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Abstract

The preimplantation embryo has a remarkable ability to execute its developmental program using
regulatory information inherent within itself. Nonetheless, the uterine environment is rich in cell
signaling molecules termed embryokines that act on the embryo during the morula-to-blastocyst
transition, promoting blastocyst formation and programming the embryo for subsequent devel-
opmental events. Programming can not only affect developmental processes important for contin-
uance of development in utero but also affect characteristics of the offspring during postnatal life.
Given the importance of embryokines for regulation of embryonic development, it is likely that
some causes of infertility involve aberrant secretion of embryokines by the uterus. Embryokines
found to regulate development of the bovine embryo include insulin-like growth factor 1, colony
stimulating factor 2 (CSF2), and dickkopf WNT signaling pathway inhibitor 1. Embryo responses to
CSF2 exhibit sexual dimorphism, suggesting that sex-specific programming of postnatal function
is caused by maternal signals acting on the embryo during the preimplantation period that regulate
male embryos differently than female embryos.

Summary Sentence

The uterine environment is rich in cell signaling molecules that act on the embryo during the
morula-to-blastocyst transition (termed embryokines) to facilitate blastocyst formation and pro-
gram the embryo for subsequent developmental events.

Key words: embryokine, blastocyst, preimplantation embryo, uterus, IGF1, CSF2, DKK1.

Introduction

The totipotent and unicellular zygote possesses all of the informa-
tion required to organize itself into a multicellular and differentiated
blastocyst. In the cow, the model species for this paper, embryos

produced by in vitro fertilization can proceed to the blastocyst stage
when cultured on a plastic substratum in a simple defined medium
without protein [1, 2]. The developmental program of the embryo
leading to blastocyst formation is initially executed under the con-
trol of mRNA inherited from the oocyte and then from embryonic
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genes that become activated in a sequential manner over the course
of development [3].

Ordinarily, of course, the embryo develops not in a culture dish
but rather in the oviduct and uterus. The milieu in which it executes
its developmental program includes molecules secreted by oviduc-
tal and endometrial cells, filtrate from blood [4] and membrane-
associated molecules of the oviductal and endometrial epithelium.
Several cell signaling molecules secreted by the maternal reproduc-
tive tract, called embryokines [5, 6], can regulate developmental
processes of the conceptus.

The uterine environment is often inadequate to support devel-
opment of the embryo. Using results from experiments attempting
to establish twin pregnancies in embryo transfer recipients, McMil-
lan [7] has estimated that only about 50–70% of bovine females
are capable of supporting the development of a conceptus to term.
The uterine environment during the preimplantation period is also
important for programming the developing conceptus for postnatal
life. A variety of changes in maternal physiology during the preim-
plantation period can change postnatal phenotype of the resulting
offspring, with male offspring often being affected differently than
females [8, 9].

Actions of embryokines released into the uterine lumen mod-
ify the developmental program of the morula to facilitate blasto-
cyst formation and program the conceptus for subsequent success in
executing other developmental events. Later developmental events
include those important for continuance of development in utero,
but also those that affect characteristics of the offspring at birth
and duringpostnatal life. This insight not only highlights the im-
portance of the maternal environment during the preimplantation
period for birth of a healthy offspring but also reinforces the no-
tion that pregnancy success can be enhanced in human medicine
and animal production by manipulation of maternal signaling to the
embryo.

In this paper, we will summarize evidence from experiments us-
ing the cow that the uterine environment exerts regulatory effects
on the embryo at a key time in its development—when it transitions
from being a group of totipotent blastomeres at the morula stage
to a blastocyst that has begun the first of a multitude of differen-
tiation events. Unless otherwise stated, the evidence presented here
regarding embryo function derives from experiments in the cow.

Embryonic development in the uterus following

exit from the oviduct to formation of the

blastocyst

The bovine embryo first moves into the uterine lumen between days
4 and 5 after insemination [10]. At day 5, embryos range in devel-
opment from the 16-cell stage to the compact morula stage [11, 12].
Compaction, observed by the loss of clearly visualized cell borders
and involving formation of tight junctions at the basolateral mem-
branes of outer cells of the embryo [13], occurs at about the 32-cell
stage and continues until the 64-cell stage when the blastocyst first
begins to form [12]. Blastocyst formation occurs at day 7, or less
frequently at day 6 [11, 12]. At this time, the embryo resides in the
anterior third of the uterine horn ipsilateral to the side of ovulation
[14].

Initially, the blastocyst is composed of two cell types, the tro-
phectoderm (TE), destined to give rise to the placenta, and the inner
cell mass (ICM). By days 9–10 of development, the hypoblast forms
as a unicellular layer at the base of the ICM [15] and is destined to

give rise to the yolk sac. The remainder of the ICM, which will form
the fetus, is now referred to as the epiblast.

Formation of the blastocyst is dependent upon transport of wa-
ter across the outer cells of the embryo largely through actions of
Na+/K+ ATPase [16, 17]. Activity of this enzyme leads to an increase
in energetic requirements for the embryo—it has been estimated that
36% of ATP produced by the blastocyst is consumed by Na+/K+

ATPase [18]. ATP production, oxygen consumption, mitochondrial
activity, and uptake of pyruvate and glucose increase with com-
paction [19, 20].

The transcription factor caudal type homeobox 2 (CDX2) is
critical for proper development of the TE. Knockdown of CDX2
expression does not prevent blastocyst formation but function of the
TE is disrupted [21–23]. Development of cells positive for CDX2 is
dependent upon expression of yes associated protein 1 (YAP1) [22].
Moreover, CDX2 expression is regulated by TEA domain transcrip-
tion factor 4 (TEAD4) in a process dependent on cellular communi-
cation network factor 2 (CCN2) [23].

The mechanism for control of CDX2 by YAP1 and TEAD4 are
likely to differ between species. In the mouse, polarization of outer
cells of the compact morulae is required to sequester angiomotin
(AMOT) to the apical part of the cell and prevent its phosphory-
lation and inactivation of YAP1 [24]. In cattle, polarization of the
morula is much less extensive than in mice [27] and knockdown of
AMOT expression decreases the number of cells positive for CDX2
in the blastocyst [24]. Similarly, Rho-associated coil containing pro-
tein kinase (ROCK), which contributes to TE formation in mice by
promoting polarity [28, 29], appears to play a different role in cattle,
as inhibition of the enzyme increases nuclei positive for YAP1 and
CDX2 in the bovine blastocyst [30]. Other transcription factor genes
that are preferentially expressed in the TE include CCN2, GATA
binding protein 2 (GATA2), GATA3, inhibitor of DNA binding 2,
TEAD4, and transcription factor AP-2α (TFAP2A), and transcrip-
tion factor AP-2γ (TFAP2C) [25, 31, 32].

The epiblast of the cow overexpresses several transcription factor
genes associated with pluripotency including Kruppel like factor 4,
POU class 5 homeobox 1 (POU5F1), SRY-box 2, Nanog homeobox
(NANOG), and spalt like transcription factor 4 [31, 32]. In the
cow and human, but not the mouse, POU5F1 (previously OCT4) is
expressed in both ICM and TE, although in lower amounts in the TE
[21, 31]. Studies using embryos produced by transfer of nuclei from
POU5F1 knockout fibroblasts revealed that POU5F1 is required for
formation of the epiblast [33].

Formation of both epiblast and hypoblast is dependent upon ac-
tivation of Janus kinase (JAK)/STAT signaling because inhibition
of JAK1/2 leads to a reduction in markers for both cell types [34].
Hypoblast cells overexpress GATA6 as compared to epiblast cells
[31, 32]. Fibroblast growth factor 4 (FGF4), the growth factor pro-
duced by the epiblast that controls hypoblast formation in mice, is
overexpressed in the epiblast of the cow [31]. In addition, FGF4 [35]
or FGF2 [36] can promote differentiation of GATA6+ cells in the
blastocyst. The physiological relevance of these actions of FGFs is
unresolved. Inhibition of mitogen-activated protein kinase (MAPK)
signaling either did not reduce hypoblast cell number in the blasto-
cyst [24] or caused only a slight reduction [35]. Similarly, inhibition
of FGF receptors was without effect on the number of hypoblast
cells [35]. Correct placement of cells destined to be hypoblast may
depend on chemokine signaling because inhibitors of the C-C motif
chemokine receptor 3 or knockdown of C-C motif chemokine ligand
24 caused a reduction in cells positive for GATA6 on the outside of
the ICM [37].
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Figure 1. Transcript abundance of selected genes encoding for cell signaling
proteins in the endometrium of the cow at day 5 after ovulation. Shown are
the top 50 expressed genes from a larger set of 93 genes. Data are least-
squares means. The figure is reproduced from ref. 44.

Characteristics of the uterine milieu during

development of the blastocyst

Embryo development in vitro can change many characteristics of the
blastocyst including its transcriptome [38, 39] and competence to
establish pregnancy [40]. Experiments in which embryos grow in the
reproductive tract or culture dish for specific periods of development
revealed that the maternal environment can affect blastocyst gene
expression and DNA methylation either before or after embryonic
genome activation [41–43].

In part, the mother shapes the intrinsic developmental program of
the embryo through the secretion of embryokines. The endometrium
transcribes a plethora of transcripts encoding for cell signaling pro-
teins during the period of development corresponding to the morula
to blastocyst transition (days 5–7 of development). Among the genes
expressed in the endometrium during this time are those encod-
ing for growth factors, cytokines, chemokines, and WNT-regulatory
molecules (Figure 1). From a set of 93 cell signaling genes evalu-
ated [44], the most abundant transcripts at day 5 after ovulation
were for WNT family member 5A (WNT5A), teratocarcinoma-

derived growth factor 1 (TDGF1), chemokine (C-X-C motif) lig-
and 3, CCN2 (formerly termed CTGF), and secreted frizzled related
protein 1 (SFRP1). At day 7, the most abundant transcripts were
TDGF1, WNT5A, CCN2, vascular endothelial growth factor B and
IK cytokine. Several cell signaling proteins have also been identified
in uterine fluid at days 7 or 8 including colony-stimulating factor
2 (CSF2) [44, 45], dickkopf WNT signaling pathway inhibitor 1
(DKK1) [44] and CCN2, heparin binding EGF like growth factor,
KIT ligand, and stanniocalcin 1 [46].

A variety of small molecules implicated in cell signaling also exist
in uterine fluid. Trı́bulo et al. [47] identified 31 metabolites in uterine
flushings collected during the first 7 days after ovulation that have
been reported to regulate cellular function, including amino acids
and their metabolites and intermediates of oxidative respiration. A
total of 14 metabolites identified by Trı́bulo et al. [47] have been
reported to affect preimplantation embryo development.

Transcription of cell signaling genes is probably under hormonal
control; transcripts for 34 of 93 genes evaluated changed in abun-
dance from days 0 to 7 after ovulation [44]. The embryo itself mod-
ifies the endometrial transcriptome as indicated by experiments in
which endometrial explants were cultured with embryos or embryo
conditioned culture medium [48, 49] as well as experiments evalu-
ating changes in endometrial gene expression at day 7 of pregnancy
in regions near the developing embryo [14].

Embryokines act on uterine-stage embryos to

increase competence to develop to the

blastocyst stage

A large number of regulatory molecules produced by the reproduc-
tive tract can modulate development of the embryo to the blastocyst
stage. In the cow, however, only a few have been shown to act at the
16-cell stage or later, i.e. after the embryo is present in the uterus.

Insulin-like growth factor 1
Insulin-like growth factor 1 (IGF1) is both a hormone, being released
by the liver to mediate actions of somatotropin, and a paracrine
growth factor. Transcripts for IGF1 are present in the endometrium
[44, 50] and immunoreactive IGF1 can be detected in uterine flush-
ings [50]. Accordingly, changes in maternal physiology, systemically
or locally, could modify the nature of regulation of the embryo by
this growth factor.

The embryo expresses insulin like growth factor 1 receptor: tran-
script abundance increases as the embryo reaches the morula and
blastocyst stages [51, 52]. Culture of in vitro produced embryos with
IGF1 increased the proportion that became blastocysts [53–55]. Sim-
ilarly, treatment of superovulated cows with somatotropin, which
increases IGF1 concentrations in uterine flushing [50], increased the
percent of transferrable quality embryos at day 7 of development
[56]. IGF1 exerts its effects on competence of the embryo to develop
to the blastocyst after the embryo has entered the uterus. This is so
because addition of IGF1 to cultured embryos at day 4 of develop-
ment increased the percent of embryos that reached the blastocyst
stage while addition of IGF1 from days 0 to 4 was without effect
[57].

IGF1 can affect cellular function through MAPK-mediated path-
ways that regulate proliferation and phosphatidylinositol 3-kinase
(PI3K)/AKT-mediated pathways that block apoptosis responses [58].
The mechanism by which IGF1 improves developmental competence
probably involves regulation of cell proliferation. Culture of in vitro
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produced embryos with IGF1 increased cell number in the morula
[59] and blastocyst [53, 54]. Moreover, effects of IGF1 on cell num-
ber [59] and development to the blastocyst stage [57] are blocked by
an inhibitor of MAPK.

IGF1 can also reduce effects of heat shock on development to the
blastocyst stage [54, 59]. It may be that IGF1 plays two roles in the
function of the embryo in the uterus—promotion of proliferation
and protection from stresses such as heat shock that can compro-
mise embryonic survival. In addition, IGF1 can block induction of
apoptosis by heat shock in the morula and this action of IGF1 can
be blocked by PI3K or AKT inhibitors [59, 60]. Paradoxically, how-
ever, the protective effects of IGF1 against heat shock are not due to
its antiapoptotic actions [59].

Colony-stimulating factor 2
Also called granulocyte-macrophage colony stimulating factor, CSF2
is expressed by the endometrium during the period encompassing
development to the blastocyst stage [44]. The protein has been im-
munolocalized throughout the endometrium with most intense la-
beling in the luminal and glandular epithelium [44, 45, 61] and the
protein can be identified in uterine flushings [44, 45].

CSF2 was first shown to be embryotrophic in a study by de
Moraes et al. [62] in which addition of CSF2 to culture medium
either after fertilization or at day 5 of development increased the
percent of embryos becoming blastocysts. The overall percent of
embryos becoming blastocysts in this experiment was low however.
Subsequently, it was shown that effectiveness of CSF2 for increas-
ing development to the blastocyst stage depends on the performance
of the of in vitro production system [63]. When the percent of em-
bryos becoming blastocysts was low, CSF2 increased the number of
embryos developing to the blastocyst stage. When development was
high however, CSF2 reduced blastocyst yield. There was no effect of
CSF2 when development to the blastocyst stage was intermediate. It
may be, therefore, that one function of CSF2 is to protect embryos
from stress and that this action is prominent when embryo culture
conditions are suboptimal. Consistent with this idea is the finding
that CSF2 blocked induction of apoptosis in the blastocyst caused
by heat shock [64], reduced expression of stress-response genes in
the mouse blastocyst [65] and increased blastocoel re-expansion of
frozen mouse embryos after thawing [66].

Addition of CSF2 at day 5 of development increased the percent
of embryos becoming blastocysts for female embryos while hav-
ing no effect on males [67]. Moreover, expression of several genes
in the blastocyst was affected by CSF2 in a sex-dependent man-
ner including NANOG and POU5F1. As will be discussed further,
there is additional evidence for sexual dimorphism in embryonic re-
sponses to CSF2. It is possible that signal transduction for CSF2 is
affected by sex or that sex differences in epigenetic programming
[68, 69] or microRNA accumulation [70] result in differential ef-
fects of CSF2 on gene expression. Also, there are differences be-
tween male and female embryos in response to various stresses [71,
72] and it may be that CSF2 interacts with sex and stress of cul-
ture to affect development of female embryos differently than male
embryos.

Prototypically, CSF2 signals through a receptor composed of two
subunits—the α-subunit (CSF2RA) which is specific to CSF2, and
the β-subunit (CSF2RB), which also functions as part of the inter-
leukin (IL)-3 and IL5 receptor and which increases receptor complex
affinity [73]. The receptor-ligand complex exists as a heterohexam-
eric protein with two molecules of ligand and each receptor subunit

Figure 2. Proportion of cows pregnant at various days of gestation as affected
by type of embryo transferred into the uterus. Cows received either a control
embryo (inverted triangle), an embryo cultured with CSF2 (closed circle) or an
embryo cultured with DKK1 (open circle). Data at day 280 represent percent
of cows that calved. The figure is reproduced with slight modification from
ref. 81.

[73]. Despite the effectiveness of CSF2 for modifying function of the
embryo, there is an absence of expression of CSFRB at all stages of
development through the blastocyst stage [63], suggesting signaling
by CSF2 in the embryo is distinct from the prototypical mechanism.

Other embryokines acting on the morula or blastocyst
The gene for the beta A subunit of activin A is expressed in the
bovine endometrium [44]. Addition of activin A at day 5 increased
the percent of embryos becoming blastocysts [55, 74–76]. Activin A
treatment also increased expression of selected genes in the blastocyst
[74].

Addition of leukemia inhibitory factor (LIF) to culture medium
at day 4 increased the percent of embryos becoming blastocysts
[77]. When added at day 5 [78] or day 6 [79], however, LIF
decreased the percent of morulae developing to advanced blasto-
cyst stages (expanded or hatched). Hepatoma-derived growth fac-
tor mRNA and protein are present in endometrium [44, 48, 80],
can decrease competence of embryos to develop to the blastocyst
stage when added at day 5 (early morula) but increase develop-
ment when added at day 6 to more advanced morulae or early
blastocysts [48, 80]. These experiments, as well as those with LIF,
point out that there can be stage-specific effects of embryokines
on the embryo that are not always captured in a static culture
system.

Programming actions of CSF2 on embryonic

survival, fetal development, and postnatal

phenotype

Actions of embryokines on the morula-to-blastocyst stage embryo
can sometimes program embryonic phenotype to affect competence
for survival to term and to alter the physiological and morphological
characteristics of the resultant fetus and neonate. In the cow, one
such molecule is CSF2. Addition of CSF2 to culture medium at day 5
of development for embryos produced in vitro using X-sorted semen
(i.e. predominately female embryos) increased pregnancies and calves
per transfer when embryos were transferred into lactating recipients
[81, 82] (Figure 2).
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The mechanisms by which CSF2 increase embryonic competence
for development to term are not known but it is likely that changes
in the transcriptome are involved. Treatment with CSF2 from days
6 to 8 of development changed expression of 945 genes in the ICM
and 886 genes in the TE of the blastocyst, using P < 0.05 and
1.5-fold changes in expression as cutoffs [83]. CSF2 may also im-
prove survival of the ICM. Treatment of embryos with CSF2 from
days 5 to 7 increased the competence of isolated ICM from the
resulting blastocysts to survive passage on mitomycin C-treated fi-
broblasts [63]. This could be an important function of CSF2 be-
cause loss of the embryonic disk derived from the ICM by days
14–15 of pregnancy is commonly observed for in vitro produced
embryos [84, 85].

The studies in the preceding paragraph were performed with-
out reference to embryo sex. Given sexual dimorphism of preim-
plantation embryos in response to CSF2 [67, 86], there is a need
to evaluate CSF2-induced changes in the blastocyst separately for
male and female embryos. In the one study, CSF2 regulated 5 of 90
genes examined at the blastocyst stage in a sex-specific manner [67].
In particular, CSF2 decreased expression of DEAD-box helicase 3
Y-linked and two pluripotency genes, NANOG and POU5F1, in
males but not females and decreased myogeneic factor 6 (MYF6)
and receptor interacting serine/threonine kinase 3 (RIPK3) in fe-
males but not males. MYF6 is a member of a family of transcrip-
tion factors involved in skeletal muscle formation [87] and RIPK3
is a receptor interacting protein kinase that promotes death by
necroptosis [88].

Evidence that actions of CSF2 on the morula or blastocyst can
program development later in gestation can be seen as early as day
15 of pregnancy. This is an important time in development of the
bovine embryo because it corresponds to the process of trophoblast
elongation. The embryo undergoes rapid increases in length from
about 2–5 mm on days 13 to 14 to 60–150 mm on day 16 [89, 90].
Elongation occurs coincident with upregulation of the antiluteolytic
hormone interferon-tau (IFNT) that blocks prostaglandin release
from the uterus and allows the corpus luteum to persist [91]. In
an experiment by Dobbs et al. [86], in vitro produced embryos
were treated with vehicle or CSF2 from days 5 to 7 after fertil-
ization, transferred to recipient females and then flushed from the
reproductive tract at day 15 of gestation. Key results are shown in
Figure 3. For vehicle-treated embryos, female embryos were larger
at day 15 than male embryos and there was more accumulation of
IFNT in the uterine lumen. The increased size of female embryos
probably reflects earlier onset of elongation because there were no
differences in size due to sex at day 14 [92] and male embryos were
longer at day 16 [93]. Treatment with CSF2 affected male embryos
in the opposite manner than female embryos. In particular, CSF2
treatment increased embryo length and IFNT accumulation in male
embryos but decreased length and IFNT accumulation in female
embryos. Moreover, there were differences in gene expression and
DNA methylation in the trophoblast. Almost exclusively, genes and
methylated regions regulated by CSF2 in the male embryos were
different than those regulated in the female embryos. Moreover, a
large proportion of differentially-regulated genes and differentially-
methylated CpG probes were part of a set of genes and methylation
sites that were regulated by sex (Figure 3).

At least in the female embryo (experiments have been limited to
that sex), actions of CSF2 during the morula and blastocyst stages
continue to program development into the fetal and postnatal pe-
riods. Siqueira et al. [94] evaluated characteristics of the fetus and
placenta at day 86 of gestation for female conceptuses derived from

Figure 3. Sex-dependent developmental programming of trophoblast elonga-
tion at day 15 of pregnancy by actions of CSF2 from day 5 to 7 of development.
Panel A: Embryo length and accumulation of IFNT in uterine flushing. Panel
B: Venn diagram illustrating relationship between differentially methylated
probes of DNA isolated from trophoblast. Note that a large proportion of
probes regulated by CSF2 in either females or males are also differentially
methylated between female and male embryos. The figure is reproduced
from ref. 86.

embryos produced by artificial insemination, transfer of an in vitro
produced embryo, or transfer of an in vitro produced embryo ex-
posed to CSF2 from days 5 to 7 of development. Fetuses were larger
for the two groups produced by in vitro fertilization than for fe-
tuses produced by artificial insemination, but CSF2 did not allevi-
ate this effect. Expression of 92 genes in liver, placenta, and mus-
cle was determined. For liver, there was aberrant expression of 7
genes for fetuses derived from the IVF group compared to the arti-
ficial insemination group; CSF2 treatment alleviated this effect for
6 genes. Similarly, for placenta, there were 8 genes affected by IVF
and CSF2 alleviated this effect for each gene. Gene expression in
muscle was most disrupted by in vitro production (30 genes showed
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differences between fetuses produced by artificial insemination vs
embryo transfer) but gene expression for CSF2 fetuses was in most
cases similar to that of fetuses derived from embryos cultured with-
out CSF2.

More detailed and well-powered studies are needed, but there
is evidence that programming effects of CSF2 can persist into the
postnatal period. Specifically, growth rates of heifer calves derived
from embryos produced in vitro in culture medium containing CSF2
from days 5 to 7 of development were heavier in weight from 5 to
13 months of age than calves derived from embryos produced in
vitro without CSF2 or calves derived using artificial insemination
[95]. There were no treatment effects on birth weight or weights
at 3 or 4 months of age. This effect of CSF2 in cattle is consistent
with observations in mice where addition of CSF2 to cultured mouse
embryos reduced some of the negative effects of culture on postnatal
growth and reproductive function [96].

WNT signaling in the morula and blastocyst

WNT proteins are a group of conserved cell signaling proteins en-
coded by multiple genes (19 in the bovine) that regulate prolifera-
tion and differentiation of stem and progenitor cells in embryonic
development and the adult [97]. WNT proteins can regulate cell
function by binding with one or more seven transmembrane Friz-
zled (FZD) receptors (10 FZD genes have been identified in the
cow), the orphan receptor RAR related orphan receptor A (ROR),
or with the non-catalytic tyrosine kinase receptor or co-receptor
receptor-like tyrosine kinase (Ryk) [98]. Canonical WNT signaling
involves binding of WNT to FZD, recruitment of the co-receptor
LDL receptor related protein (LRP) 5 or LRP6, and downstream
inactivation of a protein complex that targets β-catenin (CTNNB)
for destruction in the proteosome. As a result, CTNNB accumu-
lates in the cytoplasm, translocates to the nucleus and interacts
with TCF and LEF family transcription factors to regulate gene
expression [99]. Binding of WNT to FZD can also lead to Ca++

mediated signaling (with downstream activation of calcineurin, cal-
cium/calmodulin dependent protein kinase II, and protein kinase
C) as well as activation of the planar cell polarity (PCP) pathway
that leads to ROCK and JNK-mediated rearrangement of the cy-
toskeleton [99, 100]. Activation of Ryk can also lead to CTNNB-
dependent signaling while activation of ROR causes Ca++ dependent
signaling [98].

A variety of soluble WNT antagonists modify WNT signaling,
including soluble FZD receptors and WNT antagonists [98] as well
as DKK1, which interferes with association of FZD to LRP5/6 [101].
Whether or not a specific WNT activates canonical WNT signaling or
other signaling pathways depends on the particular WNT, as well as
the availability of receptors, co-receptors, and regulatory molecules.
Some, like WNT2, WNT3, WNT3A, and WNT8A are considered
more likely to activate canonical signaling, whereas others such as
WNT4, WNT5A, WNT5B, WNT6, WNT7A, and WNT11 are con-
sidered to be more likely to activate other, non-canonical pathways
[102]. The actual pathways activated depend upon complex interac-
tions between various molecules involved in WNT signaling [103].
Non-canonical signaling pathways can be antagonistic to canoni-
cal signaling. For example, activation of ROR2 or PCP signaling
can lead to inhibition of CTNNB/TCF regulation of gene expression
[103, 104].

The morula and blastocyst possesses transcripts for WNT2,
WNT2B, WNT6, WNT8A, WNT10A, WNT11 and WNT16 as
well as for several FZD receptor genes, LRP6 and RYK [105].

Transcripts for all 19 WNT genes are expressed in the endometrium
during days 5– 7 [44]. The most abundant transcripts at day 5 were
for WNT5A, WNT7A, WNT16, WNT2 and WNT6 and the most
abundant at day 7 were WNT5A, WNT7A, WNT11, WNT6, and
WNT16. Transcripts for inhibitors of WNT signaling are also abun-
dant in the endometrium at this time. At day 5, transcripts in de-
scending abundance that encoded for WNT inhibitory proteins were
SFRP1, DKK3, SFRP4, WIF1, and DKK1 [44].

There are several lines of evidence that inhibition of canonical
WNT signaling is important for development of the embryo to the
blastocyst stage of development. Activation of canonical WNT sig-
naling, either by addition of a WNT agonist [106, 107] or by inhi-
bition of the CTNNB1 destruction pathway [107, 108] reduced the
percent of embryos becoming blastocysts. In contrast, administra-
tion of an inhibitor of WNT acylation to block secretion of embry-
onic WNT proteins did not affect development of cultured embryos
to the blastocyst stage [107]. Moreover, there was no evidence for
accumulation of CTNNB1 in the nucleus of the embryo [105], sug-
gesting that some aspects of canonical signaling are inoperative in
the embryo. Inhibition of WNT signaling may also be important for
maintaining the pluripotency of the ICM. A recent report describing
development of primed embryonic stem cells from the ICM of the
bovine blastocyst utilized a culture system that incorporated IWR-1
[109], which inhibits CTNNB1-mediated WNT signaling [110].

One of the WNT genes expressed in the bovine endometrium
is WNT7A [44]. This WNT can activate canonical signaling
[111] and also affect cell function, independent of CTNNB1-
mediated pathways through actions involving FZD-mediated ac-
tivation of AKT and ROR signaling [112] and inactivation of
S-phase kinase-associated protein 2 [113]. Addition of WNT7A
to cultured bovine embryos from days 5– 7 of development in-
creased the proportion of embryos becoming a blastocyst [55,
107]. Effects of WNT7A occurred without affecting abundance of
CTNNB1 and reduced pJNK [107]. Effects of WNT7A on devel-
opment to the blastocyst stage occurred for both male and female
embryos [55].

Programming of embryonic survival and fetal

development by the WNT antagonist DKK1

Addition of DKK1 to in vitro produced embryos between days 5–7
after fertilization increases the proportion of the resultant blastocysts
that established and maintain pregnancy after transfer into recipients
[81] (Figure 2). There are additional, indirect lines of evidence for
DKK1 being important for embryonic survival. Transcript abun-
dance for DKK1 in the endometrium was reduced in lactating cows
[114], which is a condition associated with reduced fertility [115,
116]. Moreover, persistentlyinfertile heifers had lower expression
of DKK1 in the endometrium than heifers that repeatedly became
pregnant [117].

DKK1 functions as an inhibitor of canonical WNT signaling
through binding and internalization of LRP5/6 [97, 99], but it can
also inhibit the WNT/Ca++ pathway [118] and either inhibit [118,
119] or activate [120–122] the PCP pathway. In the bovine embryo,
DKK1 treatment reduced accumulation of CTNNB1 in the blasto-
cyst but did not affect amounts of pJNK (a downstream target of the
PCP pathway) in the morula [107].

The changes in the blastocyst caused by DKK1 that increase com-
petence for subsequent development are not known. Treatment with
DKK1 does not increase the percent of embryos that develop to the
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blastocyst stage in culture. Depending on the experiment, the percent
of embryos becoming blastocyst was either unaffected by DKK1 or
slightly lower [81, 106, 107]. In one study [81], DKK1 reduced the
number of cells in the blastocyst, while increasing the percent of cells
that were TE as compared to ICM. In the same study, the percent
of cells in the ICM of the day 8 blastocyst that were NANOG+ (i.e.
epiblast) were decreased, while the percent that were GATA6+ (i.e.
hypoblast) was increased. In a subsequent study however, DKK1
had no effect on the number or cells in the blastocyst, whether
considered as total cells, TE cells or ICM cells [107]. In the lat-
ter study, DKK1 had no effect on labeling of morula or blastocysts
for the TE marker CDX2 but DKK1 reduced intensity of YAP1 in
YAP1+ cells. Furthermore, treatment of embryos with DKK1 at day
5 of development reduced expression of AMOT in the day 6 morula
[123]. Based on the role of YAP1 and AMOT in formation of TE in
cattle [24], the observed changes should reduce differentiation of TE
cells.

The lack of repeatable changes in properties of the blastocyst
in vitro makes it difficult to determine whether female embryos re-
spond differently to DKK1 than male embryos. Denicol et al. [123]
observed 50 genes in the morula that were regulated by DKK1 in
a sex-dependent manner as determined by microarray analysis, but
none of a subset of 5 of these 50 genes was affected by the interac-
tion between DKK1 and sex when measured by reverse transcription-
polymerase chain reaction with a separate set of embryos. In another
experiment [107], there were no interactions between DKK1 and sex
on development of embryos to the blastocyst stage or blastocyst cell
numbers.

There are indications that DKK1 actions on the morula or blas-
tocyst can program fetal development because calves derived from
in vitro produced embryos treated with DKK1 from days 5 to 7
of development had lower birth weight than calves derived from
embryos not treated with DKK1 [124]. In this experiment, serum
was present in the medium used to produce embryos and it is
not known whether DKK1 interacted with regulatory molecules in
serum.

As mentioned above, DKK1 is not the only soluble inhibitor of
WNT signaling whose gene is expressed in the bovine endometrium.
Indeed, transcript abundance is even higher for the related gene,
DKK3 [44]. Little is known about DKK3, but analysis of its amino
acid sequence as compared to other DKK family members has re-
vealed that it is evolutionarily-distinct from DKK1, DKK2, and
DKK4 and may not regulate WNT signaling [125].

Conclusions, caveats, and future directions

The preimplantation embryo has a remarkable ability to execute
its developmental program using regulatory information inherent
within itself. Nonetheless, as described in this review, developmen-
tal processes in the embryo are shaped by maternal regulatory sig-
nals. Inappropriate amounts of maternal cell signaling molecules in
the uterine lumen may compromise the capability of the embryo for
sustained development to term. Opportunities for alterations in the
uterine environment are many. Among the physiological conditions
shown to affect expression of cell signaling genes in the endometrium
of the cow are lactation [114], negative energy balance [126], sub-
clinical endometritis [127], and exposure to sperm [128] and seminal
plasma [129]. In the case of assisted reproduction, in which the em-
bryo develops in an artificial environment much different from that
of the reproductive tract, disruption in development is more extreme

[130] and embryo competence for development to term can be com-
promised [40].

The molecular and cellular biology of the preimplantation em-
bryo is important not only for survivability of the embryo but also for
shaping the phenotype of the resultant postnatal organism. Several
changes in maternal physiology during the preimplantation period
have been demonstrated to modify the phenotype of the resultant
offspring, often in a sexually dimorphic manner [6, 7].

An example of how changes in embryokine secretion by the en-
dometrium could affect postnatal phenotype is shown in Figure 4
using the example of CSF2. When the embryo enters the uterus at
day 4 or 5 of development, it is exposed to CSF2 secreted by the
maternal endometrium. Colony stimulating factor 2 acts in a sex-
dependent manner to affect competence of the embryo to develop to
the blastocyst stage and to initiate the process of trophoblast elon-
gation necessary for pregnancy maintenance. Also, CSF2 acts at the
morula or blastocyst stage to modify the developmental program of
the embryo. Caused at least in part by changes in DNA methylation
(as observed at day 15 of gestation), exposure to CSF2 during the
morula to blastocyst period changes gene expression in the female
fetus and placenta at day 86 of gestation and leads to changes in
postnatal function characterized by increased body weight in the ju-
venile period. It is not well understood, but expression of CSF2 can
be modified by physiological alternations in maternal function in-
cluding increased expression after exposure to seminal plasma [129]
and, at least in the oviduct, by decreased expression associated with
obesity [131]. Changing the abundance of CSF2 in the uterus in re-
sponse to changes in maternal physiology could conceivably change
how the embryokine alters the developmental program of the em-
bryo to modify postnatal function.

There are caveats to consider when attempting to understand ex-
periments on the role of specific embryokines in development of the
preimplantation embryo. The model of the in vitro produced embryo
is a useful one for understanding maternal regulation of embryonic
function because of the ease of manipulation of the environment of
the embryo and ready accessibility of the embryo for examination.
However, the alterations in embryonic function caused by culture are
extensive [38–43] and it is possible that some cell signaling molecules
alleviate actions of culture stress on the embryo that would not be
relevant to the situation in vivo. Accordingly, there is a need to con-
firm the importance of putative embryokines identified in vitro for
function of the embryo developing in vivo. In addition, it is impor-
tant to understand the degree to which embryokines act in concert to
regulate the embryo, similar to the actions of cytokines on immune
cells [132].

There are practical implications for understanding mechanisms
by which embryokines regulate the survivability and developmen-
tal program of the preimplantation embryo. The obvious one is to
provide cultured embryos with embryokines that optimize pregnancy
outcomes and minimize changes in fetal development or adult life as-
sociated with assisted reproduction technologies [133, 134]. It might
also be possible to provide embryokines to females to promote em-
bryonic survival or shape the postnatal phenotype of the offspring.
There are few successful examples of this approach in cattle although
injection of somatotropin, which, among other actions, increases
circulating concentrations of IGF1, has been reported to increase
embryonic survival under some situations [53, 135]. It may also be
possible to change the endocrine regulation of the endometrium to
improve the uterine capacity to support embryonic development.
In cattle, efforts to increase pregnancy rate by increasing proges-
terone support of the uterus have yielded mixed results [136], but
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Figure 4. Diagram using CSF2 as an example of how changes in embryokine secretion by the endometrium could affect postnatal phenotype. When the embryo
enters the uterus at day 4 or 5 of development it is exposed to CSF2 secreted by the endometrium. CSF2 acts in a sex-dependent manner to affect competence
of the embryo to develop to the blastocyst stage and to initiate the process of trophoblast elongation necessary for pregnancy maintenance. CSF2 also acts at
the morula or blastocyst stage to modify the developmental program of the embryo. Exposure to CSF2 during the morula to blastocyst period changes gene
expression in the female fetus and placenta at day 86 of gestation, caused at least in part by changes in DNA methylation. (as observed at day 15 of gestation),
and leads to changes in postnatal function characterized by increased body weight in the juvenile period.
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regulating the growth of the preovulatory follicle, which could af-
fect the oocyte and the reproductive tract, has increased subsequent
embryonic survival [137].
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Sirard MA et al. Genome-wide DNA methylation patterns of bovine
blastocysts developed in vivo from embryos completed different stages
of development in vitro. PLoS One 2015; 10(11):e0140467.

44. Trı́bulo P, Siqueira LGB, Oliveira LJ, Scheffler T, Hansen PJ. Identifica-
tion of potential embryokines in the bovine reproductive tract. J Dairy
Sci 2018; 101(1):690–704.

45. de Moraes AA, Paula-Lopes FF, Chegini N, Hansen PJ. Localization of
granulocyte-macrophage colony-stimulating factor in the bovine repro-
ductive tract. J Reprod Immunol 1999; 42(2):135–145.
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A, Murillo A, Muñoz M. Hepatoma-derived growth factor: Protein quan-
tification in uterine fluid, gene expression in endometrial-cell culture and
effects on in vitro embryo development, pregnancy and birth. Theri-
ogenology 2017; 96:118–125.

49. Passaro C, Tutt D, Mathew DJ, Sanchez JM, Browne JA, Boe-Hansen GB,
Fair T, Lonergan P. Blastocyst-induced changes in the bovine endometrial
transcriptome. Reproduction 2018; 156(3):219–229.

50. Bilby TR, Guzeloglu A, Kamimura S, Pancarci SM, Michel F, Head
HH, Thatcher WW. Pregnancy and bovine somatotropin in nonlactating
dairy cows: I. Ovarian, conceptus, and insulin-like growth factor system
responses. J Dairy Sci 2004; 87(10):3256–3267.

51. Lonergan P, Rizos D, Gutierrez-Adán A, Moreira PM, Pintado B, de la
Fuente J, Boland MP. Temporal divergence in the pattern of messenger
RNA expression in bovine embryos cultured from the zygote to blastocyst
stage in vitro or in vivo. Biol Reprod 2003; 69(4):1424–1431.

52. Jiang Z, Sun J, Dong H, Luo O, Zheng X, Obergfell C, Tang Y, Bi J,
O’Neill R, Ruan Y, Chen J, Tian XC. Transcriptional profiles of bovine
in vivo pre-implantation development. BMC Genomics 2014; 15(1):756.

53. Moreira F, Paula-Lopes FF, Hansen PJ, Badinga L, Thatcher WW. Effects
of growth hormone and insulin-like growth factor-I on development of
in vitro derived bovine embryos. Theriogenology 2002; 57(2):895–907.

54. Jousan FD, Hansen PJ. Insulin-like growth factor-I as a survival factor for
the bovine preimplantation embryo exposed to heat shock. Biol Reprod
2004; 71(5):1665–1670.

55. Trı́bulo P, Jumatayeva G, Lehloenya K, Moss JI, Negrón-Pérez VM,
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hardt R, Lehrach H, Hajkova P, Lucas-Hahn A, Carnwath JW,
Niemann H. DNA methylation in the IGF2 intragenic DMR is re-
established in a sex-specific manner in bovine blastocysts after somatic
cloning. Genomics 2009; 94(1):63–69.

69. Dobbs KB, Rodriguez M, Sudano MJ, Ortega MS, Hansen PJ. Dynamics
of DNA methylation during early development of the preimplantation
bovine embryo. PLoS One 2013; 8(6):e66230.

70. Gross N, Kropp J, Khatib H. Sexual dimorphism of miRNAs secreted by
bovine In vitro-produced embryos. Front Genet 2017; 8:39.

71. Green MP, Harvey AJ, Spate LD, Kimura K, Thompson JG, Roberts
RM. The effects of 2,4-dinitrophenol and D-glucose concentration on
the development, sex ratio, and interferon-tau (IFNT) production of
bovine blastocysts. Mol Reprod Dev? 2016; 83(1):50–60.

72. Dallemagne M, Ghys E, De Schrevel C, Mwema A, De Troy D, Rasse C,
Donnay I. Oxidative stress differentially impacts male and female bovine
embryos depending on the culture medium and the stress condition.
Theriogenology 2018; 117:49–56.



536 P. J. Hansen and P. Trı́bulo, 2019, Vol. 101, No. 3

73. Broughton SE, Dhagat U, Hercus TR, Nero TL, Grimbaldeston MA,
Bonder CS, Lopez AF, Parker MW. The GM-CSF/IL-3/IL-5 cytokine re-
ceptor family: from ligand recognition to initiation of signaling. Immunol
Rev 2012; 250(1):277–302.

74. Park JE, Oh HJ, Hong SG, Jang G, Kim MK, Lee BC. Effects of activin
A on the in vitro development and mRNA expression of bovine embryos
cultured in chemically-defined two-step culture medium. Reprod Domest
Anim 2010; 45:585–593.
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