-
didate 1), H19, DHCR?7 (7-Dehydrocholesterol Reduc-
tase), MEST, SLC22A3 (Solute Carrier Family 22
Member 3)) and the over-expression of three genes
(TFPI2 (Tissue Factor Pathway Inhibitor 2), QPCT
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Table 1 Global effects of breeds and days of gestation on endometrial gene expression
GENE Full model Additive model D: Breed D (D110/D90) Breed (MS/LW)

FDR FDR FDR FDR FC FDR FC
GRB10 3.1010% 22010 140109 133
DHCR7 2.7010% 28010 96010 045
MEST 81010 120109 48010 0.34
PEG10 14010% 1.00 10 450109 047
TFPI2 36010 1701072 360107 130
SLC38A4 2.7010% 12010 33010 0833
SLC22A3 360 10 19010 13010 0.73
IFG2R 2.50 10 0.095
NNAT 23010 12010 96110% 129
DCN 1.00 10 38010 24010 142
QPCT 1.8010% 44010 2.8010% 126
AMPD3 23010 10010 52010% 083 360 10% 13
NDP 90010 1.00 10 0.055 52010% 061
NES 250107 11010 52010 0.79 24010 121
ASNS 45010 52010% 1.1
CITED1 9.1010™ 22010 52010% 038
TSPAN33 35010 24010 160109 0.72
CDKN1C 140109 88010 340109 0.70
CREM 3.00 10 14010% 27010 0.86
ASPSCR1 27010 12010 20010 0.76
H19 22010% 28010 96010 0.45
SLC38A2 32010 14010 28010 0.83

The significant differential expressions of the 22 genes are summarized according to whether they are significant for the full model (corresponding to model 1: D x
breed effects), the additive model (model 2: D + breed effects), the interaction model (between D and breeds), the gestation days model (model 3: D) and the breed

model (model 4: MS/LW). The complete sampling design was used.

The fold change (FC) and the Benjamini-Hochberg corrected p-value (FDR) are given for each significant differential gene expression.

D: day of gestation; Breed (MS/LW): comparison between Meishan vs Large White breed; D (D110/D90): comparison between 110 and 90 days of gestation; D: Breed:

interaction between days of gestation and breeds

(Glutaminyl-Peptide Cyclotransferase) and ASNS
(Asparagine Synthetase (Glutamine-Hydrolyzing))).
The expression of nine genes differed between the two
breeds regardless of the day of gestation (FDR<0.05;
Table 1). Five genes were up-regulated in MS compared
to LW (GRBI0 (Growth Factor Receptor Bound Pro-
tein 10), NNAT (Neuronatin), DCN (Decorin), AMPD3,
NES) and four genes were down-regulated (SLC38A2
(Solute Carrier Family 38 Member 2), SCL38A4 (Sol-
ute Carrier Family 38 Member 4), TSPAN33 (Tetras-
panin 33) and CREM (CAMP Responsive Element
Modulator)). Last, the analysis identified NDP and
IGF2R (Insulin Like Growth Factor 2 Receptor) genes
that tended to show relative expression that varied
between breeds, depending on the days of gestation
(FDR = 0.055 and 0.095, respectively; interaction effect,
Table 1). For these two genes, we observed a significant
lower expression at D90 for IGF2R and a significant
higher expression at D110 for NDP in MS compared to
LW (Table 2, Additional file 3).

Subsequent analyses focused on the 22 DEG (differen-
tially expressed genes) from the full and additive models
(FDR <0.05). Table 2 shows that at D90, the expression
of four genes (IGF2R, QPCT, TSPAN33 (Tetraspanin
33), SLC38A2) decreased and the expression of three
genes (GRB10, DCN and AMPD3) increased in MS com-
pared to LW. At D110, three genes were down-regulated
(TSPAN33, CREM and SLC38A2) and five genes were up-
regulated in MS compared to LW (GRB10, NNAT, DCN,
AMPD3 and NDP). The differential expression of five
genes between breeds was maintained at each day of ges-
tation (GRBI0, DCN, AMPD3, TSPAN33 and SLC38A2).
Finally, the change in gene expression at the end of ges-
tation (D110/D90) mainly affected the LW breed, i.e. 11
genes in LW versus 2 in MS (QPCT, AMPD3). Figure 1
illustrates these results with the expression profiles of
DCN, QPCT, IGF2R, TSPAN33, GRB10 and NNAT,
which will be discussed below. At D90, we visualized a
significant increase in DCN and GRBIO gene expres-
sion and a decrease in gene expression for QPCT, IGF2R
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Table 2 Differential gene expression according to gestation days and breed subsets
GENE MS/LW D90 MS /LW D110 D110/D90 LW D110/D90 MS
FDR FC FDR FC FDR FC FDR FC
GRB10 130010 13 6.260 10-02 137
DHCR7 3.000 1093 0.36
MEST 1.100 1003 025
PEG10 160010 0.44
TFPI2 480010 133
SLC38A4
SLC22A3 3.900 102 0.66
IFG2R 130010 0.78 1.800 1072 083
NNAT 3.200 10 141
DCN 130010 143 8.800 10 140
QPCT 2400 10 0.84 8.500 1003 146
AMPD3 2900100 134 7.600 102 125 340010 081
NDP 4000102 184 1.100 1003 036
NES
ASNS
CITED1 11001003 0.29
TSPAN33 126010 0.69 7.900 1092 0.74
CDKN1C 1600102 0.66
CREM 7.800 10 083
ASPSCR1 400010 0.73
H19 2.200 1093 0.34
SLC38A2 3400 10 0.82 9.200 10 0.84

The significant differential expressions of the 22 genes are summarized according to whether they are significant between breeds at each day of gestation (model 3)

and between days of gestation for each breed (model 4)

The fold change (FC) and Benjamini-Hochberg corrected p-value are given for each significant differential gene expression (FDR<0.1)

and TSPAN33 in MS endometrium compared to LW. At
D110, TSPAN33 gene tends to be less expressed in MS
endometrium than in LW, but DCN, GRB10 and NNAT
are more expressed in MS endometrium.

We carried out principal component analysis from
the 22 regulated genes to confirm the relevance of the
results. This descriptive analysis showed a clear separa-
tion between gestation days and sow breeds (Fig. 2A).
The first axis explained 31.5% of the expression vari-
ability and discriminated the endometrium according to
gestation days (D90/D110). The second axis explained
16.4% of the expression variability and discriminated the
endometrium according to sow breed (LW/MS). Finally,
the ellipses of the PCA plot visualized a greater disper-
sion of the expression in the LW endometrium than in
the MS endometrium at D110. The correlation circle
shows the genes that contribute most to the determi-
nation of the axis. The first axis of the correlation cir-
cle (Fig. 2B) confirmed the opposite regulation pattern
reported in Table 1 with MEST, DHCR7 (7-Dehydro-
cholesterol Reductase), CITEDI, PEGI10 and HI9 over-
expressed genes at D90 and TFPI2, ASNS, QPCT, CREM

and SLC38A2 over-expressed genes at D110. The second
axis of the correlation plot separated TSPAN33, IGF2R
and SLC38A2 over-expressed genes in LW to NNAT,
DCN and GRBIO over-expressed genes in MS. Finally, in
this study LW endometrium can be characterized by an
over-expression at D90 of TSPAN33, DHCR7 and MEST
genes and at D110 of SLC3842 and CREM genes. MS
endometrium may be characterized by a strong over-
expression of DCN and GRB10 genes compared to LW
endometrium.

Associations between endometrium gene expression

and fetal phenotypes as indicators of fetal maturation

To determine whether the expression of the 22 genes are
important at the feto-maternal interface and may influ-
ence fetal maturation processes, we examined the rela-
tionship between the 22 DEGs and three sets of fetal
phenotypes (plasma parameters and placental and fetal
biometric measures) available for all the fetuses and
known to vary during the neonatal period. Six of the
fourteen fetal plasma parameters previously analyzed by
Yao et al. [26] were selected as indicators of metabolic
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Fig. 1 Endometrial gene expression profiles of DCN, QPCT, IGF2R, TSPAN33, CREM, NNAT. Relative quantification throughout the end of gestation
atday 90 (D90) or at day 110 (D110) and in two breeds (Large White (LW); Meishan (MS)). The Y-axis corresponds to the relative endometrial
expression normalized with three reference genes (RPL32, eEF1 and RPL19). The X-axis corresponds to the two breeds and the two days of gestation.
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changes that occur late in gestation (glucose, lactate,
fructose, albumin, IGF1, cortisol). Four fetal (body
weight, body length, body mass index (BMI) and pon-
deral index (PI) and four placental (weight, area, width
and efficiency) biometric measures were also selected as
indicators of fetal growth and maturity. Given the large
changes in gene expression at the end of gestation, analy-
ses were performed at each stage of gestation to empha-
size stage specificity.

First, we carried out a correlation analysis to assess
the association between the expression of the 22 DEGs
in endometrium and the phenotypes of their respective
fetuses. The correlation matrices are shown in Figure 3.
At D90, the analysis identified six (GRB10, SLC22A3,
DCN, QPCT, AMPD3, NDP), one (TSPAN33) and five
genes (GRBIO, SLC22A3, NES, TSPAN33, H19) with sig-
nificant correlations (p<0.01) for fetal plasma parameters,
placental and fetal biometric measurements (Fig 3A, 3B
and 3C, respectively). At D110, the significant correla-
tions concerned the expression of eight (e.g. SLC3844,
SLC38A2, AMPD3), seven (e.g. GRB10, TSPAN33) and

six (e.g. GRB10, NES) genes (Fig 3A, 3B and 3C, respec-
tively). This analysis highlighted three phenotypes with
the highest number of gene expression correlations. Lac-
tate concentration in fetal plasma correlated with the
expression of five genes (Figure 3A: GRB10, DCN, QPCT,
AMPD3 at D90 and QPCT, NDP at D110). Placental
weight correlated with the expression of six genes at
D110 (Figure 3B; GRB10, DCN, AMPD3, NES, TSPAN33,
CREM). Fetal body weight correlated with the expression
of six genes (Fig. 3C: GRBI0, TSPAN33 at D90; GRB10,
PEG10, NDB NES, CDKNIC at D110). Taken together,
SCL22A3 and TSPAN33 had the highest number of phe-
notypic correlations. The expression of the SLC22A3
gene correlates with three fetal biometric measures (body
length, BMI, PI) (Fig. 3C, D90) and the TSPAN33 gene
correlates with six phenotypic variables derived from
fetal biometric measures (weight, length and PI) at D90
(Fig. 3C) and placental biometric measures (area, weight
and efficiency) at D110 (Fig. 3B). In particular, the expres-
sion of DCN, identified above with significant interaction
effects (effect of day of gestation as a function of breed:
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Table 1), shows correlations with fetal plasma lactate
at D90 (Fig. 4A) and glucose at D110 (Fig. 4B). Figure 4
shows a progressive separation of the two maternal gen-
otypes along the regression line. At D90, endometrial
DCN expression and plasma lactate levels were lower in
LW than in MS (Fig. 4A), but at D110, plasma glucose
(Fig. 4B) and fructose (not shown) are higher in LW than
in MS.

Partial least squares regression analyses (PLS) were
used to explore the best correlation networks and
attempt to explain the relationship between gene expres-
sion and the three groups of fetal phenotypes. At D90,
lactate (Fig. 5A, correlation threshold |0.38]), placen-
tal efficiency (Fig. 6A D90, correlation threshold |0.32]),
body length, and PI (Fig. 6B D90, correlation threshold
|0.37|) were the phenotypic variables that had the highest
correlations with DEG expression. At D110, fetal plasma
metabolites generated two networks with four genes cor-
related with fructose and glucose (DCN, GRBI0, NNAT,
AMPD3) and two genes correlated with albumin (Fig. 5B;
SLC38A2, CREM). Placental biometric measures gen-
erated a network of seven genes (Fig. 6A D110) that
confirmed and complemented the previous analysis. Par-
ticularly, placental weight was associated with the expres-
sion of the seven genes with positive (CREM (r=0.45)
and TSPAN33 (r=0.44)) or negative (GRBIO (r=-0.57),
NES (r=-0.36), DCN (r=-0.48), AMPD3 (r=-0.37), NNAT
(r=-0.36)) correlations. The fetal biometric measures had

more correlations with DEG expression at D90 than at
D110, generating a network of seven genes (Fig. 6B). At
D90, body length was the phenotype most highly cor-
related with gene expression (GRB10, CITEDI, MEST,
SLC22A3, CDKNIC, TSPAN33). At D110, fetal weight
is associated with the expression of four genes (Fig. 6B
GRBI10, NES, CREM, SLC22A3).

Fetal sex and genotype interact to affect gene expression
in pig endometrium

The genetic protocol (see Methods section) produced in
each pregnant sow, during the same gestation, both pure-
bred (LL or MM) and crossbred fetuses (LM from MS
sows and ML from LW sows) together. As a result, each
piece of endometrium from a pregnant sow was associ-
ated with a purebred or crossbred fetus and with male or
female fetuses and could be used to address the question
of the influence of fetal sex and genotype on endometrial
expression in a same uterine environment. The D110 sub-
set was not evaluated due to an unbalanced distribution
of fetal genotype and sex within the sow. At D90, six of
the 22 genes selected above were identified with signifi-
cant differential expression (FDR< 0.05) for the full model
(fetal genotype * sex), and corresponding to either addi-
tive effects (fetal genotype + sex: GRB10, AMPD3, H19),
interaction effect (fetal genotype: sex: DHCR7, MEST,
CITED1), or genotype effect only (GRB10, AMPD3). The
results are shown in Table 3.
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Fetal sex affects gene expression in pig endometrium

at D90

Finally, a Tukey post hoc test was performed on the 6
genes from Table 3 to determine the significant differ-
ential expression associated with fetal sex at D90 in each
breed subset.

Figure 7 shows the significant comparisons between
sex. In LW, the expression of MEST varied when the
endometrium was associated with male or female, irre-
spective of the fetal genotypes (Fig. 7A). We showed a dif-
ferential expression function of fetal sex for the AMPD3
gene in the endometrium associated with LL fetuses
(LWxLW purebred fetuses) (Fig. 7B) and for three genes
(H19, CITED1, DHCR?) in the endometrium associated
with ML fetuses (MSXLW crossbred fetuses from LW
sows) (Fig. 7C). The gene expression of these five genes
(MEST, AMPD3, CITEDI, DHCR7, H19) was decreased
in endometrial samples associated with female fetuses
compared to male fetuses. In contrast, in MS, CITEDI

expression tended to increase in endometrium associated
with female MS compared to male endometrium (FDR=
0.086). No significant difference was observed in MS
endometrium associated with crossbreed (LM).

Fetal genome affects gene expression in pig endometrium
at D90

Fig. 8 shows the significant comparisons between fetal
genotypes at D90 in each breed subset and function of
sex for the 6 genes from Table 3 (Tukey post hoc test). At
D90, fetal genome influenced the expression of GRBI10,
AMPD3, CITEDI and HI19 genes in LW endometrium
(Fig. 8).

The expression of GRBIO was globally influenced by
the fetal genome. The expression of three other genes
(AMPD3, CITED1, HI19) was exclusively influenced
by the female fetal genome. The expression of AMPD3
increased in the endometrium associated with female
fetuses inheriting a MS paternal genome compared to
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female fetuses with a LW paternal genome. In contrast,
the expression of CITEDI and HI9 decreased. No sta-
tistically significant associations between fetal geno-
type and endometrial expression were observed in MS
endometrium.

Discussion

Supporting pregnancy requires a fine balance between
the nutritional requirements for optimal fetal growth
and those of the sow. Therefore, it is of paramount
importance to determine how the feto-maternal sys-
tem functions and could be optimized to increase
piglet maturity and survival at birth. In the uterus,

the expression of endometrial genes changes dynami-
cally depending on the day of gestation [12, 27] and
is affected by maternal hormones and the conceptus
[28]. Many studies have investigated the expression
and function of endometrial genes during the implan-
tation window [29], but few have described the end of
pregnancy. On the other hand, the placenta regulates
feto-maternal allocation of resource by adapting its
phenotype through epigenetic mechanisms [30]. Most
imprinted genes are expressed in the placenta and
play a critical role in the regulation of nutrient supply
[31]. To date, these genes are poorly described in the
endometrium.
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Table 3 Statistics of differentially expressed genes as a function
of fetal genotype and/or sex at D90

Models Fetal Fetal Fetal Fetal genotype
genotype genotype + sex genotype
* sex 1 sex

GRB10  0.0176 0.0152 0.00933

DHCR7  0.00354 0.00396

MEST 0.0273 0.0366

AMPD3  0.00261 0.0038 0.00348

CITED1  0.00366 0.00524

H19 0.05 0.0366

The Benjamini-Hochberg corrected p-values of the six genes are summarized
according to whether they are significant (FDR<0.05) for the full model (model
5: fetal genotype, sex and their interactions), the additive model (model 6: fetal
genotype and sex), the interaction model (fetal genotype: sex), or the genotype-
only model 7 at D90.

The current study showed for the first time that the
expression of some genes, including imprinted genes
(e.g. MEST, CITEDI, CDKNIC, H19, SLC22A3, PEG10),
changed in the endometrium at the end of gestation and
between two breeds: LW vs. MS, showing high and low
neonatal piglet mortality, respectively. In response to
fetal demand, endometrial strategy differs between MS
and LW sows to optimize resource allocation and fetal
maturity. The timing of gene expression changes during
gestation may play a critical role in endometrial remod-
elling and in placental and fetal development [12]. The
higher change in gene expression in LW during late ges-
tation (11 genes) compared to MS (two genes) suggests
that more molecular events are occurring in the LW
endometrium at this stage compared to MS, possibly
reflecting delayed or altered progression of endometrial
processes in LW compared to MS sows such as the angio-
genic process discussed below, which may result in LW
piglets being less mature at birth than MS piglets. More
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extensive gene expression studies are needed to confirm
this initial observation. Finally, our study demonstrated
that fetal sex and genotype influence the expression of
key genes in the porcine endometrium at D90 of gesta-
tion, a critical stage that marks the onset of fetal matu-
ration processes in pigs. Particularly, fetal sex affects the
expression of imprinted genes such as H19, known for
its role in regulating fetal growth and nutrient transfer
through its interaction with IGF2.

Involvement of angiogenic process at the end of gestation
Maximal fetal and placental growth occurs toward the
end of gestation, resulting in a nutritional burden on the
mother. Fourteen of the 39 genes tested were found to
be differentially expressed in the endometrium between
90 and 110 days of gestation (D90-D110), illustrating
the final push to ensure a steady supply of nutrients to
the placenta and fetus. For example, ASNS gene expres-
sion increased at D110. Several studies have shown that
in response to intracellular amino acid, glucose or pro-
tein deprivation, ASNS transcription is activated via the
amino acid response (AAR) pathway to increase protein
synthesis [32, 33]. A maternal low-protein diet is able
to activate the placental AAR pathway and may act as a
programming signal to adapt the fetus to its postnatal
environment [34]. Therefore, in the endometrium in late
gestation, this ASNS over-expression may be associated
with amino acid deficiency or imbalance.

Other DEGs for gestation day showed reduced expres-
sion at D110 and were involved in growth, such as
CDKNIC, or cholesterol metabolism, such as DHCRY?,
the final enzyme in the cholesterol biosynthetic pathway.
These differential expressions may reflect insufficient
nutrient availability to meet the overall metabolic needs
of sows during late gestation [35], resulting in an increase
in their catabolic status at D110 [36].

As previously shown by Udagawa et 4l. in human pla-
centa [37, 38], we highlighted the upregulation of TFPI2
at D110 in pig endometrium, consistent with its poten-
tial role in maintaining microvasculature in the feto-
maternal blood system. Indeed, TFPI2 is a critical gene
that regulates the coagulation pathways and the angio-
genesis process [39]. It belongs to the TFPI (Tissue Fac-
tor Pathway Inhibitor) family, which inhibits the tissue
factor (TF) pathway, a key activator of the coagulation
cascade, resulting in an efficient hemostatic mechanism.
Changes in the coagulation system during gestation have
been reported to be adaptive [40]. Lockwood et al [41]
described a procoagulant state for the maternal decidua
to prevent maternal bleeding at the time of delivery. The
authors also mentioned a hypocoagulant state in the
intervillous space of the maternal-fetal interface to ensure
extravascular laminar flow of maternal blood. Udagawa
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et al. [37] suggested that TFPI2 regulates placental per-
fusion maintaining intervillous blood flow around the
chorionic villi to support adequate nutrient exchange
between the fetus and maternal blood. Our results rein-
force the importance of the hemostatic balance in endo-
metrium up to D110 to support nutrient demand.

The literature also suggested a pivotal role for MEST in
placental development, including angiogenesis [42] and
invasion of extravillous trophoblast cells into the mater-
nal uterine decidua [43]. Mest-deficient mice have fetal
growth restriction and increased perinatal and postna-
tal lethality [43]. As in the placenta, downregulation of
MEST at D110 in the endometrium may be related to the
angiogenic process.

Finally, the SLC22A3 gene, under-expressed at D110,
encodes a polyspecific organic cation transporter that
plays an important role in decidualization, implantation,
immune modulation and inflammation [44]. In the rat,
SLC22A3 is an essential component of feto-placental ser-
otonin homeostasis and protects the placenta from local
vasoconstrictive effects of serotonin [45]. It is therefore
involved in the regulation of blood flow and capillary per-
meability, but also in related pathways such as the trans-
port of glucose and other sugars.

Differences in energy resources management between MS
and LW sows
The expressed DEGs between the two breeds are involved
in vascular network, nutrient transport and energy storage.

Genes involved in endometrial vascularization: Vascu-
lar development and vascular permeability are impor-
tant for nutrient exchange at the feto-maternal interface.
Previously published data reported increased endome-
trial vascular density in the MS compared to the York-
shire breed at D110 [46]. A comparison between MS and
Duroc endometrial gene expression at D72 identified
several genes involved in blood vessel development that
were not present at D49. Their results suggest increased
endometrial angiogenesis in MS, which may explain the
denser vascularization observed in MS compared to
commercial breeds (LW, Duroc ) [47]. Consistent with
these studies, our results also highlighted three DEGs
between the two breeds that are associated with angio-
genesis (NDP, TSPAN33 and DCN). For example, Luh-
mann et al. [48] first identified ndp (Norrin Cystine Knot
Growth Factor) gene expression in the mouse uterus and
decidua and postulated that the Ndp homologous —/—
female mice had embryonic loss due to the inability of
their uterus to support fetal development. Their data pro-
vide strong evidence for defective vascular differentiation
and decidualization during implantation.

The TSPAN33 (Tetraspanin 33) gene is a member of
the tetraspanin family. This gene family mediates the
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regulation of signal transduction events and positively
regulates the maturation and trafficking of the trans-
membrane metalloprotease ADAMI10 [49]. Adams and
tetraspanin proteins are involved in the processes of
reproduction and feto-maternal crosstalk. For exam-
ple, ADAMI10 and TSPANG6 (another member of the
tetraspanin family) have been identified in the cargo of
exosomes from cultured bovine endometrial stromal
cells (ICAR cells) [50]. Furthermore, ADAMI10 expres-
sion was significantly increased in preeclamptic pla-
cental explants compared to normal placentas, which
is thought to induce the release of soluble vascular
endothelial growth factor receptor-1 (sFlt-1) [51, 52],
followed by a cascade of endothelial dysfunction. sFlt-1
is an anti-angiogenic molecule produced by tropho-
blasts in preeclamptic placentas and is recognized as a
blood biomarker in preeclamptic mothers.

DCN (Decorin) is a multifunctional molecule that
regulates cell adhesion, migration and invasion. DCN
actions at the fetal-maternal interface include inhibition
of placental invasion of the pregnant uterus and uter-
ine arterial remodeling. Lala et al [53] reviewed its role
and reported that DCN over-expression in the decidua is
associated with pre-eclamptic mothers and may up-reg-
ulated the expression of sFit-1 already mentioned above
[54]. The under expression of DCN in LW endometrium
compared to MS at D90 suggested less vascularization
remodeling in LW endometrium.

These DEGs indicated differences between MS and LW
in endometrial angiogenic regulation at the end of ges-
tation (vascularization, blood flow, perfusion); they sug-
gested less nutrient perfusion from the LW endometrium
to the fetus compared to MS, resulting in both lower
maturity of their piglets at birth and an increase in peri-
natal mortality.

Genes involved in nutrient transport and energy
metabolism: Maternal-fetal exchange is mediated in part
by imprinted genes. The metabolic nutrients for the fetus
are glucose, fatty acids and amino acids and are thought
to be actively transported across the maternal-fetal bar-
rier, i.e. across three maternal and three fetal layers in
the porcine diffuse placenta. Our study illustrated this
endometrial trafficking with the upregulation of some
solute carriers in LW compared to MS i.e. SLC38A2 and
SLC38A4. The SLC38A2 gene belongs to the System
A (alanine-preferring) amino acid transporters and is
involved in hyperosmotic stress and endoplasmic reticu-
lum stress. Particularly during starvation of one or more
amino acids such as glutamine, Slc3842 transcription is
transiently enhanced [55]. Its expression also increases
during early pregnancy in the equine endometrium
[56], and the inhibition of its activity in the rat placenta
reduces fetal weight [57]. The SLC38A4 gene mainly
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transports cationic and neutral amino acids such as argi-
nine, lysine and alanine. The overexpression of these
genes suggested an increase of amino acid transport to
the fetus in LW sows compared to MS.

Glucose is a major source of energy required for fetal
growth and development. In late gestation, the fetal
demand for glucose from the mother has increased
dramatically, resulting in abnormal maternal glucose
metabolism. During this period, maternal insulin resist-
ance, which is part of the metabolic syndrome of late
pregnancy, is particularly elevated [58] and is associ-
ated with fetal growth rate [59]. In fact, normal glucose
metabolism in the endometrium is essential to support
pregnancy [60]. Nevertheless, the endometrium is not
able to produce glucose de novo. As mentioned above,
glucose comes from the maternal circulation and the
first step in glucose utilization is its uptake into cells via
glucose transmembrane transporters. Glucose is then
temporarily stored in the endometrium as the macro-
molecule glycogen before being used or secreted into
the uterine lumen during early gestation [61]. A number
of imprinted genes have been found to influence energy
homeostasis and some, including Igf2, H19 and Grb10,
have been reported to be major regulators of both fetal
and placental growth and metabolism, including glucose-
regulated metabolism.

There is evidence from the mouse placenta-specific
Igf2 deficiency, which results in a restrained placenta,
that IGF2 can modulate amino acids and glucose trans-
port in late gestation, in part by regulating the expres-
sion of the transporter genes Slc2a3, Slc38a4 and Slc38a2
[25]. In our study, although IGF2 gene expression is sta-
ble at the end of gestation and between breeds in the
endometrium, IGF2R, which controls IGF2 activity, is
overexpressed in LW at D90 compared to MS. As in the
placenta, our results were consistent with a potential role
of IGF2R/IGF2 in facilitating the transport of nutrients
at the feto-maternal interface, such as glucose and amino
acids, to support fetal growth, ensuring efficient transfer
of essential nutrients from the maternal circulation to the
developing fetus via the placenta.

GRB10 (Growth Factor Receptor Bound Protein
10) is an adaptor protein that interacts with numer-
ous intracellular signaling molecules, including recep-
tor tyrosine kinases, such as EGFR, insulin receptor
and IGFIR. Gene knockouts in mice have identified
Grb10 as an inhibitor of intracellular signaling path-
ways regulating growth and metabolism. Charambous
et al. used Grbi0 deletion on the maternal allele to
show that GBRI1O restricts embryonic and placental
growth essentially through an Igf2-independent path-
way [62]. Maternally inherited placental Grb10 acts to
limit the labyrinthine volume, the nutrient exchange
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compartment in the placenta, thereby limiting fetal
growth and protecting the mother from pregnancy
complications. On the mother side, Grb10 dosage
may modulate maternal resource allocation and influ-
ence reproductive strategies by regulating the balance
between offspring number and offspring weight [63].
Our results showed an increase in GRBI10 expression
in MS compared to LW endometrium, suggesting a
more stringent regulation of nutrient supply by MS
sows, in accordance with a lower weight of MS off-
spring compared to LW [64].

Our study also highlighted the over-expression of
NNAT (Neuronatin) in MS compared to LW at D110.
In the pig, NNAT protein was found in the uter-
ine luminal and glandular epithelium of the placenta
[65]. In placenta, NNAT mRNA expression differed
between MS and Yorkshire at D75. An over-expression
of NNAT induced intracellular glucose uptake and
improved glucose transport in vitro through activation
of the PI3K-AKT pathway [65, 66]. Consistent with
this, our results suggested more glucose trafficking in
MS endometrium than LW.

Finally, AMPD3 (Adenosine Monophosphate Deami-
nase 3) is an AMP deaminase (AMPD family) that
catalyzes the irreversible deamination of AMP to
IMP and NH3. It controls the content of intracellular
adenine nucleotides (ATP, ADP, and AMP), thereby
regulating mitochondrial protein synthesis rates and
cellular metabolism. AMPD3 is the main protein iso-
form present in erythrocytes, and its expression can
be detected in a wide range of other tissues such as
muscle and placenta [67, 68, 69]. The over-expression
of AMPD3 in cultured mouse muscle is able to alter
intra- and extracellular metabolome. Its over-expres-
sion increased the intracellular glucose, sorbitol, and
fructose suggesting an increased glucose flux into the
polyol pathway [67] for de novo glutamine and alanine
synthesis [67].

Taken together, these results suggest an increased
nutrient supply to the fetus in LW sows compared
to MS sows in late gestation, e.g. greater amino acid
transport to the fetus in the LW endometrium, which
may compensate for the lower vascular endometrial
density [46]. Furthermore, NNAT and AMPD3 gene
expression suggests that there is more intracellular
glucose in the MS endometrium than in the LW, pro-
moting glycolysis through the alternative polyol path-
way to produce fructose. All the enzymes belonging to
the polyol and fructose transporters are present at the
feto-maternal interface in pigs [70]. The lower intra-
cellular level of glucose in the LW endometrium may
be associated with greater transfer to the fetus, con-
sistent with Yao’s study showing a tendency for higher
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blood glucose concentration in LW fetuses compared
to MS [31].

Relationship between endometrium gene expression

and fetal phenotypes describing maturation

Correlations and PLS analyses were performed to com-
bine gene expression and fetal phenotypes identified as
indicators of fetal maturation and to gain insight into the
influence of endometrial gene expression in determining
fetal maturation.

Correlations and PLS analyses highlighted a strong
negative relationship between the expression of 4 genes
(DCN, AMPD3, NNAT and GRBI0, Fig. 3 and 5) and
the abundance of fetal plasmatic fructose and glucose at
D110. These correlations reinforce the involvement of
these genes in the regulation of carbohydrate metabo-
lism at the feto-maternal interface. Glucose is one of the
main molecules supplying the energy needed to maintain
endometrial activity, and is transferred from mother to
fetus during gestation, providing the energy needed for
placental and fetal growth and piglet maturity [71]. The
correlations (Fig. 6) suggested that these genes may influ-
ence placental phenotypes such as the placental weight at
D110.

Furthermore, we identified differential expression
between breeds of TSPAN33 and DCN, which are
involved in the regulation of endometrial angiogenesis
and positively correlated with placental weight at D110.
Placental weight has already been reported to be higher
in Yorkshire, another commercial breed [72], to compen-
sate for less vascularization. These correlations for genes
involved in angiogenesis suggest that endometrial vascu-
larization may also influence placental weight and may
participate to maturity at birth.

Fetal genotype and sex influenced the expression

of endometrial genes

We demonstrated for the first time that not only fetal sex
but also fetal genotype influenced the expression of key
genes in pig endometrium at D90 of gestation.

Fetal sex is known to influence the interaction between
the mother, the placenta and the fetus, thus affecting not
only the intrauterine life and the health of the pregnant
mother, but may also have significant effects on the post-
natal life and future health of the mother [73, 74]. If the
sexual dimorphism has been described in the placenta
[75, 76], little has been documented in the endometrium.
Stenhouse et al. first described associations between fetal
sex and endometrial structure, gene expression asso-
ciated with angiogenesis, apoptosis, proliferation and
endothelial cell branching in pig [20, 21, 77]. Their data
suggest that fetal sex may influence the endometrial tran-
scriptome as in the placenta. In the present study, fetal
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sex affected the expression of five imprinted genes in the
LW endometrium at D90, such as the H19 gene, which
is known to negatively regulate the expression of IGF2
and IGF2R, which controls IGF2 activity [78]. Deletion
of HI19 results in biallelic expression of Igf2 and reduced
expression of key placental transporter genes (Slc2a3
and Slc38a4), limiting the ability to transfer nutrients to
the fetus [79]. These five genes (AMPD3, H19, DHCR?,
MEST, CITEDI, Fig. 7) were under-expressed in the LW
endometrium when associated with a female fetus com-
pared to a male. Consistent with previous studies [80],
these results suggest that male fetuses influence the
endometrium to promote angiogenesis and metabolic
processes and increase nutrient transfer to accelerate
their fetal growth compared to female fetuses. They rein-
forced the idea that the endometrium adapts differently
to the sex of the fetus depending on the breed of the sow
(MS or LW) and the fetus genotype.

The current study reported differential endometrial
gene expression function of fetal genotype at D90. These
results are consistent with other studies that have identi-
fied significant differences in endometrial transcript lev-
els between pregnancies depending on the origin of the
embryos (nuclear transfer or in vitro fertilized embryos)
[17, 81]. The present results suggest that the expression
of key genes involved in the regulation of growth (H19),
vasculature (CITEDI) and metabolism (AMPD3) may be
modulated by fetal genotype in the LW endometrium.
This modulation was potentially dependent on fetal
paternal origin (i.e., paternal MS genotype in this study)
and may influence nutrient transfer and fetal maturation.
The specific function of these genes in the endometrium
remains to be elucidated.

Most interestingly, the study pointed out that the LW
endometrium tended to be more sensitive to a crossbred
fetal genotype environment than the MS. The LW endo-
metrium was also more sensitive to fetal sex if the endo-
metrium is adjacent to crossbred fetuses.

Further endometrial analysis using high-throughput
sequencing technologies and additional samples will be
required to decipher the influence of fetal sex and fetal
genome at the porcine feto-maternal interface in late
gestation.

Conclusion

The current study revealed 22 genes (DEGs) whose
expression that changed in the endometrium at the end
of gestation and between two breeds. The main transcrip-
tomic change during late gestation involved genes that
participate to the angiogenic processes and refers mainly
the LW endometrium, suggesting a delay or an altered
progression of endometrial processes in LW compared
to MS sows. Nine DEGs were observed between the
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two extreme breeds for piglet maturity. These genes are
involved in the regulation of endometrial angiogenesis,
nutrient transport and energy metabolism and showed
important relationships with fetal maturation indicators
such as ponderal index at D90, fetal blood fructose level
and placental weight at D110.

This study provided new evidence for some sexual
dimorphism and the influence of fetal genotype on the
expression of key imprinted genes in the pregnant endo-
metrium, such as H19, which is known for its role in
regulating fetal growth and nutrient transfer through its
interaction with IGF2. Our findings illustrated the plas-
ticity of the endometrium and highlighted the impor-
tance of elucidating the dialogue between the placenta
and the endometrium. In addition, they suggest that
the paternal genome, particularly in crossbreeding pro-
duction systems, may contribute significantly to piglet
survival. The processes involved in these genomic inter-
actions at the feto-maternal interface require further
investigation.

Methods

Ethics statements

Experimental design and RNA preparation

Details on animal resources and genetic design can be
found in Voillet et al. 2014 and 2018 [10, 82]. Briefly,
11 MS and 13 LW sows were inseminated with mixed
semen (3 LW and 3 MS boars) at the GenESI experi-
mental farm (https://doi.org/https://doi.org/10.15454/1.
5572415481185847E12). The mixed semen consisted
of three pairs of males (1 LW + 1 MS). Each male pair
inseminated an equal number of MS and LW females.
Thus, each litter consisted of purebred (LL) and cross-
bred fetuses (ML) from LW sows or purebred (MM) and
crossbred fetuses (LM) from MS sows. The MS and LW
breeds are two extreme breeds in terms of fetal matu-
rity and piglet mortality at birth. The Large White (LW)
breed is a highly selected breed with high mortality
and decreased maturity at birth, whereas the Chinese
Meishan (MS) breed produces piglets with extremely
low mortality despite being lighter at birth [12, 17]. The
litter size is around 14 in both species. All samples in
this study are from the experiment previously described
by Voillet et a/ and Yao et al [10, 26] and were obtained
after caesarean delivery and fetal euthanasia (https://
data.faang.org/api/fire_api/samples/INRAE_SOP_
COLOCATION-tissues_20210817.pdf). After laparot-
omy of the sow, fetal blood was sampled separately from
the umbilical artery and plasma stored at —20 °C. After
section of the umbilical cord, the fetuses were eutha-
nized, weighed, sexed, and placental and fetal measure-
ments recorded. They were selected considering their
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body weight that was the closest to the mean body
weight of each litter. These fetuses were genotyped with
eight microsatellite markers, to discriminate the crossed
breeds from the pure breeds. Gender identification was
performed de visu because sex was clearly visible with-
out doubt at the end of gestation.

In Pigs, the placenta is epitheliochorial and homoge-
neous: the trophoblastic and endometrial epithelia are
juxtaposed, with no invasion of the trophoblast into the
endometrium. For each fetus, a pre-determined area (jux-
taposed area, excluding distal parts) of the two adjacent
tissues (placenta/endometrium) was dissected, dissoci-
ated with forceps, immediately frozen in liquid nitrogen
and stored at -80°C. Hence, each endometrium sam-
ple was associated with its purebred or crossbred fetus:
LWxLW (LL) or MSxLW (ML) from Large White sows
(LW) and MSxMS (MM) or LWxMS (LM) from Meishan
sows (MS). Finally, 88 endometrial samples from two
breeds (13 LW and 11 MS) that juxtaposed fetuses of four
fetal genotypes and two sexes were selected at 90 and 110
days of gestation; (birth at 114 days), ensuring genotype
and sex balance per sow. The number of replicates per
condition (4 to 6) is given in Additional file 2. The sam-
pling selection varies between two and seven samples per
uterus. Briefly, the 22 LW and 22 MS endometrial sam-
ples were collected at D90 from seven LW and six MS
sows. They were divided into six replicates for each group
of males and females in the LL and MM fetal genotypes
and five replicates for each group of males and females in
the ML and LM fetal genotypes. At D110, the 23 LW and
21 MS endometrial samples were collected from six LW
and five MS sows. They were divided into six replicates
for the male and female groups in LL fetuses, six/five rep-
licates for each group of males and females in ML and
LM fetal genotypes, and six/four replicates for the male
and female groups in MM fetuses.

RNA extraction

Total RNA was isolated from each of the 88 samples.
Briefly, tissue samples were disrupted, homogenized, and
ground to a fine powder by rapid agitation for 30 s-1 min in
a liquid-nitrogen cooled grinder with stainless steel beads
with a Retsch MM400 instrument at 30 Hz. An aliquot
of 80-100 mg of the fine powder was then processed for
total RNA isolation and purification using Trizol (Invitro-
gen, France) and Nucleospin RNA II kit (Macherey-Nagel,
France) according to the manufacturer’s instructions. The
method included a DNase digestion step to remove con-
taminating DNA. Extracted total RNA was eluted in 40 yu/
RNase-free water and stored at -80°C. RNA quality and
concentration were verified using an Agilent 2100 bioana-
lyzer (RNA solutions and RNA 6000 Nano Lab-Chip Kit,
Agilent Technologies France, Massy, France).
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Quantitative real time RT-PCR analysis for gene expression
Gene primers were designed from porcine genes con-
sidering the intron-exon organization from the Ensembl
database. Gene primers were preferentially designed
in the 3" UTR (last 1000 base pairs) or the exons using
LightCycler Probe Design2 software (Roche Diagnostics).
The primer pairs were confirmed using Primer3 (http://
frodo.wi.mit.edu/primer3/). Sequences are available in
Supplementary Data 4.

RNA samples were reverse transcribed from 2 ug as
previously described [83]. The resulting cDNA samples
were completed to 100 ul. The assay for each gene con-
sisted of four/six replicates per genotype, sex and ges-
tational day, calibrator sample, a serial diluted pool and
negative controls.

The expression of the 42 genes was analyzed in dupli-
cate using 96.96 Dynamic Array IFCs and the Bio-
Mark ™ HD System from Fluidigm. Two specific target
amplifications (STA) were performed on the 94 cDNA at
5ng/pl (88 endometrial cDNA samples, a calibrator sam-
ple (pool of all RNA samples) and a 5-serial dilution of
the calibrator sample (for calculation of PCR amplifica-
tion efficiency) in 96-well PCR according to the manu-
facturer’s recommendations. As previously described
[83], a 14-cycle STA treated with Exonuclease I was per-
formed, diluted and transferred to the BioMark' " HD for
final STA. Data were then analyzed using the Fluidigm
Digital PCR Analysis software using the Linear (Deriva-
tive) Baseline Correction method, the User (Global) Ct
Threshold method with the threshold set at 0.01. The
Fluidigm Digital PCR Analysis software determines
the threshold cycle (Ct) of each sample. PCR amplifica-
tion efficiency was determined specifically for each gene
from fluorescence data using LinRegPCR version 2012.2
[84]. LinRegPCR determines the baseline fluorescence
per sample and sets a window-of-linearity (number of
points between 4-6 and the best correlation coefficient)
and fluorescence threshold per amplicon group. Samples
with no amplification or with an efficiency 10% outside
the group mean were excluded from the calculation of
the mean efficiency. Statistics on the mean efficiency per
amplicon are presented in the Additional file 5. The final
PCR efficiency per gene is then equal to the mean PCR
efficiency of all samples per amplicon.

The Pfaffl method [85] was applied to calculate the rela-
tive expression of each gene as described by Bonnet et al.
[83]. The stability of six potential reference genes (TBP,
eEF1, SDHA, RPL27, RLP32, RPL19), selected among the
most stable gene expressions from placenta and endome-
trium literature, was tested using the GeNorm (version
3.4) algorithm [86]. The three most stable genes were
selected as reference genes (RPL19, eEFI and RPL32).
Finally, the relative expression was normalized by the
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corresponding geometric average of these three reference
genes (Additional file 6).

Fetal phenotypes

Arterial blood samples were taken from the umbilical
cord of lived fetuses. Physiological parameters (IGFI,
glucose, lactate, albumin, fructose, and cortisol) were
measured in arterial plasma to assess energy reserve
[26]. Plasma glucose, lactate, fructose, and albumin were
determined by automated enzymatic methods using a
Kone multichannel analyzer. IGF-I was determined by
a validated double-antibody RIA. Glycogen was assayed
after extraction by homogenization with 5% trichloro-
acetic acid solution. Plasma cortisol was measured by
direct automated immunoassay (AIA-1800, Tosoh Bio-
science, San Francisco, CA).

Individual placental weights were measured for each
fetus. Placental area and width were determined by pic-
ture imaging. Placental efficiency is the ratio of fetal
weight (g) to placental weight (g). Other fetal biomet-
ric measures were body weight, body length, body mass
index (BMI) and ponderal index (PI)).

Statistical analysis

Statistical analyses were performed using the R 4.02 sta-
tistical software system (the Comprehensive R Archive
National, http://www.cran.r-project.org).

The normalized relative expressions were transformed
by a qqnorm function to conform to a normal distribu-
tion before statistical analyses. The normality of the data
was checked with Shapiro and Kolmogorov—Smirnov
tests. Both tests obtained a p-value > 0.05.

To analyze global differences between breeds and days
of gestation (Table 1), the following linear models were
fitted to each of the 39 genes (R Ime function, Ime4_1.1-
28, R package) with the sow as random effect (Re) to
account for repeated measures for the common maternal
environment:

Model 1) a full model including "day of gestation" fac-
tor (2 levels), "breed" factor (2 levels) and their inter-
actions + Re,

Model 2) an additive model including " day of gesta-
tion" factor and "breed" factor + Re,

Model 3) a mother breed model + Re,

Model 4) a “day of gestation” model + Re.

A F-test (ANOVA function) was performed by com-
paring the models and the reduced models. P values
were corrected for test multiplicity using the Benja-
mini-Hochberg correction [87] available in the mult-
test_2.46.0 R package. The 22 genes with a significant
difference (FDR< 0.05) for full or additive models were
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considered as differentially expressed genes (DEGs)
(Table 1) and selected for further analyses.

Following the same strategy, the F-test was applied to
the different subset data using appropriate mixed linear
models such as:

— Model 3 for each day of gestation separately
(Table 2),

— Model 4 for each breed separately (Table 2)

— Model 5) a full model including fetal genotype, sex
and their interactions + Re at D90 (Table 3)

— Model 6) an additive model including " fetal geno-
type" factor and "sex" factor + Re at D90 (Table 3)

— Model 7) a genotype model + Re at D90 (Table 3)

— Model 8) a sex model + Re at D90 that is not pre-
sented in Table 3 because of no significativity.

A Tukey post hoc test was performed on the DEGs
from models 5 and 6 to specify the significant pairwise
comparisons in each breed subset.

In all experiments, results were considered significant
when FDR <0.05, trend when FDR was between 0.05
and 0.1 and not significant when FDR>0.1.

The calculated fold change corresponds to the ratio between
the mean normalized expression for each comparison.

Principal component analysis (PCA) was performed
on the 22 DEGs using the packages FactoMineR_2.4
and factoextra_1.0.7. Concentration ellipses were plot-
ted around each group mean point with an ellipse level
of 0.75.

Correlation matrices were constructed from the 22
normalized relative gene expressions using the func-
tion rcorr (R package Hmisc_4.6-0) with the spearman
method, clustered using ward method and plotted with
the function corrplot (R package Hmisc_4.6-0). Only the
correlations with a P-value < 0.01 are reported.

A correlation bipartite network analysis between the 22
DEG and biometric measures was performed using the
mixOmics_6.14.1 package (http://www.mixOmics.org)
[88, 89] according to a regression mode PLS and a spe-
cific correlation cutoff for fetal or placental measures.
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